
ABSTRACT 

NIZAM, ZEINAB M. Metal-free Bioconjugation Driven by Phosphorous Chemistry in Ionic 

Liquids and Fluoroalcohol-assisted Alkylation Reactions (Under the direction of Prof. Jun Ohata).  

 

Bioconjugation represents a powerful tool to modify biomolecules for applications in 

therapeutics and diagnostics. However, conventional bioconjugation strategies still rely on 

aqueous media, where efficiency and selectivity are limited; these limitations mainly arise from 

the poor solubility and instability of many labeling reagents. These challenges highlight the need 

to develop new conjugation strategies in non-aqueous media, such as ionic liquids and 

fluoroalcohols, to enable biomolecule modification. Chapter 1 presents phosphorus-mediated 

reactions for biomolecule modification, highlighting how phosphorus compounds were used for 

bioconjugation. Chapter 2 focuses on solvent-assisted bioconjugation and the potential of using 

fluoroalcohols, specifically trifluoroethanol (TFE) and hexafluoroisopropanol (HFIP) to modify 

nucleic acids and saccharides, while also highlighting expanding solvent-driven strategies for 

broader biomolecule labeling. Chapter 3 presents a phosphine-mediated labeling strategy using 

atmospheric CO to form urea linkages through an amine-azide coupling reaction in ionic liquids. 

Primary alkylamines, as well as azide-containing saccharides and polysaccharides, were labeled, 

and the approach was further applied to complex environments, such as cell lysates. Chapter 4 

introduces the formation of iron-sensitive protein conjugates using an aldehyde-containing 

phosphonium salt. The chapter also discusses the characterization of the linkage structure and 

testing the linkage stability. Chapter 5 describes the synthesis of metal-free and additive-free 

thiophene-based reagents for the tryptophan-selective modification of proteins in fluoroalcohols, 

as well as efforts to synthesize a cytotoxic payload functionalized with a disulfide linker and 

bioorthogonal handle for future antibody conjugation, aiming to develop antibody-drug conjugates 

(ADCs). 
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For Figure 3.7, the experiment was replicated by Chiamaka Uzoewulu and the figures were made 

by Yvonne D. Hall 

The experiment and membrane images for Figure 3.8 were made by Chiamaka Uzoewulu. 

For Figure 3.9, the experiment and the figure were made by Chiamaka Uzoewulu. 

For Figure 3.10, the membrane images were obtained by Chiamaka Uzoewulu, the modification 

reaction optimization was performed by both Zeinab M. Nizam and Chiamaka Uzoewulu. 

For Figure S3.5 and S3.6, the experiment and the figures were performed by Yvonne D. Hall.  

Chapter 4:  

Figure 4.1 was created by Dr. Jun Ohata. 

Figure 4.2, the experiment was replicated by Jada McKinney. 

For Figure 4.5, the experiment was performed by Jada McKinney, and the figure was made by Dr. 

Jun Ohata. 

The experiment of Figure 4.14 B and C was replicated by Ashton Stowe. 

The experiment of both Figure 4.17 and 4.18 was replicated by Mohammad Nuruzzaman. 

MS/MS experiments performed by Jada McKinney and the analysis were performed by both 

Zeinab M. Nizam and Dr. Jun Ohata.  
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Chapter 5:  

For Schemes 5.1 and 5.2, the initial synthesis was performed by Brandon Colella, and the synthesis 

was reproduced by Zeinab M. Nizam using the same protocol. 

Schemes S5.5 - S5.9 were made by Chiamaka Uzoewulu. 

Schemes S5.14 - S5.18 were created by Chiamaka Uzoewulu. 

ChatGPT was used as a writing support tool to improve sentence clarity and flow, and to assist in 

restructuring some sections and ideas.  

Grammarly was additionally used to check spelling, grammar, and for rephrasing.  
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Chapter 1: Phosphorus-based bioconjugation as metal-free strategy  

1.1. Introducti on  

Bioconjugation stands as a powerful tool to modify and enhance the properties of 

biomolecules (e.g., proteins, nucleic acids, lipids, carbohydrates) for a wide range of applications. 

Through bioconjugation, a covalent linkage is formed between a desired functionality and a 

biomolecule. For instance, chemical modification of proteins provides bioconjugates for 

therapeutic applications, such as antibody drug conjugates for targeting cancer,1 PEGylated 

proteins for enhancing the pharmacokinetics of biomedical molecules,2 fluorescent biosensors in 

live cells,3 biomaterial preparation,4 and chemical proteomics.5 Extending beyond proteins, nucleic 

acids, which include RNA and DNA, can also undergo bioconjugation to provide nucleic acid 

bioconjugates for cancer detection and therapy.6 Similarly, carbohydrates can also be subject to 

modification, offering opportunities in vaccine development.7  

Protein bioconjugation involves the application of chemoselective reactions on the amino 

acid residues at the proteinôs surface or at the N- and C-terminus, with the commonly targeted 

nucleophilic amino acid residues including cysteine (Cys) 8 and lysine (Lys).9 However, achieving 

chemoselectivity can be challenging as biomolecules contain numerous nucleophilic residues, 

which can lead to a heterogeneous mixture of bioconjugates. Lysine, an abundant and accessible 

amino acid on the protein surface, is a popular target for modification.10 Various methods, such as 

acylation and alkylation using reactive electrophiles (N-hydroxysuccinamide-activated esters, 

sulfonyl chlorides, isocyanates, and isothiocyanates), along with reductive amination with 

aldehydes, all enable selective modification of lysineôs primary amines.11 Cysteine, with low 

abundance and the most nucleophilic sulfhydryl side chain, is a highly favorable target in 

bioconjugation.12,13 Also, being a relatively rare amino acid in proteins, Cys became a preferred 
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choice for site-selective modification. Cysteine exhibits remarkable versatility in undergoing 

various modifications, such as disulfide exchange, which forms mixed disulfides; alkylation with 

an alkyl halide, such as iodoacetamide; and Michael addition with maleimides, leading to 

thiosuccinimide formation.14 

Phosphorus, a vital element in biology and organic chemistry, is central to the functions 

and structure of biomolecules. In the intricate framework of living systems, phosphorus stands as 

an important structural component, predominantly in a +5-oxidation state, mainly manifested as 

phosphates, and contributes to the composition of biomolecules, including proteins, nucleic acids, 

carbohydrates, and lipids, playing a crucial role in biochemistry.15,16 For instance, the backbone of 

genetic materials, including DNA and RNA, is composed of phosphates, and adenosine 

triphosphate (ATP), the reservoir of chemical energy, relies on phosphates as a key component.17 

Various reports have discussed why phosphates have been selected by nature along with their role 

in biology.15,18,19 Protein phosphorylation, a process that is catalyzed by protein kinases20 and 

involves the addition of a phosphate group, is considered one of the most significant post-

translational modifications (Scheme 1.1).21 The attachment of a phosphate group to the side chain 

of amino acid residues, including serine, threonine, and tyrosine22, through phosphorylation 

induces conformational changes23 and affects the activity of the protein.24 Protein phosphorylation 

plays a role in cellular processes, including signal transduction,25 controlling cell division,26 and 

control of DNA replication27. Additionally, with the help of catalytic enzymes, ATP donates a 

phosphate group to the protein, forming phosphoproteins and ADP.28,29 

Beyond phosphorusôs role in biology and over the course of history, phosphorus 

compounds have proven to be significant in various areas of chemistry, particularly in the field of 

organic synthesis. In organic reactions, organophosphorus compounds can act as catalysts.31 For 
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example, nucleophilic phosphines have proven to be effective catalysts in one of the most useful 

reactions in organic synthesis, known as the Morita-Baylis-Hillman (MBH) reaction. The reaction 

involves the coupling of an olefin with an aldehyde, resulting in C-C bond formation. Morita et 

al.32 discovered the catalytic role of nucleophilic phosphines, and later Baylis and Hillman33 

investigated amines as catalysts for the same reaction. Moreover, in transition-metal-catalyzed 

reactions, organic phosphorus compounds have been employed as ligands, achieving significant 

impacts in the field of asymmetric synthesis.34,35 Organophosphorus compounds also found 

applications as reagents in various reactions within the domain of organic chemistry, including 

Horner-Wadsworth-Emmons36, Corey-Fuchs37, forming alkenes and alkynes, respectively. Also, 

in well-known reactions such as Wittig, Mitsunobu, and Staudinger, trivalent phosphines along 

with phosphine derivatives were employed as stoichiometric reagents.38 Importantly, Wittig39,40 

involves the reaction of carbonyl compounds, specifically aldehyde or ketones, with triphenyl 

phosphonium ylide. The ylide features a highly polarized P-C bond and serves as a versatile 

reagent, forming alkenes and triphenylphosphine oxide. The discovery of such a reaction played a 

significant role in advancing the field of synthetic organic chemistry, introducing a novel method 

for the preparation of alkenes.41 The Mitsunobu reaction also showed its importance in medicinal 

chemistry, by enabling CīO, CīS, CīN, or CīC bond formation.42 Similarly, organophosphorus 

compounds found application in the phospha-Michael addition reaction, a significant reaction for 

P-C bond formation in organic synthesis.43 
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Scheme 1.1. Schematic illustration showing the historical evolution of phosphorus-based reactions demonstrating the use of 

organophosphorus compounds in synthetic organic chemistry. 

 

1.2. Modification of biomolecules using phosphorus-based reactions.  

Phosphorus-based bioconjugation methods have evolved through reactions that enable the 

modification of biomolecules. Since the introduction of Staudinger ligation as a method for 

bioconjugation, a series of phosphorus-based reactions has significantly contributed to broadening 

the methods available for biomolecule modification and as an addition to the bioconjugation 

toolbox. This chapter describes some of the reactions that involve phosphorus compounds, 

developed by chemists as innovative strategies for the functionalization of a biomolecule. The 

chapter is structured into three sections: (1) phosphine-based reactions, including Staudinger 

reduction and ligation, phosphine-mediated cyclopropenone ligation, and phospha-Michael 

addition reaction. (2) phosphorus-ylides-based reactions, such as Wittig, and (3) other-

phosphorus-based reactions.  

1.2.1. Phosphine-Based Reactions  

In the realm of chemical biology, the Staudinger reaction, a phosphine-mediated 

conversion of organic azide to amines, has proven to be a valuable tool. First reported by 

Staudinger and Meyer in 1919, the Staudinger reduction utilizes triarylphosphines and organic 

azides, leading to the formation of an iminophosphorane intermediate through the loss of 

nitrogen.44 Hydrolysis of the iminophosphorane intermediate occurs in the presence of water, 
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yielding primary amines and phosphine oxide (Scheme 1.2). Staudinger reduction established 

utility in synthetic organic chemistry for amine introduction,45 and it also positioned itself in 

chemical biology for biomolecule modification and has been used for diverse applications. For 

instance, the activation of fluorescence was successfully achieved through Staudinger reduction. 

This process involves the hybridization of a low-fluorescent azidocoumarin-peptide nucleic acid 

(PNA) strand and a triarylphosphine-PNA conjugate strand with a DNA template. The reduction 

of azidocoumarin to a highly fluorescent aminocoumarin occurs, enabling the effective detection 

of oligonucleotides.46 Moreover, the successful transformation of azides into primary amines, 

carboxylic acids, and thiols at pH 10 through the Staudinger reaction was employed upon treating 

DNA oligonucleotide templates containing aryl azides with a complementary DNA strand linked 

with phosphines. Also, employing excess non-DNA-linked small molecule electrophiles to a 

mixture of four DNA templates with distinct azides in a single solution allowed the transformation 

of each azide into a sulfonamide, carbamate, urea, or thiourea, respectively.47 Furthermore, 

Staudinger reduction has been widely used in other biological applications,48 including activation 

of specific proteins inside live mammalian cells49 and exposing sortase recognition sites in live 

cells, which allowed site-specific ubiquitination of proteins, thereby facilitating the study of post-

translational modifications.50 

 

Scheme 1.2. The classic Staudinger reduction of an azide with phosphines.  

Staudinger ligation, conceived as the earliest bioorthogonal reaction and first introduced 

by Saxon and Bertozzi, has evolved as a bioconjugation strategy and was applied across diverse 

biological systems.51 Based and inspired by the Staudinger reduction reaction, Bertozzi modified 
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the classic Staudinger reaction and designed arylphosphines that facilitate the rearrangement of 

the unstable iminophosphorane intermediate (aza-ylide) to a stable covalent adduct. Bertozzi 

proposed the incorporation of an electrophilic trap, specifically a methyl ester, within the 

phosphine structure. Such an innovative design allows the nucleophilic aza-ylide to be captured 

by the electrophilic trap through intramolecular cyclization, resulting in the formation of the 

ligation product (stable amide linkage), with no aza-ylide hydrolysis (Scheme 1.3). Moreover, an 

amide bond formation was achieved through the Staudinger ligation in living animals.52 Notably, 

the Staudinger ligation was first used for targeting cell surface glycans,51 and for DNA labeling.53 

The reaction was also used to study the glycan metabolism in live cells 54 and used in biomedical 

applications, including proteomics,55 as well as for controlled drug-release.56 

 

Scheme 1.3. Amide product formation through Staudinger ligation. 

Phosphine-mediated cyclopropenone ligation has emerged as a valuable addition to 

bioorthogonal chemistry with versatile applications. Prescher and co-workers introduced a new 

bioorthogonal ligation involving triarylphosphines and electrophilic cyclopropenones, providing a 

ring-opened activated ketene-ylide intermediate57. Such an intermediate is subsequently captured 

by an amine nucleophile-containing probe, in the presence of phosphine, generating a stable amide 

adduct, specifically an Ŭ, ɓ-unsaturated adduct (Scheme 1.4). The formation of the intermediate 

involves a Michael-type addition reaction. Notably, in aqueous solution, a rapid ligation reaction 

was observed, and within physiological buffers and exposure to cysteine, the Ŭ,ɓ unsaturated 

ligation product displayed stability. The effectiveness of such a reaction was demonstrated in a 

cellular system, wherein a phosphine-fluorophore conjugate facilitated the finding of ligated 
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products within HEK 293T cell lysates, but not in other cell lines preincubated with 

cyclopropenone motifs. In another study, a range of phosphine reagents with nucleophiles attached 

to their core (i.e., amines, thiols, alcohols) were tested for a reaction with cyclopropenones.58 The 

research showed that electron-withdrawing groups on the phosphine core were observed to 

diminish the nucleophilicity of phosphine, subsequently reducing the reaction rate. However, 

phosphines, through intramolecular hydrogen bonding, activate cyclopropenones for nucleophilic 

attack, thereby accelerating the reaction rate. Also, dialkyl-substituted cyclopropenones exhibited 

stability toward thiols (cysteine and glutathione) at elevated pH and can thereby be used for cellular 

studies. Noteworthy, in this study and within bacterial cell lysates, the phosphine-mediated 

cyclopropenone ligation was employed for imaging.58 This reaction has also been employed for 

crosslinking applications59 and for biomolecule labeling.60  

 

Scheme 1.4. Phosphine-mediated cyclopropenone ligation yields Ŭ,ɓ unsaturated ligation product. The scheme was adapted from 

previous reports.57,58 

Under physiological conditions (pH 7.4), a phospha-Michael addition reaction between 

TCEP and electrophilic olefin acrylamide results in the formation of a phosphonium product 

(Scheme 1.5), with no byproduct like phosphine oxide, and exhibits promising potential for both 

glycoprotein profiling and cell labeling.61 Using TCEP, the phospha-Michael addition was applied 

at different pH values (pH 6.8 or 8.8) to a protein bearing unnatural amino acid with an acrylamide 

moiety, specifically Nὑ-acryloyl-lysine (AcrK) installed on the proteinôs surface,62 and the strategy 

proved effective for protein bioconjugation. Furthermore, functionalized-TCEP probes, namely, 

dansylïphosphine conjugate and biotinïphosphine conjugate, were both employed to establish the 
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applicability of the phospha-Michael addition reaction for in vitro protein labeling. The dansyl-

phosphine probe was successfully applied to E. coli lysates and live E. coli cells. The study further 

involved the labeling of protein glycans in HEK293T cells using a biotin-phosphine probe after 

the metabolic incorporation of acrylamide sugar (N-acryloyl-galactosamine) into protein glycans. 

Notably, the study did not delve into the reactivity of the probe toward a specific amino acid 

residue, and no stability testing of the formed adduct was performed.  

 

Scheme 1.5. Scheme for the reaction of acrylamide installed on protein surface with a TCEP. The scheme was adapted from a 

previous report.61  

 

Under biocompatible conditions and through the phospha-Michael reaction, 

dehydrobutyrine (Dhb)-containing peptides and proteins were successfully modified using a 

nucleophilic phosphine probe (Scheme 1.6).63 The modification process involved dehydrobutyrine 

(Dhb) or dehydroalanine (Dha) generation through ɓ-elimination of phosphate from 

phosphorylated threonine (pThr) or serine (pSer) residues. The Phospha-Michael addition occurred 

between TCEP and Dha- or Dhb-containing peptides at a slightly basic pH of 8. Remarkably, the 

modification was rapid, within a short incubation period with TCEP. Importantly, the resulting 

phosphonium product under tested conditions showed exceptional stability. To facilitate the 

detection of Dhb-bearing proteins, a nucleophilic phosphine was conjugated with biotin, serving 
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as a chemical probe. The designed biotin-TCEP probe proved highly successful in modifying and 

detecting Dhb-containing proteins, specifically histone H3, within A431 cell lysates.  

 

Scheme 1.6. A scheme illustrating the addition of triarylphosphine to Dha-or Dhb-containing peptide or protein. The scheme was 

adapted from a previous report.63 

A successful detection of protein crotonylation was achieved using a chemical probe 

featuring a phosphine warhead that interacts with crotonyl modification resulting from post-

translational modification of lysine on histone proteins (Scheme 1.7).64 The probe, utilizing TCEP 

as the nucleophilic phosphine, engages in a conjugate addition reaction, specifically a phopha-

Michael addition, forming a stable adduct with the crotonyl group characterized by Ŭ,ɓ-unsaturated 

functionality and in conjugation with a carbonyl group. A series of model substrates, including 

small molecules and peptides, was used to test whether TCEP can be added to the crotonylated 

lysine residue in aqueous solution. Interestingly, a successful formation of ɓ-phosphonium species 

was shown. However, upon using an oxidized form of TCEP and other water-soluble phosphines, 

no reaction was observed with crotonylated-lysine residue. Similarly, no reaction was observed for 

TCEP with a control compound lacking the crotonyl group. Furthermore, the formation of 

phosphonium adducts was also observed when the crotonyl group reacted with mono- and bis-

ester derivatives of TCEP. Furthermore, a biotin moiety was introduced into TCEP, resulting in a 

modified probe that was later incorporated into histone proteins, enabling the detection of 

crotonylation. Also, the biotin-TCEP probe proved effective in detecting crotonylated proteins in 

E. coli lysates and HEK293T mammalian cells. 
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Scheme 1.7. Scheme illustrating the reaction of crotonylated protein with a TCEP. The scheme was adapted from a previous 

report.64 

Under mild conditions, modification of dehydroalanine-containing peptides and proteins 

through a phospha-Michael addition reaction was employed, resulting in stable phosphonium 

species (Scheme 1.8).65 Three different phosphines, tributyl phosphine (TBUP), TCEP, and a 

TCEP derivative, were tested with a small molecule containing dehydroalanine at pH 8. This 

resulted in the formation of a C-P bond and the generation of a ɓ-phosphonium cation as the 

product. Remarkably, the phosphonium product exhibited robust stability, without decomposing 

across a broad pH range of 1-13 and under various conditions, including exposure to strong acids, 

alkaline environment, reductive conditions, or exposure to air. The generation of Dha on cysteine-

containing peptides was first achieved, followed by a phosphine-mediated reaction with TCEP at 

pH 8, resulting in phosphine-addition peptides. Moreover, chemoselectivity was evident as no 

reaction occurred upon treating peptides lacking Dha residues with TCEP. Employing a variety of 

phosphines with diverse functionalities, such as aromatic groups, amino acids, fluorophores, 

bioorthogonal handles, carbohydrates, drugs, and adamantane, facilitated the formation of the C-

P covalent bond and the attachment of the previously mentioned functionalities to Dha-containing 

peptides. Furthermore, phosphine-addition proteins were generated upon treating Dha-containing 

proteins with TCEP and monosubstituted TCEP derivatives. However, likely due to complex 
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structure and steric hindrance, limited reactivity was observed with trisubstituted TCEP 

derivatives.  

 

Scheme 1.8. Scheme depicting the phospha-Michael addition of small molecules, peptides, and protein-containing Dha with 

phosphines. The scheme was adapted from a previous report.65 

1.2.2. Phosphorus Ylides-Based Reactions  

A successful aqueous Wittig reaction was applied for protein modification by introducing 

an aldehyde tag to a protein of interest (Scheme 1.9).66 The process involved first periodate 

oxidation at the N-terminal serine residue of peptides and proteins in H2O at room temperature, 

resulting in the formation of an aldehyde tag on the N-terminus. Various ylides were tested for the 

Wittig reaction with the generated aldehyde tag, and the reaction efficiently incorporated various 

functional groups, including alkenes, alkynes, and trifluoromethyl groups. The versatility of the 

approach was demonstrated by its successful application to aldehyde-tagged proteins, such as 

chemokine interleukin, after periodate oxidation of the serine residue in aqueous media with a 

short reaction time. Furthermore, aldehyde generation using PLP oxidation67,68 on the glycine 

residue at the N-terminus of a model protein like myoglobin was achieved. This was followed by 

the Wittig reaction with the intermediate aldehyde, resulting in a 65% labeling yield. Importantly, 

the stability of the formed conjugate was not investigated, and cell-based experiments were not 

included in the scope of this study.  
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Scheme 1.9. Wittig reaction on an aldehyde-tagged protein in aqueous solution. The scheme was adapted from a previous report.66 

Through a Wittig-cyclization reaction and under light irradiation, photochemical labeling 

of 5-formylcytidine RNA (f5C) was achieved using cyanomethylene triphenylphosphorane ylide.69 

The process involves the 4,5-cyclization of the electrophilic C-5 carbonyl group in f5C with the 

Wittig reagent (Scheme 1.10). Testing a variety of phosphonium ylides along with 

triphenylphosphonium salts revealed that cyanomethylene triphenylphosphorane emerged as an 

effective labeling reagent. However, negligible reactivity towards f5C was exhibited by ylides with 

formyl or ketone substituents at the methylene linkage. Additionally, upon light irradiation, E-5-

(3-propenenitrileyl)cytidine (E-pn5C) undergoes conversion to Z-pn5C, followed by 

intramolecular amino-nitrile cyclization, resulting in the formation of a fluorescent cyclized 

nucleobase 4,5-pyridin-2-amine-cytidine(PaC). It is important to highlight that, likely due to steric 

hindrance, cyclization using di-substituted methylenetriphenylphosphoranes was unsuccessful. 

The study did not address the reactivity towards any amino acid residue, and no cell experiment-

based study was conducted; such an approach contributes to expanding RNA chemical labeling 

methodologies.  

 

Scheme 1.10. Photochemical labeling of f5C with cyanomethylene triphenylphosphorane ylide. The scheme was adapted from a 

previous report.69 
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A selective and rapid reaction between a Wittig reagent and sulfenic acid was demonstrated 

under biocompatible conditions, providingstablee labeling. A Witting reagent, specifically 

triphenylphosphoium ylide, reacts with sulfenic acid, a result of post-translational cysteine 

modification, forming a C-S bond between the electrophilic ɔ-sulfur and the nucleophilic 

carbanion of the ylide (Scheme 1.11).70 The approach also involved the formation of stable ylides 

that are water-compatible by using anion-stabilizing groups. The reactivity of various Wittig 

reagents with anion-stabilizing groups was tested, with stable product formation observed upon 

using mono-and disubstituted Wittig reagents (ketone, ester, amide, etc). Interestingly, using 

stronger electron-withdrawing substituents increased the reaction rate, whereas introducing extra 

Ŭ-substituents decreased the rate. Also, the presence of the Wittig reagent in a neutral form 

contributes to rapid reaction. Notably, stable and aqueous-media compatible Wittig reagents with 

an alkyne moiety were synthesized and named as Wittig alkyne or Wyne probes (WYneC, WyneO, 

WYneN). The formation of an S-adduct was accomplished under aqueous conditions at neutral pH 

through the reaction between the Wyne probes and sulfenic acid. The stability of the S-adduct 

formed with the various Wyne probes was examined under different environments, including 

neutral, acidic, basic, and reducing conditions. The reactivity of the Wyne probes with protein 

sulfenic acid was examined in both live A549 cells and A549 lysates, resulting in protein-Wyne 

adduct formation. In addition to A549 cell lines, other cell lines, including HeLa, RKO, and 

NIH3T3 were used to test a BODIPY-tagged WyneN10 probe for live-cell imaging. This 

conjugation method facilitates the delivery of small molecules to mitochondria, enabling the 

observation of changes in mitochondrial cysteine oxidation.  
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Scheme 1.11. General scheme depicting the reaction between sulfenic acid and Wittig-WYne probes. The scheme was adapted 

from a previous report.70 

1.2.3. Other Phosphorus-based Reactions 

By using thiophosphorodichloridates as a labeling reagent, a selective and efficient 

histidine labeling was achieved on peptides, proteins, and cellular systems (Scheme 1.12).71 A 

diverse array of phosphorous-based electrophilic reagents was synthesized and tested for the 

reaction. Interestingly, thiophosphoro alkyne dichloridate (TPAC) emerged as an effective reagent 

for chemoselective bioconjugation on histidine, yielding an inert product towards hydrolysis. In 

contrast, other phosphorous electrophiles exhibited reduced reactivity towards histidine. 

Introducing a thiophosphoamidate backbone was the first step in the labeling process, followed by 

chloride substitution. TPAC proved useful for bioorthogonal conjugation with azide-containing 

cargo, yielding bioconjugates (around 60% yield) in a short timeframe and under basic conditions. 

Notably, the labeling reagent exhibited selectivity towards histidine residues in various peptides 

and proteins, with negligible reactivity towards other amino acid residues. Under a variety of tested 

conditions, such as high temperature, acidic, basic, and reducing environments, the thiophospho-

histidine adduct remained stable. Furthermore, the labeling approach was also extended to HeLa 

cell lysates, demonstrating effective labeling of histidine residues by TPAC.  
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Scheme 1.12. Histidine modification with TPAC followed by click chemistry with an azide-containing cargo. The scheme was 

adapted from a previous report.71 

Ethynylphosphonamidates, formed via Staudinger-phosphonite reaction,72 enable the 

formation of stable thiol adducts on proteins by selectively targeting cysteine residues. This 

innovative approach involves the Staudinger-phosphonite reaction between an azide-building 

block and ethynylphosphonite, leading to the formation of ethynylphosphonamidates characterized 

by remarkable stability and resistance to decomposition (Scheme 1.13).73 Moreover, the selectivity 

of ethynylphosphonamidates for cysteine residues was demonstrated in peptides, proteins, and 

antibodies, with optimal conjugation occurring at pH 8.5. The conjugate formation involves the 

addition of thiol to the alkyne moiety in ethynylphosphonamidates. Importantly, compared to 

conventional maleimide-linked conjugates, phosphonamidateïthiol conjugates exhibit outstanding 

stability, as demonstrated in the HEK cell lysate experiment. Additionally, intracellular delivery of 

mutant eGFP protein conjugated to a cell-penetrating peptide was achieved in live HeLa cells using 

ethynylphosphonamidates.  

 

Scheme 1.13. Staudinger-Phosphonite reaction and chemoselective modification of cysteine with ethynylphosphonamidates. The 

scehme was adapted from previous report. 73 
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1.3. Conclusion  

In conclusion, this chapter has described a diverse range of phosphorus-based 

bioconjugation approaches developed to label peptides, proteins, nucleic acids, and cellular 

systems by employing various phosphorous reagents. The reactivity of nucleophilic amino acid 

residues, such as cysteine, lysine, and histidine, and less nucleophilic ones, such as serine and 

threonine, have been explored in these bioconjugation strategies. Moreover, the methodologies 

presented here contribute significantly to the bioconjugation toolkit. Despite the availability of 

several reported phosphorus-based approaches, many classical phosphorus-based reactions remain 

unexplored for biomolecule labeling. Hence, developing new phosphorus-mediated approaches 

based on these reactions will further broaden the scope of bioconjugation. Chapters 3 and 4 

showcase the progress Iôve made in using phosphorus compounds to modify biomolecules.  
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Chapter 2: Fluoroalcohols for chemical modification of nucleic acid and saccharide 

Part of this work has been published and adapted from: Nuruzzaman*, M.; Nizam*, Z. M.; 

Ohata, J. Tetrahedron Chem 2024, 11, 100088. (* sign indicates equal contribution). 

2.1. Introduction  

Chemical modification of biomolecules employs many strategies, including enzyme-

mediated approaches, the design of special molecules, and solvent-assisted methods, to overcome 

challenges associated with the bioconjugation process, such as reactivity and selectivity. For 

instance, selectivity and high efficiency in bioconjugation can be achieved through enzymatic 

approaches.1 Alternatively, effective bioconjugation can be achieved without enzymes by 

designing special molecules, such as chemical probes that react with one specific functional 

group,2 proximity-induced reactions,3 and photocatalytic reactions.4 In addition to these 

approaches, non-aqueous solvents can be used as an alternative media for biomolecule 

modification,5,6 offering distinct advantages, even though aqueous media are traditionally 

preferred as a medium for bioconjugation. Among the non-aqueous solvents, fluoroalcohols, 

trifluoroethanol (TFE), and hexafluoroisopropanol (HFIP) have long been recognized in organic 

chemistry. More recently, they have emerged as unconventional yet powerful solvent systems for 

the development of bioconjugation methods.  

Because of their unique attributes, synthetic organic chemistry and bioorganic chemistry 

have been using TFE and HFIP as media for deprotection and condensation reactions.7 The 

fluoroalcohol solvents are known to exhibit distinct functions from typical alcoholic solvents. The 

fluorine atoms make the hydroxyl group serve as an excellent hydrogen bonding donor and become 

more acidic (Figure 2.1A). The presence of fluorine atoms enables the stabilization of carbocation 

species and exceptional dissolution capability. One traditional use of fluoroalcohols is for the mild 
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deprotection of acid-sensitive functional groups in small molecules by leveraging their acidic 

nature.8 Another common use of the fluoroalcohols is for amide coupling reactions, and the use of 

fluoroalcohol solvents for small molecule synthesis is extensively reviewed in the literature.9ï11 

Additionally, in the biochemical and bioanalytical fields, TFE and HFIP have been widely 

used.12,13 

This chapter describes recent reports of chemical modification strategies of biomolecules, 

specifically nucleic acids and saccharides, using TFE and HFIP (Figure 2.1B),14 highlighting the 

growing interest in bioconjugation approaches developed in these fluoroalcohol solvents. The 

collection of various chemical transformations discussed herein indicates the rapid growth of the 

solvent-assisted bioconjugation field. 

 

Figure 2.1. Fluoroalcohols such as trifluoroethanol (TFE) and hexafluoroisopropanol (HFIP) in chemistry and biology fields. (A) 

Depiction of general properties of TFE and HFIP (B) Theme of the review: bioconjugation of nucleic acids and saccharides in TFE 

and HFIP. The figure was reproduced with permission from ref.14 Copyright 2024, Elsevier Ltd. 
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2.2. Nucleic acid and saccharide modification 

Although fluoroalcohols have been widely used in polypeptide bioconjugation, chemical 

modification of nucleic acids and saccharides in fluoroalcohols remains limited. To our 

knowledge, fluoroalcohols have been unexplored for bioconjugation of 

oligonucleoside/oligonucleosides, except for the traditional deprotection process for the DNA-

encoded library,15,16 as well as for oligosaccharides. The examples in the following sections are 

chemical modification of small biomolecule building blocks, which are distinct from the 

deprotection reactions,17,18 and those reactions have tackled the reactivity and selectivity 

challenges of the labeling processes. 

2.2.1. Nucleic acid modification 

Ruthenium-catalyzed photoredox alkylation of nucleoside derivatives can be successfully 

achieved in hexafluoroisopropanol (HFIP) using alkylboronic acid and hypervalent iodine reagents 

(Figure 2.2A).19 Upon irradiation of visible light (ι400 nm), ruthenium catalyst [Ru(bpy)3]Cl2 or 

tris(bipyridine)ruthenium(II) chloride would induce single-electron transfer (SET) that reduces the 

hypervalent iodine reagent (acetoxybenziodoxole), generating an iodine-based radical 

intermediate. The iodine-centered radical was proposed to produce an alkyl radical derived from 

the boronic acid reagent, which eventually would be added to the N-heteroarene substrates. For 

instance, a purine riboside substrate was alkylated with propylboronic acid. Solvent screening 

using a model substrate, 4-chloroquinolone, showed that HFIP was crucial for obtaining a good 

yield (88%), compared to other solvents like dichloromethane (33%) and acetonitrile (38%). The 

reaction could proceed even without the photocatalyst by relying on another radical-based 

mechanism, which is potentially relevant to known HFIP-mediated H2O2 reactions.7 Although the 

DFT calculation of the reaction mechanism did not indicate potential involvement of HFIP, it is 



   

30 

 

known that HFIP enhances the reactivity of boronic acid for various chemical transformations, 

such as the Beckmann rearrangement, by increasing the electrophilicity and Lewis acidity of the 

boron center.20,21 Furthermore, HFIP can enhance hypervalent iodine chemistry during the 

nucleophilic substitution, oxidative cyclizations, and aromatic C-H amination processes,22ï24 and 

collectively, HFIP could be playing multiple roles in this labeling reaction. 

Electrochemical formation of aryl-hexafluoroisopropyl ether on purine derivatives proved 

feasible in HFIP, which is useful for secondary functionalization with other nucleophiles (Figure 

2.2B).25 Ether formation on the purine scaffold of caffeine and theophylline compounds was 

enabled by a boron-doped diamond electrode for the electrochemical reaction, as the electrode was 

also effective in a different electrochemical reaction of arenes.26 Moreover, the HFIP moiety on 

the heteroarene ring after the labeling process serves as a leaving group, facilitating further 

functionalization of the ether through nucleophilic aromatic substitution processes. The secondary 

modification allows for the introduction of various functional groups, including amine- and thiol-

derived motifs, demonstrating the utility of the arene-hexafluoroisopropyl ether formation 

reaction. This method seems to require methyl groups to protect some of the NH groups of the 

heteroarene system, and further improvement may be necessary to utilize the method for the 

modification of unprotected nucleoside/nucleotide derivatives. 
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Figure 2.2. Functionalization of purine-based substrates in hexafluoroisopropanol (HFIP). (A) Photoredox Minisci C-H alkylation 

of purine riboside substrate with propylboronic acid in HFIP. Ru photocatalysis: [Ru(bpy)3]Cl2 with >400 nm light. (B) 

Electrochemical C-H functionalization of caffeine (R= Me) and theophylline (R=H) using HFIP. Condition (i): 7.2 mA/cm2, 2.0 F, 

5 h. Condition (ii): 22.1 mA/cm2, 2.61 F, 1.75 h. The figure was reproduced with permission from ref.14 Copyright 2024, Elsevier 

Ltd. 

2.2.2. Saccharide modification  

Trifluoroethanol (TFE) and HFIP could act as a weak nucleophile and offer unique 

selectivity for O-alkylation of saccharide derivatives (Figure 2.3A).27 The study by Codée and co-

workers demonstrated stereochemical controls of O-alkylation of a protected saccharide based on 

nucleophilicity of alcohol reagents. For instance, whereas alkylalcohols (e.g., ethanol) and 

monofluorinated alkylalcohols favored the ɓ addition product, HFIP and TFE showed substantial 

preference to the Ŭ product. The authors proposed mechanistic pathways to explain the observed 

stereochemical outcomes. Strong nucleophilic alcohols tend to undergo a concerted replacement 

mechanism (SN2-type), while weak nucleophiles like TFE and HFIP facilitate cationic 

intermediate formation through an SN1-type mechanism. The study also highlights the potential 

importance of fluorinated alcohols in interacting with or stabilizing cationic intermediates, as 

acylium ions are proposed as a potential reaction intermediate. 
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HFIP is a useful solvent for the S-alkylation reaction of sulfur-based saccharide derivatives 

to access a class of sulfonium-ion glucosidase inhibitors (Figure 2.3B).28 Salacinol is a naturally 

occurring sulfur-containing saccharide with a sulfur atom incorporated into the ring and acts as a 

potent Ŭ-glucosidase inhibitor used for diabetes treatment.29 The relatively higher nucleophilicity 

of thioether-containing saccharides would be expected compared to typical oxygen-based 

saccharides, which is somewhat similar to the case of methionine in proteins.30 The use of HFIP 

as a solvent for the reaction of sulfur-based saccharide resulted in higher yields of alkylated 

product (94%) than that of acetone (59%), likely due to the enhanced solvation of transition states 

and potential adduct formation in the HFIP system. This observation may be hinting at the potential 

utility of fluoroalcohols for other thioether bioconjugation chemistry applications. 

Lewis base-catalyzed cyclization reactions in fluoroalcohol solvents were developed, 

leading to the formation of spiroketals that are akin to saccharide structures (Figure 2.3C).31 The 

reaction utilized a chiral Lewis base, selenophosphoramide, and phthalimide-based reagent. 

Fluoroalcohol solvents, including TFE, HFIP, and perfluorinated-tert-butanol, were screened for 

the spiroketalization reaction, showing that HFIP was found to offer better diastereoselectivity 

(4:1) and modest yield (45%) compared to other solvents. In contrast, TFE provided the highest 

yield (70%) but with a lower diastereoselectivity of 3:1. Nonafluoro-tert-butanol was not an 

effective solvent for this reaction, producing a trace amount of the product, which was ascribed to 

the poor solubility of the reagents in this solvent system. TFE and HFIP may play a role in the 

potential stabilization of various cationic intermediates throughout the reaction processes (e.g., 

stabilization of sulfenium and oxocarbenium ions).  
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Figure 2.3. Modification of saccharide substrates in trifluoroethanol (TFE) and hexafluoroisopropanol (HFIP). (A) O-alkylation 

of glucose derivatives with a set of alcohol nucleophiles. The structure of the reaction intermediate is shown at the right bottom. 

Box showing the diastereomeric ratio and yield determined by NMR spectroscopy. (B) S-alkylation reaction of sulfur-based 

saccharides with sulfate reagents in HFIP and acetone. Box showing the yield of isolated product during solvent screening. (C) 

Lewis base catalyzed spiroketalization reaction of unsaturated hydroxy ketone substrate using a set of fluoroalcohol solvents and 

the reaction intermediates during spiroketal formation mechanism. Box showing the ratio of major and minor diastereomers and 

isolated yield. N.D.: Not determined. The figure was reproduced with permission.14 Copyright 2024, Elsevier Ltd. 

2.3. Conclusion 

While their broad utility in various chemistry fields was well recognized for decades, 

fluoroalcohols have recently emerged as a unique solvent system for bioconjugation development. 

Fluoroalcohols such as trifluoroethanol (TFE) and hexafluoroisopropanol (HFIP) have shown 

significant potential in the chemical modification of nucleic acids and saccharides. For example, 

many chemical modification processes were facilitated by notable functions of those 

fluoroalcohols, including photoredox and electrochemical functionalization, Lewis-base-catalyzed 

cyclization, stabilization of reactive intermediates, and selective alkylation. Moreover, the 
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examples of photochemical and electrochemical approaches (e.g., Figure 2.2) suggest these 

strategies can be expanded to labeling other biomolecules as well. Indeed, electrochemistry has 

recently been demonstrated to be conducive to the generation of redox-innocent 

hexafluoroisopropyl anion,32 and actions of unique chemical species in fluoroalcohols may be key 

for future development of the area. Despite the advantages of fluoroalcohols, fluoroalcohol-

mediated bioconjugation remains limited, highlighting the need for future research to explore and 

expand their scope for nucleic acid, saccharide, and broader biomolecule modification.  
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Chapter 3: Phosphine-mediated modification of amino and azido-containing 

polysaccharides in ionic liquids. 

Part of this work was previously published and adapted from: Hall, Y. D.; Uzoewulu, C. P.; Nizam, 

Z. M.; Ishizawa, S.; El-Shaffey, H. M.; Ohata, J. Chem. Commun. 2022, 58 (75), 10568ï10571. 

3.1. Introduction  

The functionalization of polysaccharides using chemical methods is a crucial tool in the 

research areas of both chemistry and biology. Introducing novel functionality via bioconjugation 

to structurally and functionally diverse polysaccharides such as chitosan,1 alginate,2 cellulose,3 

dextran,4 and hyaluronate5 demonstrated their potential for various applications. For instance, in 

an azide-alkyne click cycloaddition reaction,6,7,8,9 chitosan (Scheme 3.1) anchored with 

phenanthroline-based ligands and copper (I) complexes serves as an effective catalyst.1 In addition, 

by modifying hyaluronic acid (Scheme 3.1) with functionalized hydrazides, it is possible to create 

versatile biomaterials as hyaluronic acid hydrogels for applications such as drug delivery.5 

 

Scheme 3.1. Chemical structure of polysaccharides, chitosan (left) and hyaluronic acid (right). 

Major challenges of selective labeling of polysaccharides derive from their chemical diversity and 

highly oxygen-rich nature. The polyol structure not only makes it difficult to selectively label 

specific functional groups, but the presence of multiple hydrophilic groups also contributes to their 

low solubility in organic solvents.10 Additionally, polysaccharides have a tendency to form unique, 

complex, and intricate three-dimensional structures and aggregates, which makes it difficult to 
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develop a universal labeling method that can be applied to different polysaccharides. Hence, the 

development of a chemical labeling method for individual polysaccharides has been inevitable. 

Ionic liquid-based bioconjugation strategy is becoming a more prominent method to 

produce polysaccharide conjugates. Ionic liquids are ionic salts with a melting point of less than 

100 °C.11 Ionic liquids are advantageous for bioconjugation reactions due to their modular 

properties, allowing for the selection of different counter ions suitable for a substrate of interest 

(Scheme 3.2).  

 

 

Scheme 3.2. Selected cation and anion components of the ionic liquids.  

One of the most notable examples of ionic liquid-based bioconjugation includes the use of 

ethylmethylimidazolium acetate (EMIM OAc) for labeling of cellulose and chitosan,12,13 as this 

ionic liquid displays greater dissolution properties than common solvents such as organic solvents. 

Also, the enzymatic processing of various carbohydrate derivatives has been surveyed in ionic 

liquids.14 Nevertheless, to date, carbohydrate bioconjugation in ionic liquids is still in its infancy 

and relies on conventional chemical reactions (e.g., substitution and amide condensation 

reactions). 
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Herein, my work focuses on the application of the phosphine-mediated chemical labeling 

strategy in ionic liquid for bioconjugation of amine- and azide-containing polysaccharides (Figure 

3.1). Previous ionic liquid-based protein15,16 and DNA17,18 modifications in our lab demonstrated 

excellent chemoselectivity and high efficiency in the amine-azide coupling reaction. We further 

extended this chemical strategy, termed Bioconjugation in Nonaqueous-Driven Reaction Solvent 

(BINDRS), to polysaccharide substrates. A urea group is formed through the amine-azide coupling 

by incorporating carbon dioxide from the atmosphere. A survey of the chemoselectivity of 

phosphine-mediated chemistry toward different types of amines revealed its exquisite selectivity 

for primary alkylamines. This selectivity was exploited for labeling polysaccharide substrates 

containing active amine groups. In addition to the modification of amino-polysaccharides, the 

azide-containing saccharides and azide-containing polysaccharides could be selectively modified 

by amine reagents. Finally, we demonstrated that chemical tagging of azide-labeled saccharides 

through amine-azide coupling is possible even in cell lysate.19 

 

Figure 3.1. Phosphine-mediated bioconjugation of polysaccharides. Red hexagon structure indicates polysaccharide substrate, and 

the star represents a label such as a fluorophore or reactive handle. The figure was modified from the originally published version.19 

Copyright 2022, Royal Society of Chemistry.  

3.2. Results and Discussion  

3.2.1. Modification of amine-containing polysaccharides 

Phosphine-mediated bioconjugation in ionic liquid has been applied to amine-containing 

polysaccharide substrates (Figure 3.2). Chitosan 3.1, a polysaccharide bearing a primary 

alkylamine group (Figure 3.2A), is widely used in nanoparticle formation (chitosan nanoparticles) 
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to encapsulate and deliver desired molecules for a variety of applications, and bioconjugation of 

chitosan is a powerful tool to append additional capability to the nanoparticle carrier.20,21 Thus, the 

reactivity of chitosan towards phosphine-mediated chemistry was investigated. Alkylazide-

functionalized biotin 3.3 was used for this study, as fluorescence signals from anti-biotin blot with 

streptavidin-fluorophore conjugate would be proportional to the labeling efficiency (Figure 3.2D), 

as similar blot-based analysis of polysaccharides has been reported previously.22 As a comparison, 

diethylaminoethyl (DEAE)-dextran 3.2 bearing tertiary alkylamine groups (Figure 3.2A) was used 

as a negative control and was also subjected to the reaction conditions. Indeed, a strong signal was 

observed exclusively from the chitosan reaction with triphenylphosphine reagent but not from the 

reactions of DEAE-dextran 3.3 with PPh3 nor chitosan with O=PPh3, which is an oxidized inactive 

form of triphenylphosphine (Figure 3.2B and Figure S3.1). Moreover, the modification efficiency 

proved dependent on the concentration of azide reagent 3.3, a dependence which would enable 

incorporation of a desired number of functionalities onto the polysaccharide for suitable 

applications (Figure 3.2C and Figure S3.2). 

 

Figure 3.2. The phosphine-mediated reaction on chitosan amine-containing polysaccharide. Typical modification conditions: 

chitosan or diethylaminoethyl (DEAE)-dextran (1 mg/ mL, biotin-azide (3 mM), and PPh3 (3 mM) in ionic liquid at 37 ÁC for 2 h. 

Error bars represent standard deviation (n = 3). (A) Chemical structure of chitosan (3.1) and DEAE-dextran (3.2). (B) Bar graph 

showing the fluorescence intensity from the anti-biotin blot for modification of chitosan and DEAE-dextran (1 mg/ mL), biotin-

azide 3.3 (3 mM), and PPh3 (3 mM) in ionic liquid at 37 ÁC for 2 h. Error bars represent standard deviation (n = 3). (C) A plot of 
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fluorescence intensity of the anti-biotin blot for modification of chitosan with different concentrations of biotin-azide 3.3 and PPh3. 

(D) Chemical structure of the functionalized biotin-azide 3.3. The figure was reproduced from Ref19 with permission from the 

Royal Society of Chemistry. Copyright © 2022, Royal Society of Chemistry. 

Consistent with our previous report of DNA modification,17 a variety of ionic liquids is 

amenable to this chemical transformation as well, except for the reaction in BMIM NTf2, which 

showed low labeling efficiency, presumably due to the poor solubility of chitosan in this ionic 

liquid (Figures 3.3A, 3.3B, and Figure S3.3). The robustness of the phosphine-mediated 

modification reaction in different ionic liquids reinforces the value of our approach because a type 

of ionic liquid as a reaction medium would be critical for certain carbohydrates with regards to its 

purification.  

 

Figure 3.3. The phosphine-mediated reaction on chitosan using a variety of ionic liquids. (A) Bar graph showing the fluorescence 

intensity of the anti-biotin blot for labeling chitosan in a variety of ionic liquids. Control: negative control experiment in EMIM 

OAc with OPPh3 instead of PPh3. (B) Chemical structure of ionic liquids: BMPy: butylpyrolidinium. BMIM: 

butylmethylimidazolium. EMIM: ethylmethylimidazolium. OTf: triflate. OAc: acetate. BF4: tetrafluoroborate. NTf2: bistriflimide. 

The figure was reproduced from Ref19 with permission from the Royal Society of Chemistry. Copyright © 2022, Royal Society of 

Chemistry. 
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3.2.2. Modification of azide-containing saccharides 

The amine-azide coupling reaction can be applicable for labeling of azide-containing 

saccharides as well. Due to the significant growth in the bioorthogonal toolbox with a range of 

polar reactions and cycloaddition chemistries, there is a large availability of azide-tagged 

carbohydrates in the market and literature.23 For example, by using a bioorthogonal chemical 

reporter such as an azide, it is possible to label N-glycoproteins on the cell surface and visualize 

the labeled N-glycoproteins by copper-free click chemistry.24 

As modification of amine-containing polysaccharides has been successful with excess 

azide and phosphine reagents, we hypothesized that azidocarbohydrates could be chemically 

labeled with excess amine reagents in the same fashion (Figure 3.4A). To validate the hypothesis, 

LC-MS and NMR analyses were conducted on a small molecule substrate, azide-pyrene, using an 

excess amine reagent 3.5. The purified reaction product of this reaction showed the formation of 

the same product as the previously reported reaction16 of amino-pyrene and azide reagent 3.4 in 

1H NMR, displaying the distinct peaks for the newly formed NH groups (Figure 3.4B, Figure S3.5 

and S3.6). 

 

 

Figure 3.4. Phosphine-mediated bioconjugation of azide containing saccharides in ionic liquid using excess amine reagent. 

Reaction conditions: azido-methyl-pyrene (12.5mM), 2-(2-methoxyethoxy) ethanamine 3.5 (125 mM), KHCO3 (20mM) and PPh3 

(125 mM) in 1:8:1 mixture of DMF, MeCN and BMPyOTf at 50 ÁC for 1 h. (A) General reaction scheme. (B) 1H NMR analysis of 

the reaction of an azide substrate modified with excess alkylamine reagent (red), compared with the previously reported reaction 
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of an amine substrate reacting with excess alkylazide reagent 3.4 (blue).15,16 The figure was reproduced from Ref19 with permission 

from the Royal Society of Chemistry. Copyright © 2022, Royal Society of Chemistry. 

 

Confirming that labeling of azide-containing substrates with excess amine reagents is 

possible, modification of an oligosaccharide containing an alkylazide handle was tested. 

Undecasaccharides containing a single alkylazide group 3.6 was incubated with excess primary, 

secondary, and tertiary benzylamine reagents, and the reaction was analyzed by matrix-assisted 

laser desorption/ionization (MALDI)-MS (Figure 3.5A). An appreciable reactivity was observed 

from primary and secondary alkylamine conditions, but not tertiary alkylamines, and the O=PPh3 

negative control showed the absence of the reactivity (Figure 3.5B). 
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Figure 3.5. Phosphine-mediated bioconjugation of azide-containing undesaccharide in ionic liquid with different alkylamine 

reagents. Reaction conditions: Disialylnonasaccharide-ɓ-ethylazide 3.6 (DSNS-azide,0.2mM), KHCO3 (40 mM), alkylamine 

reagents with different degree of substitution (20 mM), and PPh3 or O=PPh3 (20 mM) in butylpyrrolidium triflate (BMPy OTf) at 

50 ÁC for 2 hr. (A) Chemical structure of disialylnonsaccharide-ɓ-ethylazide. (B) Matrix-assisted laser desorption/ionization mass 

spectrometry (MALDI-MS) analysis of the reaction of azide-containing undecasaccharide with benzyl amine derivatives and PPh3 

(top row) or O=PPh3 (bottom row). ñ*ò indicates potassium adducts. The figure was reproduced from Ref19 with permission from 

the Royal Society of Chemistry. Copyright © 2022, Royal Society of Chemistry. 
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3.2.3. Modification of azide-containing polysaccharides 

Encouraged by the promising results of the small azide-containing saccharides, 

modification of polysaccharides containing alkylazide groups with different types of 

functionalized amine reagents was tested (Figure 3.6A). Hyaluronic acid is a polysaccharide 

composed of glucuronic acid and acetylglucosamine units and has been applied for various medical 

purposes that include the use of chemically functionalized hyaluronate.25,26 Along with this 

application, labeling of hyaluronic acid with bioorthogonal handles (e.g., azide, terminal alkyne, 

and cyclooctyne) has been increasingly studied as well.27,28,29 The reaction of the azide-labeled 

hyaluronic acid in ionic liquid proceeded smoothly with excess fluorophore-amine 3.10, compared 

to the parent hyaluronic acid, analyzed by fluorescence imaging on a blot membrane (Figure 3.6B 

and Figure S3.4A). 

 

 

Figure 3.6. Phosphine-mediated bioconjugation of azide-containing polysaccharide with excess TAMRA-amine. Reaction 

conditions: Hyaluronic acid derivatives (2 mg/mL), TAMRA-NH2 3.10 (20 mM), KHCO3 (20 mM), and PPh3 or O=PPh3 (20 mM 

final) in ethylmethylimidazolium acetate (EMIM OAC) for 2 h at 37 ÁC. Error bars represent standard deviation (n = 3). (A) General 

reaction scheme (B) Chemical structure of hyaluronic acid with and without the azide tag (left), chemical structure of the 

fluorophore-alkylamine reagent (middle), and bar graph of quantification of the dot blot analysis of the hyaluronic acid modification 
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with the fluorophore amine (right). The figure was modified from the originally published version.19  Copyright © 2022, Royal 

Society of Chemistry. 

In addition, bioorthogonal handles such as terminal alkyne (propargyl amine 3.11 and 

amino PEG4-alkyne 3.12) and trans-cyclooctene 3.13 (TCO-amine) can be incorporated through 

this method, and the secondary modification with corresponding bioorthogonal chemistry proved 

feasible using azide (copper-catalyzed azide-alkyne cycloaddition),30 and tetrazine (inverse 

electron-demand Diels-Alder reaction),31 respectively (Figure 3.7 and Figure S3.4B and S3.4C). 

 

 

Figure 3.7. Phosphine-mediated bioconjugation of azide-containing polysaccharide with excess amine reagent. Hyaluronic acid 

derivatives (2 mg/mL), amine reagents (10 or 20mM), KHCO3 (20 mM) and PPh3 or O=PPh3 (20 mM) in EMIM OAc for 2 h at 37 

ÁC. Error bars represent standard deviation (n = 3). Modification of hyaluronic acid derivatives with amine reagent containing 

alkyne (left and middle) and trans-cyclooctene (right), which were subjected to the secondary modification with fluorophore 

bearing azide and tetrazine, respectively. Bar graphs represent quantification of dot blot analysis of the modification with amine 

reagents. The figure was reproduced from Ref19 with permission from the Royal Society of Chemistry. Copyright © 2022, Royal 

Society of Chemistry. 

3.2.4. Labeling azide-containing carbohydrates in complex cellular system. 

The strategy to label azide-containing carbohydrates was finally tested in a complex 

cellular system. Periodate oxidation and subsequent hydrazone-forming reaction were employed 

to introduce azide groups into saccharide groups of glycoproteins (Scheme 3.3 and Figure 3.8), as 

this approach has been utilized for various biological samples, including mammalian cells and 
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zebra fish.32,33 Periodate oxidation specifically targets vicinal diol groups on terminal 

monosaccharides of glycoproteins, such as sialic acid, producing aldehyde groups that can then 

react with hydrazine or hydrazide reagents to form hydrazones. To the lysate of human embryo 

kidney (HEK) 293T cells, sodium periodate solution was added, and after the removal of the 

oxidizing reagent, the oxidized cell lysate was tagged with hydrazide reagent containing alkylazide 

group 3.14 (Figure 3.10A). The introduction of the azide group to the lysate was confirmed by the 

well-established copper-catalyzed azide-alkyne cycloaddition reaction using biotin-PEG4-alkyne 

(Figure 3.8A).  

 

Scheme 3.3. Schematic showing introduction of azide groups into saccharide groups of glycoproteins. 
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Figure 3.8. Copper Click chemistry on azide-tagged lysates (A) Chemical structure of biotin-PEG4 alkyne 3.15. (B) Anti-biotin 

western blot and total stain (Ponceau S.) of the biotinylating reaction of human embryo kidney (HEK) 293T cell lysates with and 

without the azide treated with biotin-PEG4-alkyne 3.15. Reaction conditions: cell lysate with and without the azide tag (0.18 

mg/mL), sodium ascorbate (2 mM final conc from 50-mM stock solution), THPTA (0.2 mM final conc from 25-mM stock solution), 

biotin PEG4-alkyne (0.6 mM final conc from 20-mM stock solution) and CuSO4 (1 mM final concentration from 25-mM stock 

solution) in 1X phosphate buffered saline (30 ÕL total volume). The figure was reproduced from Ref19 with permission from the 

Royal Society of Chemistry. Copyright © 2022, Royal Society of Chemistry. 

After confirming the successful incorporation of the azide group, the azide-tagged cell 

lysate was treated with alkylamine-containing biotin 3.16 and triphenylphosphine in ionic liquid, 

and the reaction was analyzed by anti-biotin western blot (Figures 3.9 and 3.10). Fluorescence 

signals were strongly observed from the oxidized/azide-tagged sample on the blot membrane, 

whereas the negative control condition without the oxidation step showed insignificant signals. 

Thus, the ionic liquid-based approach proved translatable into even a complex mixture of 

biomolecules such as mammalian cell lysate. 
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Figure 3.9. (A) Chemical structure of amine-functionalized biotin used in the cell lysate study. (B) Anti-biotin western blot and 

total stain (Ponceau S.) of the biotinylating reaction of human embryo kidney (HEK) 293T cells in BMPy OTf with and without 

the azide tag. The figure was reproduced from Ref19 with permission from the Royal Society of Chemistry. Copyright © 2022, 

Royal Society of Chemistry. 

 

Figure 3.10. Phosphine-mediated amine-azide reaction on cell lysates (A) Chemical structure of azido-PEG4-hydrazide 3.14. (B) 

Anti-biotin western blot and total stain (Ponceau S.) of the biotinylating reaction of human embryo kidney (HEK) 293T cell lysates 

with and without the azide tag. Reaction conditions: cell lysate with and without the azide tag (0.045 mg/mL), KHCO3 (20 mM), 

biotin amine 3.16 (20 mM), PPh3 and O=PPh3 (20 mM) in BMPy OTf at 37 ÁC. The figure was reproduced from Ref19 with 

permission from the Royal Society of Chemistry. Copyright © 2022, Royal Society of Chemistry. 
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3.3. Conclusion 

In conclusion, the phosphine-mediated chemistry in ionic liquid enabled the selective, 

efficient labeling of polysaccharides containing amine and azide functionalities, offering a facile 

and convenient method for carbohydrate bioconjugation research. Various polysaccharides with 

intricate structures are amenable to this chemical transformation, and thus, the amine-azide 

coupling method has proved its versatility. Moreover, this ionic-liquid-based bioconjugation 

approach demonstrated applicability to cellular samples/mammalian cell lysate, and this potential 

may facilitate the future applications of bioconjugation in non-aqueous media as a bioorthogonal 

chemistry-like strategy. 
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3.4. Experimental Data  

General Information  

All the chemicals, including saccharides, were purchased from commercial vendors unless 

otherwise noted. Disialylnonasaccharide-ɓ-ethylazide (D4217) was purchased from Tokyo 

Chemical Industry. Toluidine blue (01804) was purchased from ChemImpex. Hyaluronic acid 

(HA101) and hyaluronate azide (HA-1901) were purchased from CreativePEGWorks. 5-TAMRA 

cadaverine (1248-25) and trans-cycloctyne (TCO)-amine HCl salt (1021-25) were purchased from 

ClickChemTools. Chitosan practical grade shrimp (417963-25G), DEAE-dextran hydrochloride 

(D9885-10g), and amino-PEG4-alkyne (764248-10MG) were all purchased from Sigma-Aldrich. 

Instrumentation  

NMR was performed on Bruker AVANCE NEO 500 MHz. 

LC-MS analysis of saccharides and small molecule models were performed on Shimadzu LCMS-

2020 with a 2.6 ɛm C18 column (50 Ĭ 2.1 mm). The flow rate was 1 mL/min with the gradient of 

acetonitrile (5-90%) in the presence of 0.1% formic acid. The analysis of the reactions was 

performed by the UV detection of saccharide at 280 nm. 

MALDI -MS was conducted on a Bruker Daltonics Autoflex-TOF. A sample (0.5 or 1 ɛL) was 

mixed with an equal volume (0.5 or 1 ɛL) of matrix solution (20 mg/mL soln in 50:50:0.1 

H2O/MeCN/trifluoroacetic acid) on a ground-steel MALDI plate (Bruker 8280784). Super-DHB 

or gentisic acid (DHBA) was used as a matrix. 

Gel fluorescence and western blot imaging was performed on Amersham ImageQuant 800 

(Cytiva). Gel or blot imaging was conducted using 360-nm, 535-nm, and 635-nm light sources 

with correlating emission bandpass filters at 525 nm (±20 nm), 605 nm (±40 nm), and 705 (±40 



   

55 

 

nm), relatively. Anti-biotin western blot was conducted with streptavidin-Cy5 conjugate (Jackson 

ImmunoResearch 016-170-084, 1:2,000 dilution) after blocking with 5% BSA in TBST buffer. 

Cell culture  

HEK 293T cells (ATCC, CRL-3216) were cultured in Dulbeccoôs Modified Eagle Medium 

(DMEM) with Glutamax, 10% fetal bovine serum (FBS), and penicillin/streptomycin (0.5 mg/mL) 

using 10 cm Petri dishes (Sigma-Aldrich 280721) under 5% CO2 at 37 °C. 

Experimental Procedures 

General procedure for acetone precipitation 

Cold acetone (600ï1200 µL, -20 °C) was added in one portion to the reaction mixture (typically 

20ï40 µL) in a 1.7-mL Eppendorf tube. The mixture was mixed by flipping the tube upside-down 

multiple times and kept at -80 °C for 1 h or overnight. Once removed from the freezer, the mixture 

was centrifuged (15,000 rcf, 15 min, 4 °C) to obtain the precipitates. Then, the acetone was 

removed, and the pellet air-dried on the bench at rt for 15 min. For MALDI-MS analysis, the pellet 

was further washed with an additional cycle of acetone and centrifugation before the air-drying 

process. The dried pellet was reconstituted in 10ï40 µL of water and analyzed by the respective 

analytical methods. 

Chitosan modification (a procedure for Figure 3.2)  

To EMIM OAC (20 ɛL), Chitosan or DEAE-dextran (1 mg/mL final concentration from 10 mg/mL 

stock solution in 1:1 BMIM: 1-M acetate buffer), biotin-PEG3-azide (3.3) (0.3-7.5 mM final 

concentration from 15-375 mM stock solutions in DMSO), and PPh3 or O=PPh3 (0.3-7.5 mM final 

concentration from 15-375 mM stock solution in DMSO) were added. The final concentration of 

H2O was kept lower than 6% v/v. The reaction mixture was incubated in a 37 °C incubator for 2 h 

and subjected to Post-reaction cleanup process for chitosan experiments. 
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Post-reaction cleanup process for chitosan experiments  

To the reaction mixture (20 ɛL) in a 1.7-mL Eppendorf tube, a mixture of 5:1 acetone/methanol 

(600 ɛL) was added in one portion. The mixture was mixed by upside-down shaking and then sit 

at -80 °C for 1 h or overnight. The precipitates were collected by centrifugation (15,000 rcf, 15 

min, 4 °C), and acetone/methanol was removed. The pellet was air-dried on the bench at room 

temperature for 15 min. The dried pellet was reconstituted in 20 ɛL of acetate buffer (20 mM, pH 

5) and analyzed by dot blot methods. 

Immunodetection of biotin tag of chitosan using anti-biotin antibodies  

The reconstituted samples (0.5 ɛL) were heated for 1 min at 95 °C and then spotted onto a 

nitrocellulose membrane. Eosin Y solution (0.1 mM final concentration in water from 50-mM 

stock solution) was used for the total stain purpose for 5 min, and the membrane was rinsed with 

water twice. The stained membrane was imaged by ImageQuant 800 to obtain the colorimetric 

image. Then, the membrane was washed twice with TBST buffer for 5 min, blocked with 5% BSA 

in TBST buffer at rt for 20 min, incubated with streptavidin-Cy5 conjugate (1:2000) in the blocking 

buffer at rt for 40 min, washed with TBST buffer three times, and imaged by ImageQuant 800. 

Typical saccharide/small molecule model modification in ionic liquids 

To ionic liquids (typically 10ï40 ɛL for analytical scale), potassium bicarbonate aqueous solution 

(20 mM final concentration from 2-M stock solution in water), saccharide or small molecule (0.02ï

0.7 mM final concentration from 25ï50-mM stock solution in water), alkyl azide (3ï125 mM final 

concentration from 100ï1000-mM stock solution in DMSO), and PAr3 or O=PPh3 (3ï125 mM 

final concentration from 100ï500-mM stock solution in DMSO) were added. The final 

concentration of H2O was kept lower than 6% v/v. The reaction mixture was incubated at 37ï50 

°C for 2 h. 
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Typical procedure for modification of hyaluronic acid derivatives  

To EMIM OAc (20 ɛL), hyaluronic acid derivatives (2 mg/mL final concentration from 40 mg/mL 

stock solution in H2O), amine reagent (10ï20 mM final concentration from 250-mM stock 

solutions in DMSO), and PPh3 or O=PPh3 (20 mM final concentration from 250-mM stock solution 

in DMSO) were added. The final concentration of H2O was kept lower than 6% v/v. The reaction 

mixture was incubated in a 37 °C incubator for 2 h and subjected to precipitation before analysis. 

Hyaluronic acid derivative modification with TAMRA -amine (a procedure for Fig 3.6B)  

The modification procedure follows a protocol Typical procedure for modification of hyaluronic 

acid derivatives in 20 µL scale with following conditions. Hyaluronic acid derivatives (2 mg/mL 

final concentration from 40-mg/mL stock solution in H2O), TAMRA-NH2 (3.10) (20 mM final 

concentration from 250-mM stock solution in DMSO), KHCO3 (20 mM final concentration from 

2-M stock solution in H2O), and PPh3 or O=PPh3 (20 mM final concentration from 500-mM stock 

solution in DMSO) were added into EMIM OAC and incubated for 2 h at 37 °C. To the reaction 

mixture (20 ɛL) in a 1.7-mL Eppendorf tube, a 5:1 mixture of cold acetone/methanol (600 ɛL) was 

added in one portion, mixed by upside-down shaking, and placed overnight at -80 °C. The 

precipitates were collected by centrifugation (15,000 rcf, 15 min, 4 °C), and acetone/methanol was 

removed. The pellet was air-dried on the bench at room temperature for 15 min. The dried pellet 

was reconstituted with 20 ɛL H2O, spotted onto a nylon membrane (MilliporeSigma 

#11209299001), and washed overnight with 1:1 MeOH/DMSO, and the fluorescence intensity was 

quantified by ImageQuant 800.  

The reconstituted samples were also spotted separately on a new membrane and stained with 

diluted Toluidine Blue solution (3 mM final concentration in water from 250-mM stock solution 

in DMSO) for 5 min, and rinsed 4 times with water. The stained membrane was imaged by 
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ImageQuant 800 to obtain the colorimetric image. For the quantification purpose, the experiment 

was done in triplicate but on different days, and the fluorescence intensity was quantified using 

ImageJ software. 

Hyaluronic acid derivative modification with Propargyl -NH2 and Alkyne-PEG4-NH2 (a 

procedure for Fig 3.7 with compounds 3.11 and 3.12). 

The modification procedure follows a protocol Typical procedure for modification of hyaluronic 

acid derivatives. Hyaluronic acid derivatives (2 mg/mL final concentration from 40-mg/mL stock 

solution in H2O), propargyl amine (3.11) or alkyne-PEG4-amine (3.12) (20 mM final 

concentration from 250-mM stock solution in DMSO), KHCO3 (20 mM final concentration from 

2-M stock solution in H2O), and PPh3 or O=PPh3 (20 mM final concentration from 500-mM stock 

solution in DMSO) were added into EMIM OAc and incubated for 2 h at 37 °C. To the reaction 

mixture (20 ɛL), in a 1.7-mL Eppendorf tube, a mixture of acetone/methanol was added in one 

portion. The precipitation was performed with cold acetone/methanol (5:1 ratio, 600 ɛL, -20 °C). 

After the addition of acetone/methanol, the mixture was mixed by upside-down shaking and sit at 

-80 °C overnight. The precipitates were collected by centrifugation (15,000 rcf, 15 min, 4 °C), and 

acetone/methanol was removed. The pellet was air-dried on the bench at room temperature for 15 

min. The dried pellet was reconstituted with 7 ɛL H2O, spotted onto nylon membrane and rinsed 

with MeOH for 5 min, then membrane was washed with water twice and subjected to chemical 

blotting30 for 30 min with the following conditions: THPTA (0.1 mM final concentration from 0.1-

M stock solution in H2O, sodium ascorbate (1.5 mM final concentration from 0.1-M stock solution 

in H2O, CuSO4 (0.1 mM final concentration from 100 mM stock solution in H2O), and coumarin 

azide (10 µM final concentration from 20mM stock solution in DMSO) in 5 ml of 1:1 H2O/DMSO. 
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The reconstituted samples were also spotted separately on a new nylon membrane and stained with 

the toluidine blue solution (3 mM final concentration in water from 250-mM stock solution in 

DMSO) for 5 min, and the membrane was rinsed 4 times with water. The stained membrane was 

imaged by ImageQuant 800 to obtain the colorimetric image. For the quantification purpose, the 

experiment was done in triplicates but on different days and the fluorescence intensity was 

quantified by ImageJ software.  

Modification of hyaluronic acid derivatives with TCO-NH2 (procedure for Fig 3.7 with 

compound 3.13). 

The modification procedure follows a protocol Typical procedure for modification of hyaluronic 

acid derivatives. Hyaluronic acid derivatives (2 mg/mL final concentration from 40-mg/mL stock 

solution in H2O) TCO-NH2 (3.13) (10 mM final concentration from 250-mM stock solution in 

DMSO), KHCO3 (20 mM final concentration from 2-M stock solution in H2O), and PPh3 or 

O=PPh3 (20 mM final concentration from 500-mM stock solution in DMSO) were added into 

EMIM OAC and incubated for 2 h at 37 °C To the reaction mixture (20 ɛL), a mixture of 

acetone/methanol was added in one portion. The precipitation was performed with cold 

acetone/methanol (5:1 ratio, 600 ɛL, -20 °C). After the addition of acetone/methanol, the mixture 

was mixed by upside-down shaking and kept at -80 °C overnight. The precipitates were collected 

by centrifugation (15,000 rcf, 15 min, 4 °C), and acetone/methanol was removed. The pellet was 

air-dried on the bench at room temperature for 15 min. The dried pellet was reconstituted with 50-

mM MES buffer containing sulfu-Cy5 tetrazine (20 ɛL,1 mM) and incubated for 2 h at rt. Acetone 

(600 ɛL) was added to the reconstituted samples and precipitation was performed again at -80 °C 

overnight. After the centrifugation and removal of the supernatant, the samples were washed by 

two additional cycles of acetone addition and centrifugation. The pellet was air-dried on the bench 
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at rt for 15 min after removing the final acetone solution and then reconstituted with 20 µL H2O, 

spotted on a nylon membrane. The membrane was washed 4 times with 1:1 MeOH: DMSO and 

imaged by ImageQuant800 to obtain a fluorescence image. 

The reconstituted samples were spotted separately on a new nylon membrane and stained with the 

toluidine blue solution (3 mM final concentration in water from 250-mM stock solution in DMSO) 

for 5 min and rinsed 4 times with water. The stained membrane was imaged by ImageQuant 800 

to obtain the colorimetric image. For quantification purposes, the experiment was conducted in 

triplicate on different days, and the fluorescence intensity was quantified using ImageJ software. 

Cell Lysis 

HEK 293T cultured cells without poly-D-lysine coating at 100% confluency (15 million) were 

taken out, washed three times with PBS, separated from the buffer by centrifugation (1000 rcf, 3 

min, 4 °C), placed in -80 °C for 30 min, and lysed in PBS buffer (960 µL) containing 0.1% SDS, 

0.1% triton and EDTA-free protease inhibitor (complete tablets, Roche #04-693-159-001). The 

cell lysate was transferred to 1.7-mL Eppendorf tube, and a homogenizer was used to ensure the 

complete lysis of cells. The cell lysate was placed for 30 min in ice before centrifugation (15000 

rcf, 15 min, 4 °C), and the supernatant was taken out to run the oxidation reaction. 

Periodate oxidation and hydrazone formation on saccharide groups of glycoproteins in cell 

lysates (procedure for Scheme 3.3). 

Sodium periodate (30 mM final concentration from 1000-mM stock solution in H2O) or H2O (as 

a negative control) was added to a 1.7-mL Eppendorf tube containing cell lysates (310 µL total). 

The mixture was incubated for 1h at rt before quenching with 20 % v/v glycerol in TBST buffer 

(16.5 µL). 103-µL aliquots were transferred to three different tubes, and cold acetone (1200 ɛL, -

20 °C) was added to each tube. After the addition of acetone, the mixture was mixed by inversion 
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processes and kept at -80 °C overnight. The precipitates were collected by centrifugation (15,000 

rcf, 15 min, 4 °C), acetone was removed, and the pellet was air-dried on the bench at room 

temperature for 15 min. The dried pellet was reconstituted with 50 ɛL of complete PBS buffer 

(0.1% v/v SDS, 0.1% v/v triton and EDTA-free protease inhibitor) followed by the addition of 

azido-PEG4-hydrazide (3.14) (MedChemExpress HY-140814) (12 mM final concentration from 

20-mM stock solution in DMSO) to both oxidized and control lysates. After an overnight reaction, 

acetone (600 µL) was added to the resultant mixture, which was put at -80 °C overnight. 

Centrifugation (15,000 rcf, 15 mins, 4 °C) afforded the hydrazone azide pellets which were air-

dried at rt for 15 min and reconstituted in 12.5-µL PBS buffer (0.1% v/v SDS, 0.1% v/v triton). 

The lysate concentration was determined by Bradford assay, and the concentrations of the azide-

tagged and non-tagged solutions were adjusted to the same. 

Modification of azide-containing saccharides in cell lysates (procedure for Fig 3.10). 

To BMPy OTf (16.4 ɛL), KHCO3 (20 mM final concentration from 2-M stock solution), cell 

lysates with and without hydrazone azide (0.91 mg/ mL), biotin amine (3.16) (20 mM final 

concentration from 250-mM stock solution), and PPh3/O=PPh3 (20 mM final concentration from 

500-mM stock solution in DMSO) were added. The final concentration of H2O was kept lower 

than 6% v/v. The reaction mixture was incubated at 37 °C for 2 h and subjected to overnight 

precipitation using 1:1 toluene/acetone (600 ɛL) at -80 °C. The resultant suspension was 

centrifuged (15,000 rcf, 15 mins, 4 °C), the air-dried pellet was reconstituted in 5 ɛL PBS buffer 

(0.1% v/v SDS, 0.1% v/v triton). To the reconstituted pellet (5 ɛL), water (2.5 ɛL ) and 4X LDS 

sample buffer (2.5 ɛL) were added, mixed, and used for SDS-PAGE gel electrophoresis for 40 

min. The modified glycoproteins on the gel were transferred to a PVDF membrane (Biorad 

TransBlot Turbo PVDF membrane L002048A). The membrane was then activated with methanol 
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and washed twice with water before Ponceau staining to obtain the colorimetric image using 

ImageQuant 800. The membrane was once again reactivated with methanol and washed twice with 

water, followed by TBST buffer for 5 mins, blocked with BSA (50 mg/mL) in TBST buffer at rt 

for 1 h, incubated with streptavidin-Cy5 conjugate (1:2000) in the blocking buffer at rt for 40 min, 

washed with TBST buffer three times, and imaged by ImageQuant 800. A molecular weight 

marker (Thermo Scientific 26619) was used for the analysis. 
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3.5. Supplementary Figures  

 

 

Figure S3.1. Representative blot membrane images for the anti-biotin western blot (Cy5-streptavidin) and total stain with eosin Y 

of chitosan and Diethylamino-ethyl (DEAE)-dextran modification. Reaction Conditions: chitosan (3.1) (1 mg/mL final 

concentration from 10-mg/mL stock solution in 1:1 BMIM: 1-M acetate buffer), DEAE-dextran (3.2) (1 mg/mL final concentration 

from 10-mg/mL stock solution in 1:1 BMIM: 1-M acetate buffer), biotin azide (3.3) (3 mM final concentration from 100-mM stock 

solution in DMSO), and phosphines (3mM final concentration from 150-mM stock solution in DMSO) in EMIM OAC at room 

temperature or 37 °C for 2 h (left membrane images). The experiment was repeated three times to obtain the standard deviation 

(error bars, n = 3). Right membrane images include a negative control without phosphine reagents at 37 °C for 2 h. The figure was 

reproduced from Ref19 with permission from the Royal Society of Chemistry. Copyright © 2022, Royal Society of Chemistry. 

 

Figure S3.1. Representative blot membrane images for the anti-biotin western blot (Cy5-streptavidin) and total stain with eosin Y 

solution of chitosan modification with different biotin azide/phosphine concentration. Reaction Conditions: chitosan (1 mg/mL 

final concentration from 10 mg/mL stock solution in 1:1 BMIM: 1-M acetate buffer), biotin azide (3.3) and phosphines in DMSO 

solution as 7.5 mM, 3 mM, 1.5 mM, 0.75 mM,0.3 mM, and 0 mM final concentration from 375 mM, 150 mM, 75 mM, 37.5 mM, 

and 15 mM, respectively. The reaction was done in EMIM OAC at 37 °C for 2 h. The experiment was done in triplicates to obtain 
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the standard deviation (error bars, n = 3). The figure was reproduced from Ref19 with permission from the Royal Society of 

Chemistry. Copyright © 2022, Royal Society of Chemistry. 

 

 

Figure S3.2. Representative blot membrane images for the anti-biotin western blot (Cy5-streptavidin) and total stain with eosin Y 

solution of the ionic liquid screening in chitosan modification. Reaction conditions: chitosan (1 mg/mL final concentration from 

10 mg/mL stock solution in 1:1 BMIM OAC/1-M acetate buffer), biotin azide (3.3) (3mM final concentration from 100 mM stock 

solution in DMSO), and phosphines (3 mM final concentration from 150 mM stock solution in DMSO) at 37 °C for 2 h. The 

experiment was replicated three times to get the standard deviation (error bars, n = 3). The figure was reproduced from Ref19 with 

permission from the Royal Society of Chemistry. Copyright © 2022, Royal Society of Chemistry. 
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Figure S3.3. Representative blot membrane fluorescence (Cy3) and total stain (toluidine blue) images of phosphine-mediated 

hyaluronic acid (HA) and hyaluronic acid azide (HA-N3) modification in ionic liquid. Reaction conditions: Hyaluronic acid 

derivatives (2 mg/mL), amine reagent (10ï20 mM), KHCO3 (20 mM), phosphines: PPh3 and O=PPH3 (20 mM) in EMIM OAc at 

37 °C for 2 h. (A) HA and HA-N3 modification with TAMRA amine. (B) HA and HA-N3 modification with propargyl amine (left) 
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and alkyne-peg4 amine (right) using coumarine azide as a secondary label on blot membrane.30 (C) HA and HA-N3 modification 

with trans-cyclooctene amine using sulfo-cyanine5 tetrazine (1 mM in 50 mM MES buffer) as a secondary label. The experiment 

was replicated three times to get the standard deviation (error bars, n = 3). The figure was reproduced from Ref19 with permission 

from the Royal Society of Chemistry. Copyright © 2022, Royal Society of Chemistry. 

 

Figure S3.4. LC-MS analysis (Shimadzu LCMS-2020) of pyrene azide modification in ionic liquid. (A) Reaction scheme. (B) LC-

MS analysis of the crude reaction mixture. Left: UV chromatogram (254 nm). Right Mass spectrum. Reaction procedure is 

described in Typical saccharide/small molecule modification in ionic liquids. The figure was reproduced from Ref19 with 

permission from the Royal Society of Chemistry. Copyright © 2022, Royal Society of Chemistry. 
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Figure S3.5. 1H NMR spectrum of pyrene-urea compound in CD3CN/DMSO-d6 (95:5) produced by azide-pyrene with excess 

amine reagent. Reaction conditions are described in typical saccharide/small molecule model modification in ionic liquid section. 

The figure was reproduced from Ref19 with permission from the Royal Society of Chemistry. Copyright © 2022, Royal Society of 

Chemistry. 
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Chapter 4: Iron-sensitive protein conjugates formed with a Wittig reaction precursor in ionic 

liquids. 

Part of this work was published and adapted from: Nizam, Z. M.; Stowe, A. M.; Mckinney, J. K.; 

Ohata, J. Iron-Sensitive Protein Conjugates Formed with a Wittig Reaction Precursor in Ionic 

Liquid. Chem. Commun. 2023, 59 (81), 12160ï12163. 

4.1. Introduction  

In various chemistry- and biology-related fields, chemical tools have become essential 

through leveraging selective bond formation and cleavage processes. Within this concept, there 

has been a growing interest in the study of selective chemical bond cleavage or chemical uncaging 

processes, primarily for spatiotemporal release or activation of a molecule of interest.1,2 Many 

different chemical approaches have been developed to achieve chemical control over both small 

molecules and biomacromolecules using bond formation and scission processes. Wherein such 

strategies have been implemented across a wide array of platforms, including in vivo systems.3  

For instance, our understanding of the behaviors of cellular iron, which have garnered 

crucial attention due to its relevance to cell death,4 has been broadened as numerous iron-selective 

chemical probes have been developed.5,6,7 Despite this progress, the chemical tools available to 

study iron biology are still limited, especially for the protein-based ones.8 To potentially address 

such a limitation, one approach could involve the chemical modification of proteins to produce 

such iron-sensitive protein probes, but selective bioconjugation to install iron-responsive groups 

to the polyfunctional biomolecule would represent a significant challenge. 

During the screening process of the Ohata lab non-aqueous bioconjugation program using 

ionic liquid as a biomolecule-compatible reaction medium,9 a significant finding has emerged, 

where an aldehyde-containing Wittig reaction precursor can induce the formation of enamine 
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linkage on lysine and N-terminal amines of peptides and proteins in ionic liquids (Figure 4.1). 

Interestingly, the formed enamine linkage displays exceptional stability in aqueous media, likely 

due to the neighboring phosphonium group. However, the linkage can be cleaved in the presence 

of iron salts (Figure 4.1A).10 In chapter 2, I showed that an aza-Wittig intermediate 

(iminophosphorane) can induce amine-azide-CO2 three-component coupling in ionic liquids to 

form a stable urea linkage on polysaccharides, offering a facile and convenient method for 

carbohydrate bioconjugation research. In this chapter, and by using another phosphorous reagent, 

characterization of the enamine linkage formed by the condensation reaction between lysine 

residues and the accessible amine groups on the N-terminus of a peptide or protein with the 

labeling reagent, namely (formylmethyl)triphenylphosphonium salt, will be discussed. 

Chemoselectivity toward the amine group was established through MS/MS analysis. For this 

study, a pyrrolidinium-based ionic liquid, 1-butyl-1-methylpyrrolidinium, was chosen due to its 

strong chemical stability and its efficacy in protein stabilization (Figure 4.1B). Moreover, the 

enamine-phosphonium linkage exhibited unusual stability in aqueous solution during LC-MS 

analysis and turned out to be sensitive toward iron salts. 
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Figure 4.1. Protein bioconjugation in ionic liquid using formyl-phosphonium reagent. (A) Schematic illustration of the enamine-

phosphonium linkage formed via condensation reaction between lysine/N terminus of a peptide or protein and 

(formylmethyl)triphenylphosphonium chloride. (B) Schematic illustration of the compatibility of ionic liquid with both protein and 

phosphonium reagent. BMPy OTf: 1-butyl-1-methylpyrrolidinium trifluoromethanesulfonate. The figure was reproduced from 

Ref10 with permission from the Royal Society of Chemistry. Copyright © 2023, Royal Society of Chemistry. 

4.2. Results and Discussion 

4.2.1. Screening Wittig reagent precursors and modification of a model peptide.  

To determine the most effective labeling reagent, a reactivity survey of a range of potential 

labeling reagents (e.g., Ylide form, ketone, and ammonium salt) were tested. (Figure 4.2). This 

survey involved the use of insulin as a substrate, which contained a single lysine residue and N-

terminal amines. A variety of Wittig reagents, including monosubstituted derivatives (ketone, 

ester, and amide), disubstituted derivatives, nitrile, and aldehyde-functionalized derivatives, have 

been examined for bioconjugation and utilized for various applications.11,12,13 In this context, a 

Wittig reagent precursor with an aldehyde functional group (compounds 4.1 and 4.2) was found 
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to be active in condensation reactions with amine groups, forming an enamine-phosphonium 

linkage. Interestingly, formyl-phosphonium (compound 4.1) exhibited a high reaction efficiency. 

LC-MS analysis of the modified insulin showed 99% conversion into 1st, 2nd, and 3rd modification 

(Figure 4.3). Such exceptional reactivity can be attributed to the compoundôs existence in a non-

ylide form, rendering the carbonyl group electrophilic enough to undergo nucleophilic attack by 

an amine. Furthermore, the lack of reactivity observed with the methylated aldehyde-based form 

(compound 4.3) can be linked to either the steric hindrance or the electronic donating effect of the 

additional Ŭ-substituent, namely the methyl group, that could weaken the electrophilic nature of 

the carbonyl. The utilization of ketone and ester-based phosphonium (compounds 4.4, 4.5, and 

4.6) for the condensation reaction was unsuccessful, likely due to steric hindrance, the presence of 

electron-donating groups, and electron delocalization. The Ylide, cyanomethylene 

triphenylphosphorane (compound 4.7), did not show any reactivity, likely due to the electron 

donation from the anionic charge, thereby reducing the electrophilicity of the carbonyl, rendering 

the compound inactive in the desired reaction. Moreover, by using phosphonium derivatives 

lacking a carbonyl group, such as pyridyl and acetal substituted phosphoniums (compounds 4.8 

and 4.9), no reactivity was observed, highlighting the selectivity of the condensation reaction 

toward the electrophilic carbonyl. Intriguingly, the absence of reactivity with a betaine-aldehyde 

reagent (compound 4.10) was observed, even in the presence of an electrophilic carbonyl group 

(Figure 4.2 and 4.3). The observation indicates that the reaction proceeds with compounds 

containing a phosphonium group. Notably, no sign of decomposition of the enamine-phosphonium 

product was detected during those analysis processes in aqueous solution, indicating the 

exceptional stability of the linkage toward aqueous media. 
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Figure 4.2. Liquid-chromatography (LC)-based analysis of modification of lysine/N-terminus-containing substrate (insulin) with 

a variety of phosphonium derivatives possessing different moieties. A bar graph of percentage conversion of insulin modification 

with the phosphonium reagents. Error bars represent standard deviation (n = 3). Reaction conditions: Insulin (0.05 mM), K2CO3 

(20 mM), and phosphonium reagents (10 mM) in ionic liquid at 50 °C for 1 h. The figure was reproduced from Ref 10 with 

permission from the Royal Society of Chemistry. Copyright © 2023, Royal Society of Chemistry. 
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Figure 4.3. Liquid chromatography-mass spectrometry (LC-MS) analysis of the modification of insulin containing a single lysine 

residue and N-terminus amines with a variety of phosphonium derivatives possessing different moieties. (A) UV chromatograms 

of the reaction mixtures. (B) MS spectra of the modification (1 mod, 2 mod, and 3 mod) or starting material peptide (SM). The 
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figure was reproduced from Ref 10 with permission from the Royal Society of Chemistry. Copyright © 2023, Royal Society of 

Chemistry. 

4.2.2. Modification of a small molecule using formyl-phosphonium. 

The successful condensation reaction between a model small molecule and formyl-

phosphonium was evident in the distinct loss of H2O during LC-MS analysis. An additional 

observation in LC-MS analysis was that the form exhibited by phosphonium-containing aldehyde 

reagent can exist in both a non-hydrated (active) form and an unreactive hydrated form, which 

predominantly prevails in aqueous solution (Figure 4.4A). The LC-MS analysis of the reaction 

mixture resulted in 98% conversion (+1 mod.), confirming the addition of the corresponding 

phosphonium reagent and suggesting the enamine formation (Figure 4.4B). 

 
Figure 4.4. LC-MS analysis of the reaction mixture of 2-(4-biphenyl)ethylamine modification with 

(formylmethyl)triphenylphosphonium chloride. (A) Liquid-chromatography mass spectrometry (LC-MS) analysis of the 

phosphonium reagent, non-hydrated form (middle), and hydrated form (right). (B) LC-MS analysis of the formed enamine product 

from the condensation reaction with an alkylamine-containing substrate. (C) Chemical structure of the model substrate. 

Phosphonium reagent in parent form or non-hydrated (green circles) or phosphonium reagent in hydrated form (blue rectangles). 

The figure was reproduced from Ref 10 with permission from the Royal Society of Chemistry. Copyright © 2023, Royal Society of 

Chemistry. 
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4.2.3. Modification of peptides and chemoselectivity  

Screening of peptide substrates demonstrated chemoselectivity of the enamine-forming 

reaction toward amine groups (Figure 4.5 and Figure S4.1). LC-MS analysis of reactions of the 

formyl phosphonium reagent 4.1 with a set of peptide substrates containing Ŭ- and Ů-amine groups 

confirmed modifications at the N-terminus and lysine residues. Tandem mass spectrometry 

(MS/MS) analysis was performed for each substrate, verifying the location of the formed enamine 

linkage (Figure 4.5 and Figure S4.2-S4.6). As expected, bombesin, a negative control peptide 

without a lysine residue and with an N-capped terminus, did not exhibit any meaningful 

modification.  

 

Figure 4.5. Chemical structures and amino acid sequences of the peptide substrates. The alkylamine-containing amino acid residues 

are highlighted in red. The conversions (in parentheses) were obtained by peak area integration in liquid chromatography (LC) 

analysis. The figure was reproduced from Ref 10 with permission from the Royal Society of Chemistry. Copyright © 2023, Royal 

Society of Chemistry. 
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4.2.4. Structural characterization of a model modified small molecule. 

Through 1H NMR characterization, the product structure was indicated to be an enamine 

existing as rotamers (Figure 4.6). For this characterization, 2-(4-biphenyl)ethylamine 4.12 was 

chosen as a model amine compound for the reaction. The successful formation of the biphenyl-

enamine-phosphonium product 4.11 was achieved by subjecting the labeling reagent, 

(formylmethyl)triphenylphosphonium chloride (10 mM), to react with the model substrate (30 

mM) in CHCl3 at 50 °C overnight. The formation of the product was confirmed by TLC (9:1 

CH2Cl2/MeOH). The reaction mixture was purified by flash chromatography with CH2Cl2 / MeOH 

(96:4) as the eluent, resulting in the isolation of a brown-orange solid (14 mg, 45 %). The product 

structure showed similar characteristics to a previously reported enamine-phosphonium 

compound.14 The 1H NMR spectrum of the reaction product confirmed the successful labeling and 

displayed a characteristic peak in the region of ŭ 4.74 ï 4.57, corresponding to one of the vinylic 

CH protons (Hb), an attribute to an enamine form of the compound. Importantly, the characteristic 

peak of the imine, which is expected around 7ï8 ppm, was not present in the 1H NMR spectrum, 

affirming the existence of enamine. Furthermore, the 1H NMR spectrum showed duplicated signals 

due to the different chemical environments experienced by each proton. There were two sets of 

signals for each proton, each displaying a similar splitting pattern and appearing in a 2:1 ratio. 

These include vinylic proton signal (Ha at ŭ 6.77 and ŭ 5.71), the methylene group signal adjacent 

to the NH group (Hc at ŭ 3.71and ŭ 3.37), and the benzylic methylene signal (Hd at ŭ 3.05 and ŭ 

2.78). Two-dimensional NMR data (i.e., NOESY) confirmed the presence of rotamers resulting 

from the rotation around the N-C bond.  
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Figure 4.6. 1H NMR spectrum of the product of condensation reaction between 2-(4-biphenyl)ethylamine and 

(formylmethyl)triphenylphosphonium chloride in CD3OD. The figure was reproduced from Ref 10 with permission from the Royal 

Society of Chemistry. Copyright © 2023, Royal Society of Chemistry. 

4.2.5. Additional characterization of the model modified small molecule.  

Further NMR analysis included 13C NMR, 1H-1H COSY, 1H-1H NOESY, 31P NMR, and 

IR analysis, all of which confirmed the formation of biphenyl-enamine-phosphonium linkage and 

the presence of a mixture of rotamers. For instance, the 13C NMR spectrum of the product exhibited 

six peaks in the 30ï80 ppm region, and the rest of the peaks were observed in the 120ï160 ppm 

region. This indicated the presence of the enamine configuration, wherein the vinyl carbon signals 

were observed within the 62.3ï73.5 ppm and 150ï155.72 ppm regions (Figure 4.7).  
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Figure 4.7. 13C NMR spectrum of the product of the reaction between 2-(4-biphenyl)ethylamine and 

(formylmethyl)triphenylphosphonium chloride in CD3OD. The figure was reproduced from Ref 10 with permission from the Royal 

Society of Chemistry. Copyright © 2023, Royal Society of Chemistry. 

Additionally, 1H-1H COSY analysis confirmed correlation between neighboring protons. 

Particularly, the benzylic proton (Hd) at ŭ 2.78 and ŭ 3.05 showed correlation with the respective 

methylene proton (Hc) at ŭ 3.37 and ŭ 3.71, an indication that Hc and Hd are adjacent to one 

another. Remarkably, the proton adjacent to the NH group (Hb at ŭ 4.74 ï 4.57) exhibited dual 

correlations, one cross peak at ŭ 5.71 and the other at ŭ 6.77, indicating that Ha and Hb are 

neighboring protons (Figures 4.8 and 4.9).  
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Figure 4.8. 1H-1H COSY NMR spectrum (full) of the product of the reaction between 2-(4-biphenyl)ethylamine and 

(formylmethyl)triphenylphosphonium chloride in CD3OD. The figure was reproduced from Ref 10 with permission from the Royal 

Society of Chemistry. Copyright © 2023, Royal Society of Chemistry. 

 

 



   

86 

 

 

Figure 4.9. 1H-1H COSY NMR spectrum (zoomed version) of the product of the reaction between 2-(4-biphenyl)ethylamine and 

(formylmethyl)triphenylphosphonium chloride in CD3OD. The figure was reproduced from Ref 10 with permission from the Royal 

Society of Chemistry. Copyright © 2023, Royal Society of Chemistry. 
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The existence of equilibrating rotamers at room temperature, resulting from the rotation 

around N-C bond was confirmed by 1H-1H NOESY spectra of the product (Figure 4.10 and 4.11). 

Proton Ha at ŭ 6.77 and ŭ 5.71, Hc ŭ 3.71 and ŭ 3.37, as well as Hd present at ŭ 3.05 and ŭ 2.78, 

all show a cross peak with the same phase as the diagonal, confirming the presence of rotamers 

that are equilibrating at room temperature. The absence of correlation between the enamine proton 

Hb (ŭ 4.74 ï 4.57) adjacent to the NH group and the other enamine proton Ha (ŭ 6.77 and ŭ 5.71) 

distinctly verifies their trans position relative to one another, further supporting the E-enamine 

confirmation. The 31P NMR spectra displayed two distinctive peaks at ŭ 21.55 and ŭ 19.97, 

indicating the presence of a phosphonium moiety (Figure 4.12). Finally, the IR absorption spectra 

of the product provided a final note of confirmation of enamine formation, which showed an 

absorption band of the NH group in the range of 3000ï3250 cm-1 (Figure 4.13) in accordance with 

the IR of a previously reported compound.14 Such structural analysis gave a better understanding 

of the biphenyl-enamine-phosphonium linkage structure and the dynamic nature of its rotamers.  
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Figure 4.10. 1H-1H NOESY NMR spectrum (full) of the product of the reaction between 2-(4-biphenyl)ethylamine and 

(formylmethyl)triphenylphosphonium chloride in CD3OD. The figure was reproduced from Ref 10 with permission from the Royal 

Society of Chemistry. Copyright © 2023, Royal Society of Chemistry. 
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Figure 4.11. 1H-1H NOESY NMR spectrum (zoomed version) of the product of the reaction between 2-(4-biphenyl)ethylamine 

and (formylmethyl)triphenylphosphonium chloride in CD3OD. The figure was reproduced from Ref 10 with permission from the 

Royal Society of Chemistry. Copyright © 2023, Royal Society of Chemistry. 
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Figure 4.12. 31P NMR spectrum of the product of reaction between 2-(4-biphenyl)ethylamine and 

(formylmethyl)triphenylphosphonium chloride in CD3OD. The figure was reproduced from Ref 10 with permission from the Royal 

Society of Chemistry. Copyright © 2023, Royal Society of Chemistry. 

 

Figure 4.13. Infrared (IR) spectrum of the product of a reaction between 2-(4-biphenyl)ethylamine and 

(formylmethyl)triphenylphosphonium chloride in CD3OD. The figure was reproduced from Ref 10 with permission from the Royal 

Society of Chemistry. Copyright © 2023, Royal Society of Chemistry. 

4.2.6. Testing the stability of the biphenyl-enamine-phosphonium linkage. 

The enamine-phosphonium linkage 4.11 displayed susceptibility to cleavage in the 

presence of iron salts (Fig. 4.14A). To assess the stability of the enamine linkage, the examination 

initially focused on the typical reactants13 of Wittig reagents, which are important for assessing 
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the linkageôs potential application in chemical biology. The stability tests were performed both in 

water and in ammonium-based buffer conditions. Cellular aldehydes might undergo a reaction 

with nucleophiles, such as the Wittig reagent linkage. Since Witting reagents are known to react 

with carbonyl compounds (e.g., aldehydes) and form a carbon-carbon double bond, it is important 

to assess whether these aldehydes might react with or induce cleavage of the linkage. Thus, the 

linkage was first tested against cellular aldehydes such as paraformaldehyde (PFA) and methyl 

glyoxal (MGO). The linkage was further tested against cysteine derivatives (cysteine and oxidized 

cysteine). The selection of these reactants was inspired by a previous report,13 indicating a reaction 

between a Wittig reagent and sulfenic acid (electrophilic sulfur formed via direct oxidation from 

cysteine). Thus, such testing will provide a better understanding of whether the linkage will be 

prone to reaction along with these reactants. Through LCMS analysis, PFA, MGO, and cysteine 

derivatives showed negligible impacts on the biphenyl-enamine-phosphonium linkage in both 

aqueous and ammonium-based buffer solutions (Figures 4.14B and C, Figure 4.15 and 4.16).  

Furthermore, by recognizing that a variety of phosphorous-mediated chemical 

transformations are driven by the formation of stable phosphine oxide,15 stability of the enamine 

linkage was tested toward reactive oxygen species (ROS). Notably, hydrolysis of the enamine-

phosphonium linkage was observed in aqueous media in the presence of the hydroxyl radical 

generated from H2O2 and the FeII ion through the Fenton reaction (Figures 4.14B and 4.15), while 

virtually no detectable cleavage was observed with the other ROS, like H2O2 and KO2, in either 

aqueous or ammonium-based buffer solutions. (Figures 4.14B and C, Figure 4.15 and 4.16). 

Further investigation of the linkage stability was assessed in the presence of biologically relevant 

metal ions, including transition metals that are found in lower concentrations within the biological 
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systems compared to group I and II metals. These include iron, zinc, copper, manganese, and 

cobalt. 

The stability of linkage was tested against calcium, a highly abundant metal ion in 

biological contexts and as an ion engaged in cell signaling.16 When exposed to iron salts (FeII or 

FeIII ) in the absence of hydrogen peroxide and in aqueous solution, the linkage displayed 

hydrolysis, suggesting that the linkage is not stable within iron-rich environments (Figure 4.17). 

Conversely, the linkage remained inert towards other biologically relevant metal ions such as zinc, 

calcium, and manganese. Similarly, the linkage did not undergo hydrolysis when subjected to 

conditions with vitamin B12 and hemin, each containing coordinated metal ions, CoIII and FeIII, 

respectively. 

These results suggest that linkage may only interact with free ions rather than bound ones. 

Interestingly, despite the low cellular concentrations of copper, the linkage displayed hydrolysis 

under CuI conditions (Figure 4.17). It is important to highlight that the enamine linkage showed 

unparalleled stability in an ammonium-based buffer, even toward iron salts. This finding implies 

that sensitivity to hydrolysis is environmentally dependent (Figure 4.18). These findings have 

contributed to a deeper understanding of the behavior of the biphenyl-enamine-phosphonium 

linkage, shedding light on whether the linkage remains intact in physiological environments, when 

considering studies on iron species in biological systems.  
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Figure 4.14. Enamine-phosphonium linkage stability in aqueous media. (A) Schematic illustration of a stimulus-induced cleavage. 

Stability testing conditions: Enamine-phosphonium linkage (0.05 mM) , reagents (0.5 mM) in either H2O/MeOH (8:2) or 

(NH4)2CO3 aq (5 mM)/MeOH (8:2) at rt for 1 h. (B,C) Bar graph for LC-based analysis of enamine-phosphonium linkage incubated 

in H2O:MeOH (8:2) with reagents: paraformaldehyde (PFA), methylglyoxal (MGO), L-cysteine (Cys), oxidized cysteine 

(Cys/H2O2), and hydrogen peroxide (H2O2), potassium superoxide(KO2), hydroxyl radical (Fe2+/H2O2). Error bars represent 

standard deviation (n = 3). Stability testing was performed in either water (B) or (NH4)2CO3 buffer (C). The figure was reproduced 

from Ref 10 with permission from the Royal Society of Chemistry. Copyright © 2023, Royal Society of Chemistry. 
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Figure 4.15. (A) Liquid-chromatography mass spectrometry (LC-MS) analysis of the biphenyl-enamine-phosphonium incubated 

in H2O: MeOH (8:2) with reagents: paraformaldehyde (PFA), methylglyoxal (MGO), L-cysteine (Cys), oxidized cysteine 

(Cys/H2O2), hydrogen peroxide (H2O2), potassium superoxide (KO2), and hydroxyl radical (Fe2+/H2O2). (B) Mass spectrometry 

(MS) analysis of the biphenyl-enamine-phosphonium showing cleavage after being subjected to a stimulus (left), and the mass 

spectrometry (MS) analysis of the biphenyl-enamine-phosphonium (right). Phosphonium reagent in parent form or non-hydrated 

(green circles) or phosphonium reagent in hydrated form (blue). The figure was reproduced from Ref 10 with permission from the 

Royal Society of Chemistry. Copyright © 2023, Royal Society of Chemistry. 
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Figure 4.16. (A) Liquid-chromatography mass spectrometry (LC-MS) analysis of the biphenyl-enamine-phosphonium incubated 

in (NH4)2CO3 buffer: MeOH (8:2) with reagents: paraformaldehyde (PFA), methylglyoxal (MGO), L-cysteine (Cys), oxidized 

cysteine (Cys/H2O2), hydrogen peroxide (H2O2), potassium superoxide (KO2), and hydroxyl radical (Fe2+/H2O2). (B) Mass 

spectrometry (MS) analysis of the biphenyl-enamine-phosphonium showing cleavage after being subjected to a stimulus (left), and 

the mass spectrometry (MS) analysis of the biphenyl-enamine-phosphonium (right). The figure was reproduced from Ref 10 with 

permission from the Royal Society of Chemistry. Copyright © 2023, Royal Society of Chemistry. 
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Figure 4.17. (A) Liquid-chromatography mass spectrometry (LC-MS) analysis of the biphenyl-enamine-phosphonium incubated 

with different metal ions in H2O: MeOH (8:2). (B) Mass spectrometry (MS) analysis of the biphenyl-enamine-phosphonium 



   

97 

 

showing cleavage after incubation with different metals (left), and the mass spectrometry (MS) analysis of the biphenyl-enamine-

phosphonium (right). Phosphonium reagent in parent form or non-hydrated (green circles) or phosphonium reagent in hydrated 

form (blue rectangles). The figure was reproduced from Ref 10 with permission from the Royal Society of Chemistry. Copyright © 

2023, Royal Society of Chemistry. 
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Figure 4.18. (A) Liquid-chromatography mass spectrometry (LC-MS) analysis of the biphenyl-enamine-phosphonium incubated 

with different metal ions in (NH4)2CO3 buffer: MeOH (8:2). (B) Mass spectrometry (MS) analysis of the biphenyl-enamine-

phosphonium showing cleavage after incubation with different metals (left), and the mass spectrometry (MS) analysis of the 

biphenyl-enamine-phosphonium (right). The figure was reproduced from Ref 10 with permission from the Royal Society of 

Chemistry. Copyright © 2023, Royal Society of Chemistry. 
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4.3. Conclusion 

In conclusion, the modification of a model small molecule with the Wittig reagent 

precursor assisted in elucidating the structure of the unique linkage formed through condensation 

reaction in ionic liquids on peptides or proteins. This offers protein conjugates that could be of 

potential use for studying iron species in biological systems. Screening a variety of Wittig reagent 

precursors showed that (formylmethyl)triphenylphosphonium salt is a promising labeling reagent 

for efficient modification in ionic liquids. Peptide substrate screening confirmed the 

chemoselectivity of the enamine-forming reaction toward N-terminal and lysine amines. Structural 

characterizations showed that the biphenyl-enamine-phosphonium linkage exhibited a mixture of 

rotamers and such a linkage is sensitive towards iron salts. The presented study represents the 

utility of the nonaqueous bioconjugation method to directly install iron-sensitive moieties. The 

discovery of the iron-mediated hydrolysis of the enamine linkage would also give a new design 

paradigm for small molecule and activity-based imaging reporters, as there are still limited 

selections of the iron-responsive warheads17,18,19 and potential synthetic challenges. As many 

phosphorous-based chemistries have been broadly used in chemistry fields (e.g., Wittig reactions, 

Staudinger reactions, and Mitsunobu reactions) and there are many phosphorous reagents readily 

available, structural and functional alterations of the parent formyl-phosphonium would be facile 

to grant chemical probes potentially useful for studying iron biology. 
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4.4. Experimental Data  

General information  

All chemicals including peptides were purchased from commercial suppliers unless otherwise 

noted. All the chemical synthesis were performed under air unless otherwise noted. The ionic 

liquid, 1-butyl1-methylpyrrolidinium trifluoromethanesulfonate (BMPy OTf), was purchased 

from Synthonix (B52266) and its purity was confirmed by 1H NMR (Figure S4.8). 

(formylmethyl)triphenylphosphonium chloride was purchased from Tokyo Chemical Industry 

(F0331). Acetophenone-phosphonium (compound 4.5, Figure 4.2) was synthesized according to a 

previous report.20 

Instrumentation  

NMR  

All NMR  measurements were performed on a Bruker AVANCE NEO 500 and 700 MHz.  

LC-MS  

LC-MS analysis was performed on a Thermo Vanquish LC system and LTQ-XL linear ion trap 

MS system. A C18 reverse-phase column (Hypersil Gold 25003-032130, particle size 3 µm, 

diameter: 2.1 mm, length 30 mm) was used for analysis of small molecules and peptides by using 

280-nm UV detection unless otherwise noted. The flow rate was 0.4 mL/min with the gradient of 

acetonitrile (10ï90% for 3.5 min, and then 90% for 1.5 min) in the presence of 0.1% formic acid.  

The conversion of the LC-MS-based experiments shown in the manuscript was calculated by 

dividing the product peak area by the sum of the product peak area and the starting material peak 

area. 
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Tandem Mass Spectrometry 

Tandem mass spectrometry (MS/MS) for peptide substrates were performed on Thermo Vanquish 

LC system and LTQ-XL linear ion trap MS system with the same setup described in LC-MS. 

Experimental Procedures 

Typical peptide modification procedure in ionic liquid with Wittig reagent precursor. 

To BMPy OTf (typically 30ï40 µL scale) in a 1.7-mL Eppendorf tube, potassium carbonate 

aqueous solution (20 mM final concentration from 2 M stock solution), aqueous solution of peptide 

(0.05-0.2 mM final concentration from 2-5 mM stock solution in H2O), and 

(formylmethyl)triphenylphosphonium chloride (10 mM final concentration from 250 mM stock 

solution in DMSO) were added. The final concentration of H2O was kept lower than 6% v/v. The 

reaction mixture was incubated at 50 °C for 1 h and subjected to Post-reaction cleanup process 

for peptide modification before LC-MS analysis. 

Post-reaction cleanup process for peptide modification.  

To the reaction mixture (40 ɛL) in a 1.7-mL Eppendorf tube, a mixture of 1:1 cold acetone/toluene 

(600 ɛL) was added in one portion. The mixture was shaken upside down and set at -80 °C 

overnight. The precipitates were collected by centrifugation (15,000 rcf, 15 min, 4 °C), and 

acetone/toluene was removed. The pellet was air-dried on the bench at rt for 15 min. The samples 

were washed by an additional cycle of acetone addition and centrifugation. The pellet was air-

dried on the bench again at rt for 15 min after removing the final acetone solution and then 

reconstituted with 60 ɛL H2O and analyzed by LC-MS. 

Linkage Stability experiment procedure (Fig. 4.14-4.18). 

To an 8:2 mixture of either H2O or (NH4)2CO3 (5 mM) buffer (31 uL) and MeOH (8 uL), 

biphenyl-enamine-phosphonium (0.05 mM final concentration from 5 mM stock solution in 1:1:1 
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H2O/MeOH/DMSO), reagent (such as ROS, cellular aldehydes, oxidized sulfur, and metal ions 

0.5 mM final concentration from 25 mM stock solution in either H2O or DMSO) were added (40 

uL total volume). The reaction mixture was analyzed by LC-MS after incubation of the enamine 

compound with the reagent at rt for 1 h. For the non-metal reagents, the samples were injected into 

the LC-MS system at the 1-h time point. For the metal reagents, the metal ions in the samples were 

removed by Cuprisorb (see below) at the 1-h time point, and then, the samples were analyzed by 

LC-MS. 

Procedure to prepare Cuprisorb and removal of metals by Cuprisorb. 

Preparation of Cuprisorb (Seachem, FM-SC120-1). Cuprisorb (200 mg) was washed with H2O 

(3 × 1 mL) in a 1.7-mL Eppendorf tube, and the supernatant was discarded after each wash. The 

washed Cuprisorb was suspended in H2O (200 uL).  

Removal of metals by Cuprisorb. The washed Cuprisorb suspended in water (10 uL) was 

transferred to another Eppendorf tube. The supernatant in the other tube was discarded, and the 

reaction mixture containing metal samples was added. After incubation of the reaction mixture 

and with Cuprisorb for a couple of minutes, the supernatant was used for the LC-MS analysis. 

Preparative synthesis of small molecules 

Organic synthesis procedure. 

 

Biphenyl-enamine-phosphonium (4.11):  

To CHCl3 (6.4 mL), (formylmethyl)triphenylphosphonium chloride (10 mM final concentration 

from 250mM stock solution in DMSO), and 2-(4-biphenyl) ethylamine (30 mM final concentration 

from 500mM stock solution in acetone), were added to a 20-mL vial equipped with a magnetic stir 
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bar. The reaction mixtures were heated at 50 °C overnight. After the reaction mixture was heated 

at 50 °C overnight, the formation of the product was confirmed by TLC (9:1 CH2Cl2/MeOH). The 

reaction mixture was purified by Yamazen Smart Flash W-Prep dual channel chromatography with 

CH2Cl2 / MeOH (96:4) as the eluent to afford a brown-orange solid (14.0 mg, 45%) as a mixture 

of rotamers, confirmed by NOESY NMR.21 For NMR purposes, the purification process was 

repeated for the recovered product to get a pure compound with CH2Cl2/MeOH (94:6) as the 

eluent. 1H NMR  (700 MHz, CD3OD, mixture of rotamers): ŭ 7.83-7.19 (m, 24H), 6.77-5.71 (m, 

1H), 4.74-4.57(m, 1H), 3.71-3.37 (m, 2H), 3.05-2.78(m, 2H).13C-NMR  (700 MHz, CD3OD, 

mixture of rotamers): ŭ 155.72, 141.9, 140.7, 139.4, 135.34, 135.32, 135.27, 135.26, 134.7, 134.6, 

134.58, 134.52, 134.45, 131.4, 131.02, 130.95, 130.9, 130.74, 130.7, 129.96, 129.9, 128.5, 128.3, 

128.1, 127.8, 127.6, 124.06, 123.96, 123.54, 123.44, 73.5, 62.3, 51.3, 45.4, 38.1, 35.5. IR: 3174. 

HRMS-ESI (m/z) [M+]+calcd for C34H31NP, 484.21886; found 484.21805. 
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4.5. Supplementary Figures  

 

 

Figure S4.1. Liquid-chromatography mass spectrometry (LC-MS) analysis of reaction mixtures of modification of peptide 

substrates. 254-nm chromatograms were used to obtain the conversions shown in Fig. 2 in the main manuscript. (A) Angiotensin 

I.(B) Adrenocorticotropic hormone (ACTH) 1-17. (C) Kinase A inhibitor 6-22. (D) Atrial natriuretic peptide (ANP) 1-28. (E) 

Bombesin, a peptide with capped N-terminus and lacks lysine residues. (1,3-Dioxolan-2-ylmethyl)triphenylphosphonium bromide 

and acetonyltriphenylphosphonium chloride as a negative controls. The figure was reproduced from Ref 10 with permission from 

the Royal Society of Chemistry. Copyright © 2023, Royal Society of Chemistry. 
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Figure S4.2. Tandem mass spectrum (MS/MS) analysis of Angiotensin I modified with (formylmethyl)triphenylphosphonium 

chloride. The figure was reproduced from Ref 10 with permission from the Royal Society of Chemistry. Copyright © 2023, Royal 

Society of Chemistry. 
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Figure S4.3. Tandem mass spectrum (MS/MS) analysis of kinase Inhibitor modified with (formylmethyl)triphenylphosphonium 

chloride. The figure was reproduced from Ref 10 with permission from the Royal Society of Chemistry. Copyright © 2023, Royal 

Society of Chemistry. 
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Figure S4.4. Tandem mass spectrum (MS/MS) analysis of ACTH (1-17) modified with (formylmethyl)triphenylphosphonium 

chloride. The figure was reproduced from Ref 10 with permission from the Royal Society of Chemistry. Copyright © 2023, Royal 

Society of Chemistry. 
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Figure S4.5. Tandem mass spectrum (MS/MS) analysis of ANP (1-28) modified with (formylmethyl)triphenylphosphonium 

chloride. The figure was reproduced from Ref 10 with permission from the Royal Society of Chemistry. Copyright © 2023, Royal 

Society of Chemistry.  
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Figure S4.6. Tandem mass spectrum (MS/MS) analysis of insulin (Chain A) modified with (formylmethyl)triphenylphosphonium 

chloride. The figure was reproduced from Ref 10 with permission from the Royal Society of Chemistry. Copyright © 2023, Royal 

Society of Chemistry. 

 

 

Figure S4.7. HRMS-ESI spectra of the biphenyl-enamine-phosphonium. The figure was reproduced from Ref 10 with permission 

from the Royal Society of Chemistry. Copyright © 2023, Royal Society of Chemistry. 
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Figure S4.8. 1H NMR spectrum of the commercially 1-butyl-1-methylpyrrolidinium trifluoromethanesulfonate (BMPy OTf) in 

DMSO-d6. The spectrum is virtually identical to the previous reported one, and no major impurity peaks were observed.22 The 

figure was reproduced from Ref 10 with permission from the Royal Society of Chemistry. Copyright © 2023, Royal Society of 

Chemistry. 
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Chapter 5: Metal-free labeling reagents for protein conjugate preparation through 

tryptophan selective modification. 

Part of this chapter has been submitted to and adapted from: Uzoewulu, C. P.; Joyner, E.C.; 

Thuan, J. C.; Rose, K.; Colella, B.M.; Nizam, Z. M.; Ishizawa, S.; Meguro, Y.; Enomoto, 

M.; Ohata. J. JACS Au. 

Another Part of this chapter was published and adapted from: Nuruzzaman, M.; Colella, B. 

M.; Nizam, Z. M.; Cho, I. J.; Zagorski, J.; Ohata, J. RSC Chem. Biol. 2024, 5 (10), 963ï

969.  

5.1. Introduction  

Antibodyïdrug conjugates (ADCs) represent a powerful approach to targeted cancer 

therapy. However, limitations in traditional preparation methods have created a need for improved 

conjugation strategies. ADCs consist of a monoclonal antibody linked to a cytotoxic payload via 

a chemical linker (Figure 5.1). ADCs combine immunotherapy and chemotherapy, and the 

antibody's high targeting ability, along with the drug payload's potent activity, enable ADCs to 

effectively and precisely eliminate cancer cells. Importantly, unlike conventional chemotherapy, 

ADCs deliver the cytotoxic agent directly to the tumor. Such targeted delivery eliminates 

cancerous cells without harming any healthy tissues.1,2 Mylotarg (gemtuzumab ozogamicin) was 

the first ADC approved by the US Food and Drug Administration (FDA) in 2000 for the treatment 

of acute myeloid leukemia (AML).3 Since then, and with a better understanding of the ADC 

mechanism of action, 14 additional ADCs have been approved. Currently, there are over 100 

ADCs in clinical trials, being tested for various types of tumors.4 Moreover, for the treatment of 
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solid tumors, especially breast cancer, a second-generation ADC known under the name Kadcyla 

(Ado-trastuzumab emtansine), also known as T-DM1, was developed by Genentech and approved 

in 2013. Wherein, T-DM1 is used for human epidermal growth factor receptor 2 (HER2) positive 

metastatic breast cancer.5 Traditional methods for ADC preparation rely on metal-free conjugation 

strategies that target amino acids like lysine and cysteine. Where lysine and cysteine residues on 

the antibody serve as reaction sites, allowing attachment of the linker-payload. For instance, 

reducing the interchain disulfide bonds on the antibody can provide free cysteine residues available 

for the conjugation reaction.6,7 Cysteine conjugation occurs through a reaction between a 

maleimide group-containing linker and cysteine thiol group, resulting in a succinimide thioether 

linkage.8,9, In the presence of free thiols, succinimide thioether can undergo retro-Michael addition 

reaction, and thus, during blood circulation, the payload can be detached from the antibody, 

reducing its therapeutic effect.10,11 Moreover, an antibody contains many lysine residues (up to 

80),12 and about 40 surface-exposed lysine residues are available for linking drug payload to 

antibodies.13 One of the common conjugation reactions on lysine is amide coupling, where the 

amine groups react with an active carboxylic acid ester, such as NHS ester, that is part of the drug-

linker.14,15 However, because antibodies contain numerous lysine residues, lysine conjugation 

often yields heterogeneous ADC mixtures. This results in variability in the number of attached 

drug molecules, and even when the drug-to-antibody ratio is consistent, the drugs may be 

conjugated to different lysine sites, introducing further heterogeneity. 13,16,17 

Conjugation methods based on lysine and cysteine residues have several drawbacks. For 

example, there is difficulty in achieving a homogeneous drug-antibody ratio (DAR), where instead 

of producing a single uniform product, a heterogeneous mixture of ADCs is generated with varying 

DAR.13,16 Another drawback is off-target toxicity,10,18 which can happen when the drug is released 
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into the bloodstream before the intended time. This can be caused by the fact that the linkage 

between the drug and the antibody is not stable enough. Furthermore, varying efficacy and 

pharmacokinetic properties can arise with ADCs prepared through lysine and cysteine 

conjugation.19,20 Therefore, there is a need to develop new alternative metal-free conjugation 

methods to overcome the limitations associated with lysine and cysteine-based conjugations, and 

to produce homogeneous ADCs with improved therapeutic index. One promising metal-free 

chemoselective conjugation approach is to target less abundant amino acids, such as 

tryptophan.21,22 

 

Figure 5.1. Representation of antibody-drug conjugate (ADC) structure, illustrating the core components including antibody, 

linker, and cytotoxic drug. 

A non-aqueous bioconjugation strategy was developed in the Ohata lab to selectively target 

tryptophan residues using thiophene-ethanol reagents and indium salts as catalysts in non-aqueous 

media like hexafluoroisopropanol (HFIP), enabling the modification of an antibody. Tryptophan 

(Trp), although one of the less abundant amino acids, is present in almost all proteins.23,24 Its 

chemical reactivity is primarily attributed to the indole ring in the side chain.25,26 However, Trp is 

less nucleophilic compared to other nucleophilic amino acids, such as cysteine and lysine. Despite 

its lower abundance, Tryptophan is an ideal target for site-selective modification, particularly for 

applications such as ADC development. Our previous report demonstrated hexafluoroisopropanol 

(HFIP)-promoted FriedelïCrafts alkylation of tryptophan residues.27 As a fluorinated alcohol, 

HFIP possesses many properties, including strong hydrogen-bond ability, high polarity, and 
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increased Bronsted acidity of the hydroxyl group.28 The Friedel-Craft alkylation in HFIP proceeds 

using thiophene-ethanol reagents in the presence of Indium triflate, a metal Lewis acid that acts as 

a catalyst for the reaction (Figure 5.2). Moreover, the approach enabled modification of 

monoclonal antibody Herceptin (trastuzumab) using thiophene-ethanol reagents containing an 

alkyne handle. Wherein, the alkyne tag allowed secondary labeling through copper-catalyzed 

azideïalkyne click chemistry. Notably, the heavy chain of Herceptin showed more labeling than 

the light chain, which contains more tryptophan residues. Importantly, the binding specificity of 

Herceptin to its antigen target HER2 receptor remained intact after mixing HFIP with ionic liquids. 

 

Figure 5.2. Schematic illustration of FriedelïCrafts alkylation of tryptophan-containing biomolecule mediated by metal-based 

Lewis acid (previous work) in hexafluoroisopropanol (HFIP) as a biomolecule-compatible medium. The figure was reproduced 

with permission from a previous report.27 Copyright © 2024, American Chemical Society. https://doi.org/10.1021/jacs.3c13447 

In this chapter, metal-free thiophene-based reagents for the selective modification of 

tryptophan were synthesized, and a cytotoxic payload functionalized with a bioorthogonal handle 

was designed for future antibody conjugation, contributing to the development of antibody-drug 

conjugates (ADCs). In the first part of this chapter, two classes of thiophene-based reagents were 

synthesized for protein conjugate preparation through the tryptophan-selective modification. The 

first class includes thiophene-based reagents bearing a trifluoroborate group. These reagents are 

designed to enable additive-free alkylation of the tryptophan residues by selectively reacting with 

the electron-rich indole ring of tryptophan (Figure 5.3A). The labeling process occurs without the 

https://doi.org/10.1021/jacs.3c13447
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need for a metal catalyst or additives in non-aqueous media such as HFIP, thereby promoting the 

formation of a covalent bond. The second class of reagents involves an azide-containing thiophene 

ethanol derivative designed to enable copper-free secondary labeling (Figure 5.3A).29 Following a 

tryptophan-selective modification, the azide handle can facilitate the attachment of functional 

molecules (e.g., cyclooctyne-containing compounds) via strain-promoted azide-alkyne 

cycloaddition (SPAAC), without the need for copper catalysts.30 

In the second part of this chapter, efforts focused on the chemical synthesis of a cytotoxic 

payload with a disulfide linker and bearing a bioorthogonal handle for use in copper-free click 

chemistry. The installation of the bioorthogonal handle on the payload enables strain-promoted 

azideïalkyne cycloaddition (SPAAC) between the cytotoxin SN-38 payload and an azide-

functionalized antibody under metal-free conditions, allowing for the development of antibody-

drug conjugates (ADCs). Additionally, the design involved incorporating a disulfide-containing 

linker between SN-38 and the alkyne handle. The linker is intended to be cleavable in a reductive 

intracellular environment, thereby releasing the attached cytotoxic payload, SN38. For this aim, 

two strained alkynes, including bicyclo[6.1.0]non-4-yne (BCN) and dibenzocyclooctyne (DBCO), 

were selected to be conjugated with SN-38, to generate BCN-SS-SN-38 and DBCO-PEG-SS-SN-

38, respectively (Figure 5.3B). 
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Figure 5.3. Chemical modification of tryptophan residues and bioorthogonal probe design for antibody-drug conjugation. (A) 

FriedelïCrafts alkylation of tryptophan-containing biomolecule under metal-free and additive-free conditions in 

hexafluoroisopropanol (HFIP) using thiophene-based labeling reagents bearing a bioorthogonal handle or trifluoroborate group. 

(B) Structure of the DBCO-PEG-SS-SN-38 (left) and structure of BCN-SS-SN-38 (right) for future antibody conjugation. 

5.2. Results and Discussion 

5.2.1. Synthesis of thiophene-based reagents with trifluoroborate group for additive-free 

tryptophan labeling  

5.2.1.1. Synthesis of p-aryl -BF3k-substituted thiophene methanol  

Thiophene-based reagents bearing trifluoroborate groups were synthesized to enable 

additive-free, selective labeling of tryptophan residues in peptides and proteins. The intermediate, 

p-arylboronate-substituted thiophene methanol 5.3 was synthesized via a mechanochemical 

Grignard reaction using a previously reported one-pot, two-step ball-milling protocol,31 providing 

a solvent-free and energy-efficient alternative to conventional methods. In the first step, 
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bromothiophene 5.1 was combined with magnesium turnings under ball milling conditions (30 Hz, 

60 min) using a Retsch MM500 Vario mixer mill (1.5 mL stainless-steel milling jar with a 5 mm 

diameter stainless-steel ball). The reaction generated a reactive thiophene Grignard species, which 

was then subjected to nucleophilic addition to a pinacol boronate-based aldehyde 5.2 under a 

second ball-milling step for 60 min, affording p-arylboronate-substituted thiophene methanol 5.3. 

The crude reaction mixture was directly purified using flash chromatography to isolate compound 

5.3. However, the process proved challenging and required extensive purification, yielding the 

desired product in only 3% yield (Scheme 5.1). The structure of 5.3 was confirmed by 1H,13C 

NMR spectroscopy, and 11B NMR was performed to detect the boron environment (Figure S5.1-

S5.4). The intermediate 5.3 was converted to the corresponding trifluoroborate analog 5.4 by 

KHF2, following a previously reported fluorination protocol.32 The structure of the resulting BF K-

substituted thiophene methanol 5.4 was fully characterized using ĭH, ĭįC, ĭĭB, and ĭ F NMR 

spectroscopy. The 1H NMR spectrum showed the disappearance of the 12-proton singlet 

characteristic of the Bpin moiety. Also, ĭ F NMR confirmed successful incorporation of the 

trifluoroborate group (Figure S5.5-S5.9). The synthesis afforded a fluorinated thiophene-based 

reagent suitable for selective labeling of tryptophan residues. 

 

Scheme 5.1. Mechanochemical synthesis of p-arylboronate-substituted thiophene methanol (5.3) via a Grignard reaction between 

bromothiophene (5.1) and pinacol boronate-based aldehyde (5.2) under ball milling conditions in THF. Fluorination of 5.3 with 

KHF2 affords the p-aryl-BF3K-substituted thiophene methanol (5.4). 
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5.2.1.2. Synthesis of o-aryl -BF3K-substituted thiophene methanol  

Following the successful synthesis of the para-substituted BF3K thiophene reagent, efforts 

were directed towards the synthesis of the ortho-substituted version. The aim was to assess how 

different substitution patterns, particularly the position of the trifluoroborate group on the 

thiophene ring, influence reactivity towards labeling tryptophan residues. The synthesis of the 

ortho-substituted derivative began with the preparation of the 3-aryl-substituted benzoxaboroles 

thiophene methanol intermediate 5.6. The same one-pot, two-step mechanochemical Grignard 

protocol31 used for the synthesis of the para-substituted analog 5.3 was used to generate 5.6. 

However, after the first ball-milling step, the in situ generated thiophene Grignard reagent was 

subjected to nucleophilic addition with a pinacol boronate-functionalized aldehyde 5.5 bearing 

ortho-substitution. Following the reaction, the crude mixture was purified to provide the desired 

intermediate compound 5.6 in low yield (8%) (Scheme 5.2). The structure of the compound was 

verified using analytical techniques including ¹H and ¹³C NMR, ¹¹B NMR, and IR (Figure S5.10-

S5.13). To prepare the compound for additive-free tryptophan labeling, 5.6 was treated with KHF2 

following the previously reported fluorination protocol.32 This reaction introduced a 

trifluoroborate group, yielding the o-aryl-BF3K-substituted thiophene methanol 5.7 in 70% yield 

(Scheme 5.2). Structural characterization of 5.7 was performed with ĭ F NMR, confirming the 

presence of the trifluoroborate group (Figure S5.14-S5.18). 



   

123 

 

 

Scheme 5.2. Mechanochemical synthesis of 3-aryl-substituted benzoxaboroles (5.6) via a Grignard reaction between 

bromothiophene (5.1) and pinacol boronate-based aldehyde (5.5) under ball milling conditions in THF. Fluorination of 5.6 with 

KHF2 affords the o-aryl-BF3K-substituted thiophene methanol (5.7). 

5.2.1.3. Miyaura Borylation as an alternative route for p-arylboronate-substituted 

thiophene methanol  

As the synthesis of p-arylboronate-substituted thiophene methanol 5.3 through the 

mechanochemical Grignard approach afforded 5.3 in low yield and required extensive purification, 

Pd-catalyzed Miyaura borylation was used as an alternative synthetic route. Following a previously 

reported procedure,33 bromothiophene-methanone 5.8 was reacted with bis(pinacolato)diboron 5.9 

as a boron source, using Pd(dppf)Cl  as the catalyst and potassium acetate (KOAc) as the base for 

the reaction. The reaction afforded the p-aryl-boronate-substituted ketone intermediate 5.10, which 

was isolated in 14% yield after purification of the crude reaction mixture (Scheme 5.3). The ketone 

intermediate 5.10 structure was confirmed by 1H and 11B NMR spectroscopy. Notably, the ¹H 

NMR analysis revealed no detectable impurities, confirming the purity of the isolated intermediate.  

 

Scheme 5.3. Synthesis of p-aryl-boronate substituted thiophene methanone 5.10 via palladium-catalyzed Miyaura borylation. 

followed by hydride reduction to yield p-arylboronate-substituted thiophene methanol (5.3).  
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5.2.2. Synthesis of azide-containing thiophene-ethanol derivatives for metal-free 

tryptophan labeling  

Azide-containing thiophene-ethanol derivatives were synthesized to enable selective, 

metal-free labeling of tryptophan residues on a model peptide. In a previous report from our group, 

thiopheneïethanol reagents bearing an alkyne handle were developed for secondary labeling via 

azideïalkyne cycloaddition process.27 However, this strategy required a copper catalyst, which can 

be incompatible with biological systems. To avoid the need for copper catalysis, azide-containing 

thiopheneïethanol reagents were designed and synthesized for secondary labeling through copper-

free azide-alkyne cycloaddition. This design leveraged our earlier findings that identified the 5-

position of the thiophene ring and the ethanol methyl moiety as optimal functionalization sites.27 

The synthetic route to compound 5.14 involved the synthesis of a thiophene-carboxylic acid 5.11, 

which was obtained in 83% yield following a previously reported procedure.27 Amide coupling 

between 5.11 and an azide-containing amine reagent with a PEG chain 5.12 was carried out using 

HATU as the coupling agent. After purification, the resulting intermediate 5.13 was isolated in 

43% yield and characterized to confirm the successful amide coupling (Figure S5.19-S5.22). 

Intermediate 5.13 was then subjected to hydride reduction using excess sodium borohydride 

NaBH4, where successful reduction of the acetyl moiety to benzyl alcohol yielded the desired 

azide-containing thiophene alcohol 5.14 in 42% yield (Scheme 5.4A). The structure was confirmed 

through spectroscopic and analytical characterization, with IR showing a broad absorption band 

of both hydroxyl (OïH) and amide NïH groups overlapping around 3325 cm ĭ. Additionally, 

characteristic absorptions of both the azide group and the amide carbonyl were observed, 

supporting the successful reduction of the acetyl moiety to benzyl alcohol. (Figure S5.23-S5.26).  
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In parallel with the synthesis of 5.14, the azide-containing thiophene ethanol reagent 5.17 

was synthesized via substitution of the alkyl chloride 5.15 with sodium azide, yielding a ketone 

intermediate 5.16 with an azide group in 39% yield. Subsequent reduction of the ketone moiety 

with NaBH4, afforded the desired azide-functionalized thiophene-ethanol reagent with alkyl chain 

5.17 in 63% yield (Scheme 5.4B). The successful reduction was confirmed by NMR and IR 

analysis (Figure S5.30-S5.32).  

The synthesized thiophene-reagents 5.14 and 5.17 were further used for peptide labeling 

under metal-free conditions in hexafluoroisopropanol (HFIP).29 Interestingly, the model peptide 

somatostatin was effectively labeled with 5.14. However, thiophene-reagent 5.17 showed no 

significant modification under similar conditions, which is inconsistent with the molecular design 

based on the previous report.27 The report suggested that installing a group on the alkyl moiety of 

the thiophene-ethanol scaffold was not expected to reduce the compound ability to modify 

tryptophan residues.  

 

Scheme 5.4. Thiopheneïethanol labeling reagents with azide handles for metal-free tryptophan modification. (A) Synthetic scheme 

for thiopheneïethanol with an azide handle at the 5-position of the thiophene ring. HATU: Hexafluorophosphate azabenzotriazole 

tetramethyluronium. (B) Synthetic scheme for a thiophene ethanol with an alkylazide moiety originating from the ethanol carbon. 

The scheme was modified from the originally published version.29 Copyright © 2024, Royal Society of Chemistry. 
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5.2.3. Synthesis of a drug payload containing a disulfide linker and bioorthogonal handle 

for protein conjugate preparation.  

With the azide-containing thiophene-ethanol reagent 5.14 enabling selective, metal-free 

labelling of tryptophan residues, the next step was to extend the metal-free strategy to antibody 

functionalization. The goal was the preparation of antibody drug-conjugates (ADCs), in which a 

cytotoxic payload containing a cleavable disulfide linker and a bioorthogonal handle would be 

conjugated to the azide-functionalized antibody via copper-free click chemistry, enabling the 

formation of ADCs.  

The proposed design starts with the modification of tryptophan residues on the antibody 

using an azide-containing thiophene-ethanol reagent 5.14 under metal-free conditions, resulting in 

the formation of an azide-modified antibody. A cytotoxic payload, SN-38 (7-ethyl-10-

hydroxycamptothecin), a potent chemotherapeutic agent, is functionalized with a strained alkyne, 

specifically bicyclo[6.1.0]non-4-yne (BCN). The BCN alkyne moiety is linked to SN-38 via a 

glutathione-sensitive linker, generating BCN-SS-SN-38 (5.27). Following this, the BCN moiety 

enabled copper-free click conjugation of the azide group on the antibody via strain-promoted 

azideïalkyne cycloaddition (SPAAC), affording the final conjugate BCN-Ab-SS-SN-38 (Scheme 

5.5). The disulfide linkage can be cleaved in a tumor environment and under reductive intracellular 

conditions, such as high glutathione (GSH) concentrations. Such cleavage releases the drug SN-

38, enabling controlled drug delivery to the tumor and targeted chemotherapy (Scheme 5.5). 

Interestingly, the proposed design eliminates the need for toxic metal catalysts, providing a 

biocompatible strategy for the development of ADCs. 
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Scheme 5.5. A scheme illustrating the antibody-drug conjugate (ADC) preparation through metal-free tryptophan labeling, 

followed by glutathione-triggered cleavage of the disulfide linker to release the cytotoxic SN-38 payload. 

5.2.3.1. Efforts for the synthesis of BCN-SS-SN-38 conjugate. 

With the proposed ADC design, the next step was to synthesize SN-38 functionalized with 

a bioorthogonal handle required for SPAAC chemistry. Strain-promoted alkyne-azide 

cycloaddition (SPAAC) is a type of click chemistry reaction that forms a triazole through the 

reaction of an azide group with a strained alkyne, without the need for a metal catalyst. This 
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reaction can occur in a biological environment without affecting the function of the native 

biomolecule, making it useful for conjugation.34 

7-ethyl-10-hydroxycamptothecin 5.24, also known as SN-38, belongs to the camptothecin 

family and is the active metabolite of irinotecan, an FDA-approved anticancer drug.35 SN-38 is 

known to exhibit a potent inhibitory effect against DNA topoisomerase I and is 100-1000 times 

more potent than irinotecan.36,37 However, the clinical use of SN-38 is limited due to poor 

solubility, its lipophilic nature, high toxicity, and instability under physiological conditions.38  

Within the context of FDA-approved ADCs, especially those targeting breast cancer, SN-

38 was used as a cytotoxic payload.1 Furthermore, because SN-38 is fluorescent, it allows for 

analysis of ADCs using fluorescence techniques.39 As previously discussed in the proposed design, 

the BCN alkyne group will be linked to SN-38 through a glutathione-sensitive linker. Earlier 

research by the Ohata lab demonstrated SN-38 linked to an acid-sensitive carbonate linker with an 

azide handle for the preparation of ADCs.40,41 ADCs with SN-38-based carbonate linkers have 

also been reported; however, such linkers have shown instability, difficulty in preparation,42 and 

rapid cleavage of the carbonate linker.43 Despite the success of FDA-approved ADCs with acid-

sensitive linkers, such as the hydrazone linker in Mylotarg,44 most ADC preparation technologies 

have shifted towards more stable linkers, rather than acid-labile ones.45 Considering such 

limitations, a new SN-38-based linker functionalized with bioorthogonal handle was designed.  

To develop an SN-38 conjugate with a bioorthogonal handle suitable for copper-free 

conjugation, a strained alkyne-containing compound, BCN (Bicyclo[6.1.0]non-4-yne-9-

methanol), was chosen for SN-38 functionalization. BCN combines both high reactivity and easy 

synthetic accessibility, making it ideal for bioorthogonal labeling.46 To incorporate BCN into the 

SN38 payload, BCN-OH 5.19 was reacted with 4-nitrophenyl chloroformate 5.20 in the presence 
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of catalytic DMAP at room temperature for 3h, following a previously reported procedure.27 The 

reaction afforded the activated BCN-nitrophenyl-carbonate (BCN-NPC) intermediate (5.21) in 

67% yield after purification (Scheme 5.6). LC-MS analysis and 1H NMR spectroscopy further 

supported the formation of the desired product, with LC-MS showing the expected molecular 

weight (m/z = 315) (Figure S5.33). In the next step, BCN functionalized with a disulfide linker 

(5.23) will be formed by reacting the activated carbonate intermediate 5.21 with cysteine derivative 

5.22. This reaction will enable the installation of a cleavable disulfide linker onto BCN, yielding 

compound 5.23, which is then ready for conjugation to the SN-38 payload (Scheme 5.6A). 

For conjugating 5.23 to SN-38, the hydroxyl group at the C10 position of SN-38 

(compound 5.24) was selectively protected with the tert-butyloxycarbonyl (Boc) group by reacting 

5.24 with Boc anhydride in the presence of pyridine overnight.47 The resulting Boc-protected SN-

38 5.25 was purified and isolated in 72% yield. LC-MS analysis of the isolated product confirmed 

the purity and showed the expected molecular ion peak m/z= 493 (Figure S5.34). Moreover, the 

successful protection by the Boc group was further supported by 1H NMR. Following protection, 

Boc-SN-38 5.25 was reacted with 4-nitrophenyl chloroformate 5.20 in the presence of DMAP 

overnight to afford 5.26 following a reported procedure.47 LC-MS analysis of the crude reaction 

mixture showed the expected molecular ion peak (m/z = 658), and 1H NMR validated the 

successful synthesis of 5.26 (Scheme 5.6B and Figure S5.35). As a final step, the previously 

synthesized BCN bearing a disulfide linker 5.23 will be conjugated to Boc-SN38-nitrophenyl-

carbonate 5.26 (Boc-SN-38-NPC). Then, the Boc group can be removed from SN-38 by TFA 

treatment, without degrading the SN-38 structure, affording the desired BCN-SS-SN38 conjugate 

5.27 for SPAAC-based antibody conjugation (Scheme 5.6C). 
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Scheme 5.6. Proposed synthesis of BCN-SS-SN38. (A) Synthetic scheme for BCN-functionalized linker via reaction of BCN-OH 

with 4-nitrophenyl chloroformate, affording carbonate intermediate (5.21) for later conjugation with a disulfide-containing linker. 

(B) Boc-SN38-nitrophenyl carbonate (Boc-SN-38-NPC) synthesis. Protection of the C10 hydroxyl group of SN38 with Boc 

anhydride, followed by reaction with 4-nitrophenyl chloroformate to afford 5.26. (C) Proposed conjugation of the BCN-

functionalized disulfide-containing linker 5.23 to BOC-SN38-nitrophenyl carbonate 5.26 to yield BCN-SS-SN38 (5.27). 

5.2.3.2. Efforts for the synthesis of DBCO-SS-SN-38. 

Along with BCN-functionalized-SN-38 (BCN-SS-SN-38), a DBCO-based version 

incorporating a disulfide-containing linker was synthesized to enable future applications through 
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copper-free click chemistry. Owing to the simple synthesis and effective coupling, BCN and 

dibenzocyclooctyne (DBCO) are widely used for SPAAC in bioconjugation.48 While BCN has 

lower lipophilicity compared to DBCO,49 DBCO exhibits higher reactivity in SPAAC50 and has 

been successfully used to achieve site-specific conjugation of an antibody.51 Interestingly, with 

recent improvements in commercial availability and pricing, DBCO has become an increasingly 

attractive and more economical option than BCN for large-scale synthesis.52 Given these factors, 

a DBCO-SN-38 conjugate was designed. Since both DBCO and SN-38 are hydrophobic, a 

polyethylene glycol (PEG) spacer was added to improve solubility, decrease hydrophobicity, and 

assist with subsequent conjugation to an antibody. 

The synthesis of a 5.31 was carried out through an amide coupling between DBCO-acid 

5.29 and amino-PEG-OH 5.30 using HATU as the coupling agent and DIPEA as a base with the 

reaction proceeding overnight. The reaction was monitored by LC-MS, which verified the 

successful amide coupling and revealed the expected molecular ion peak (m/z= 481.32) (Figure 

S5.36). The crude product was purified and isolated to provide the desired DBCO-PEG-OH 5.31 

in 48% yield (Scheme 5.7A). The structure of 5.31was further confirmed by 1H NMR. In the next 

steps, a one-pot, two-step synthesis was employed to obtain the PEG4-DBCO substrate containing 

a cleavable disulfide-linker DBCO-PEG4-SS-NH  5.32, following a reported literature.53 To 

achieve this, DBCO-PEG4-OH 5.31 was reacted with 4-nitrophenyl chloroformate 5.20 to generate 

an activated carbonate intermediate, DBCO-PEG4-nitrophenyl carbonate (DBCO-PEG4-NPC). 

The formation of the intermediate was confirmed by LC-MS analysis displaying a molecular ion 

peak (m/z = 646) (Figure S5.37). Without isolating the intermediate, a diamine-disulfide 

containing linker 5.22 was added directly to the DBCO-PEG4-nitrophenyl carbonate intermediate, 

to afford the final desired product DBCO-PEG4-SS-NH  5.32 (Scheme 5.7B). Completion of the 
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reaction was confirmed by LC-MS, which showed a molecular ion at m/z = 859 (Figure S5.38). 

The crude product was purified to yield 5.32 in 42% yield. 1H NMR was performed, confirming 

the successful synthesis of 5.32, the presence of PEG and DBCO moieties, and signals 

corresponding to the disulfide-containing linker. Notably, the final product 5.32 contains an amine 

group that will be used later to form a carbamate linkage with Boc-SN-38-nitrophenyl carbonate 

5.26 (Boc-SN-38-NPC). Through a TFA treatment, Boc groups can be removed to afford the final 

DBCO-PEG-SS-SN38 conjugate 5.33. 

 

Scheme 5 7. Proposed synthesis of DBCO-PEG-SS-SN-38. (A) Amide coupling of DBCO-acid (5.29) with amino-PEG4-OH 

(5.30) to afford DBCO-PEG4-OH (5.31). (B) Synthetic route to DBCO-PEG4-SS-NH2 (5.32). (C) Proposed conjugation of DBCO-

PEG-SS-NH2 (5.32) with Boc-SN-38-nitrophenyl carbonate (5.26) to yield the final drug conjugate (5.33).  
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5.3. Conclusion and Outlooks. 

In this work, thiophene-based reagents containing either trifluoroborate or azide groups 

were successfully synthesized for the selective modification of tryptophan residues in proteins. 

These reagents can be used for metal-free and additive-free bioconjugation for the preparation of 

protein conjugates. Furthermore, the design and synthesis of a drug payload, SN-38, incorporating 

a disulfide linker and bioorthogonal handles bearing either BCN or DBCO moieties was presented. 

The designed structure enables SN-38 to be linked to an antibody through SPAAC, while providing 

a metal-free route for ADC preparation. Moreover, further release of the active drug from the 

conjugate is proposed to occur under a reductive intracellular environment.  

Indent efforts will focus on linking the synthesized DBCO-PEG4-SS-NH2 to SN-38, followed by 

SPAAC-based conjugation to azide-labeled antibodies to form ADCs. Testing the drug release 

from the linker in vitro under reducing conditions (e.g., glutathione, DTT) will also be performed, 

along with evaluating the cytotoxicity of the prepared ADCs against HER2-overexpressing breast 

cancer cells.  
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5.4. Experimental Data 

General information 

All chemicals were purchased from commercial vendors unless otherwise noted, including 

reagents. All the chemicals synthesized were done so in air unless stated otherwise.7-Ethyl-10-

hydroxycamptothecin (SN38) with a purity (97%) was purchased from Combi-Blocks (ST-6573). 

DBCO-acid, BCN-OH, 2-(2-(2-(2-Aminoethoxy)ethoxy)ethoxy)ethanol, and L-Cysteine bis(t-

butyl ester) dihydrochloride were all received from Ambeed  

Instrumentation 

NMR 

NMR was conducted on Bruker AVANCE NEO 500,600 and 700 MHz. 

LC-MS 

LC-MS analysis was performed on Thermo Vanquish LC system and LTQ-XL linear ion trap MS 

system. A C18 reverse-phase column (Hypersil Gold 25003-032130, particle size 3 µm, diameter: 

2.1 mm, length 30 mm) was used for analysis of small molecules by using 280-nm UV detection 

unless otherwise noted. The flow rate was 0.4 mL/min with the gradient of acetonitrile (10ï90% 

for 3.5 min, and then 90% for 1.5 min) in the presence of 0.1% formic acid. 

FT-IR  

IR was conducted in Cary 630 FTIR spectrometer by Agilent Technologies. 
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Experimental Procedures 

Preparative synthesis of small molecules 

Organic synthesis procedure. 

 

(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)(thiophen-2-yl)methanol (compound 

5.3): Mg turnings (11.4 mg, 0.470 mmol) were placed in a milling jar (stainless steel; 1.5mL) with 

a ball (stainless steel; 5 mm diameter). To the jar, 2-bromothiophene (45.5 ɛL, 76.6 mg, 0.470 

mmol) and THF (76.2 ɛL, 67.7 mg, 0.939 mmol) were added. The jar was closed and placed in a 

ball mill (Retsch MM500 Vario mixer) and milled at 30 Hz for 60 min. After that, the jar was 

opened in the air, and 4-formylphenylboronic acid, pinacol ester (104 ɛL, 109 mg, 0.470 mmol) 

was added quickly. The jar was closed and run through another milling at 30 Hz for 60 min. The 

milled reaction mixture was washed with CH2Cl2, and the formation of the product was confirmed 

by TLC (8:2 Hexane/EtOAc). The reaction mixture was purified (3x) by Yamazen Smart Flash 

W-Prep dual channel chromatography with Hexane/EtOAc (90:10) as the eluent to afford a white 

solid hydroxy intermediate. as a white solid (5 mg, 3%).1H NMR (600 MHz, CD3CN) ŭ 7.72-7.66 

(m, 2H), 7.46-7.41 (m, 2H), 7.29 (dd, J = 5.1, 1.3 Hz, 1H), 6.93 (dd, J = 5.1, 3.5 Hz, 1H), 6.89 (dt, 

J = 3.5, 1.1 Hz, 1H), 6.02 (d, J = 4.2 Hz, 1H), 4.11 (d, J = 4.3 Hz, 1H), 1.32 ( s, 12H) 13C NMR 

(176 MHz, CD3CN) ŭ 150.2, 148.5, 135.4, 127.5, 126.4, 126.0, 125.30, 84.7, 72.2, 25.12. IR 3444, 

2922, 2855, 1610, 1357. 11B NMR (192 MHz, CD3CN) ŭ 30.5 (s). 
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Thiophen-2-yl(4-(trifluoro -ɚ4-boraneyl)phenyl)methanol, potassium salt: The compound was 

prepared by dissolving (4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)(thiophen-2-yl) 

methanol (5.3) (11 mg, 0.0348 mmol) in MeOH (225 ɛL). An aqueous KHF2 solution (66.6 ɛL, 

0.262 mmol, 4 M) was prepared and added to the boronic acid dissolved in MeOH. The reaction 

mixture was rotated overnight at rt. The solvent was removed under a gentle flow of N2 gas. The 

crude residue was extracted with acetone, the mixture was filtered, and acetone was removed by a 

gentle flow of N2 gas. The solid was recrystallized from a minimal amount of Et2O (~1 mL) and 

dried under high vacuum to afford the potassium trifluoroborate 5.4 as a white crystalline solid 

(5.7 mg, 55%). 1H NMR (600 MHz, CD3CN) ŭ 7.40 (d, J = 7.6 Hz, 2H), 7.26 (dd, J = 5.1, 1.3 Hz, 

1H), 7.19 (d, J = 7.5 Hz, 2H), 6.91 (dd, J = 5.1, 3.5 Hz, 1H), 6.88 ï 6.80 (m, 1H), 5.91 (d, J = 3.8 

Hz, 1H), 3.90 (d, J = 4.2 Hz, 1H). 13C NMR (176 MHz, CD3CN) ŭ 151.0, 141.8, 131.9, 127.0, 

125.1, 124.5, 72.6. IR 3392, 2922, 1610, 1394, 1223, 1133. 11B NMR (192 MHz, CD3CN) ŭ 3.43 

(d, J = 37.4 Hz). 19F NMR (564 MHz, CD3CN) ŭ -142.22 (d, J = 68.2 Hz). 
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3-(thiophen-2-yl)benzo[c][1,2]oxaborol-1(3H)-ol:  

Mg turnings (32.6 mg, 1.34 mmol) were placed in a milling jar (stainless steel; 1.5mL) with a ball 

(stainless steel; 5 mm diameter). To the jar, 2-bromothiophene (130 ɛL, 219 mg, 1.34 mmol) and 

THF (218 ɛL, 193 mg, 2.68 mmol) were added. The jar was closed and placed in a ball mill (Retsch 

MM500 Vario mixer) and milled at 30 Hz for 60 min. After that, the jar was opened in the air, and 

2-formylphenylboronic acid, pinacol ester (296 ɛL, 311 mg, 1.34 mmol) was added quickly. The 

jar was closed and ran through another round of milling at 30 Hz for 60 min. The milled reaction 

mixture was washed with CH2Cl2, and the formation of the product was confirmed by TLC (80:20 

Hexane/EtOAc). The reaction mixture was purified (2x) by Yamazen Smart Flash W-Prep dual 

channel chromatography with Hexane/EtOAc (80:20) as the eluent to afford 3-(thiophen-2-

yl)benzo[c][1,2]oxaborol-1(3H)-ol intermediate as a white solid (25 mg, 8%). 1H NMR (600 MHz, 

CD3CN) ŭ 7.78 (d, J = 7.3 Hz, 1H), 7.51-7.48 (m, 1H), 7.42 (t, J = 7.4 Hz, 1H), 7.34 (dd, J = 5.1, 

1.1 Hz, 1H), 7.31-7.29 (m, 1H), 7.18-7.17 (m, 1H), 7.01 (dd, J = 5.1, 3.5 Hz, 1H), 6.86 (s, 1H), 

6.44 (s, 1H). 13C NMR (151 MHz, CD3CN) ŭ 207.5, 157.5, 146.0, 132.1, 131.2, 128.7, 127.7, 

126.8, 126.7, 123.3, 79.3, 30.8. IR 3355, 2922, 2848 1610,1416,1364. 11B NMR (192 MHz, 

CD3CN) ŭ 32.5, (s)  
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Thiophen-2-yl(2-(trifluoro -l4-boraneyl)phenyl)methanol, potassium salt: To the intermediate 

3-(thiophen-2-yl)benzo[c][1,2]oxaborol-1(3H)-ol (6.5 mg, 0.030 mmol) in MeOH (195 ɛL), 

aqueous KHF2 solution (57 ɛL, 0.227 mmol, 4 M) was added and the reaction mixture was rotated 

overnight at rt. The solvent was removed under a gentle flow of N2 gas. The crude residue was 

extracted with acetone; the mixture was then filtered, and the acetone was removed by gently 

flowing N2 gas. The solid was recrystallized from a minimal amount of Et2O (~1 mL) and dried 

under high vacuum to afford the potassium trifluoroborate salt as a white powder (4 mg, 70%).  

1H NMR (700 MHz, CD3CN) ŭ 7.34 (d, J = 6.5 Hz, 1H), 7.15 (dd, J = 6.2, 1.4 Hz, 1H), 7.10 ï 

7.04 (m, 3H), 6.98 (dd, J = 7.2, 0.5 Hz, 1H), 6.92 (dd, J = 4.2, 2.1 Hz, 1H), 6.00 (d, J = 8.4 Hz, 

1H), 3.25 (s, 1H). 13C NMR (151 MHz, CD3CN) ŭ 154.2, 129.0, 127.2, 126.83, 126.76, 124.4, 

123.3, 122.2, 76.8. IR 3534, 2997, 2945, 2289, 2251, 1633, 1439, 1372, 1178. 11B NMR (192 

MHz, CD3CN) ŭ 9.09 (t, J = 52.8 Hz), 3.37 (d, J = 60.0 Hz). 19F NMR (564 MHz, CD3CN) ŭ -

136.59 (m), -136.12 (m), -137.66 (m), -140.49(m). 

 

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

4-(Bromophenyl)(thiophen-2-yl)methanone (50 mg, 0.187 mmol), Bis(pinacolato)diboron (48 mg, 

0.189 mmol), PdCl2(dppf) (6.85 mg, 0.0093 mmol), and potassium acetate (35.6 mg, 0.363 mmol) 

were mixed with dry dioxane (1.42 mL) under a nitrogen atmosphere. The mixture was stirred at 
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80 °C overnight. The formation of the product was confirmed by TLC (8:2 Hexane/EtOAc). The 

reaction mixture was diluted with CH2Cl2, followed by celite filtration and dried under vacuum. 

The crude product was purified by two rounds by silica gel chromatography with 90:10 

Hexane/EtOAc as eluent to afford the ketone intermediate as a white crystalline solid (8 mg, 14%). 

1H NMR (500 MHz, CD3CN) ŭ 7.89 (dd, J = 5.0, 1.1 Hz, 1H), 7.86 (d, J = 8.2 Hz, 2H), 7.83 (d, J 

= 8.1 Hz, 2H), 7.68 (dd, J = 3.8, 1.1 Hz, 1H), 7.23 (dd, J = 5.0, 3.8 Hz, 1H), 1.35 (s, 12H). 11B 

NMR (192 MHz, CD3CN) ŭ 9.09 (t, J = 52.8 Hz), 3.37 (d, J = 60.0 Hz). 11B NMR (192 MHz, 

CD3CN) ŭ 31.05 (s). 

 

4-(5-acetylthiophen-2-yl)-N-(2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)butanamide: 

To a mixture of 4-(5-acetylthiophen-2-yl)butanoic acid (60.0 mg, 0.283 mmol) and HATU (73.2 

mg, 0.311 mmol) in a 4 mL vial equipped with a magnetic stir bar, dimethylformamide (0.275mL) 

was added. The reaction mixture was cooled in an ice bath for 2 min, after which Hunigôs base 

(43.8 mg, 0.339 mmol) was added and stirred for 5 min. The mixture was cooled in an ice bath 

again, and then 1-amino-11- azido-3,6,9-trioxaundecane (92.5 mg, 0.424 mmol) was added. After 

the reaction mixture was stirred overnight at rt, all volatiles were removed by a gentle flow of N2 

gas. Afterwards, CH2Cl2 (7 mL) was added, and the resulting mixture was washed with brine (7 

mL). The CH2Cl2 layer was further washed with KHSO4 (1 M, 3 × 5 mL), saturated NaHCO3 (3 × 

5 mL), and brine (7 mL), dried with Na2SO4, and filtered. The resulting solution was dried under 

vacuum to afford the crude product that was purified by Yamazen Smart Flash W-Prep dual 

channel chromatography (ethyl acetate as an eluent) to afford a brown-orange liquid (50.0 mg, 
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43%). 1H NMR (500 MHz, CDCl3): ŭ 7.53 (d, J = 3.8 Hz, 1H), 6.84 (d, J = 3.8 Hz, 1H), 6.04 (s, 

1H), 3.68-3.61 (m, 10H) 3.55 (t, J = 5.6 Hz, 2H), 3.45 (q, J = 5.3 Hz, 2H), 3.39 (t, J = 5.1 Hz, 2H), 

2.89 (t, J = 7.5 Hz, 2H), 2.51 (s, 3H), 2.23 (t, J = 7.4 Hz, 2H), 2.04 (m, 2H).13C NMR (700 MHz, 

CD3CN): ŭ 191.0, 172.6, 155.3, 142.9, 134.0, 126.9, 70.7, 70.5, 70.0, 69.9, 51.0, 39.4, 35.3, 30.0, 

27.6, 26.3. IR: 3317, 2102, 1666. HRMS-ESI (m/z) [M+H]+ calcd for C18H29N4O5S, 413.1849; 

found 413.18532. 

 

N-(2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)-4-(5-(1-hydroxyethyl)thiophen-2 

yl)butanamide :  

To 4-(5-acetylthiophen-2-yl)-N-(2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)butanamide (23.0 

mg, 0.056 mmol) dissolved in ethanol (0.198 mL), NaBH4 (6.33 mg, 0.167 mmol) was added in 

one portion and stirred for 2 h at rt. Ethanol was removed by a gentle flow of N2 gas. Afterward, 

H2O (7 mL), ethyl acetate (7 mL), and brine (2 mL) were added, and the product was extracted 

using ethyl acetate (2 × 6 mL). The combined organic layer was back-washed with brine (11 mL), 

dried with Na2SO4, and filtered. The mixture was dried under vacuum to obtain a viscous brown-

orange liquid. (10 mg, 42%) 1H NMR (500 MHz, CDCl3): ŭ 6.78 (d, J = 3.4 Hz, 1H), 6.64 (d, J = 

3.4 Hz, 1H), 6.02 (s, 1H), 5.04 (q, J = 6.5 Hz, 1H), 3.68ï3.61 (m, 10H), 3.55 (t, J = 5.6 Hz, 2H), 

3.45 (q, J = 5.3 Hz, 2H), 3.38 (t, J = 5.1 Hz, 2H), 2.83 (t, J = 7.2 Hz, 2H), 2.22 (t, J = 7.4 Hz, 2H), 

2.00-1.92 (m, 3H), 1.57 (d, J = 6.4 Hz, 3H). 13C NMR (700 MHz, CD3CN): ŭ 173.1, 149.6, 144.3, 

124.8, 123.5, 71.1, 70.9, 70.5, 70.3, 66.3, 51.5, 39.8, 35.8, 29.9, 28.6, 25.7. IR: 3326, 2102, 1647. 

HRMS-ESI (m/z) [M+Na]+calcd for C18H30N4O5SNa, 437.1821; found 437.18291. 
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4-azido-1-(thiophen-2-yl)butan-1-one: 4-chloro-1-(thiophen-2-yl)butan-1-one (30 mg, 0.159 

mmol) and NaN3 (21 mg, 0.318 mmol) were suspended in DMF (0.638 mL) and the reaction 

mixture was stirred at 70 C for 2 h. After completion of the reaction, the reaction mixture was 

diluted with Et2O (3 × 10 ml) and washed with water (3 × 10 ml). The organic layer was separated 

and dried over anhydrous Na2SO4. The solvent was removed under a gentle flow of N2 gas to 

obtain a colorless oil (12.0 mg, 39%). The small molecule product did not give any meaningful 

signals in the high-resolution mass spectrometry analysis. 1H NMR (700 MHz, CD3CN): ŭ 7.82 

(dd, J = 3.8, 1.1 Hz, 1H), 7.77 (dd, J = 5.0, 1.2 Hz, 1H), 7.19 (dd, J = 5.0, 3.8 Hz, 1H), 3.39 (t, J 

= 6.9 Hz, 2H), 3.03 (t, J = 7.2 Hz, 2H), 1.97-1.95 (m, 2H); 13C NMR (700 MHz, CD3CN) ŭ 193.3, 

145.0, 135.0, 133.5, 129.4, 51.5, 36.5, 24.3. IR: 2095, 1662. 

 
4-azido-1-(thiophen-2-yl)butan-1-ol : NaBH4(4 mg, 0.132 mmol) was added into the solution 

with 4-azido-1-(thiophen-2-yl)butan-1-one (15 mg, 0.0768 mmol) in ethanol (0.384 mL). The 

resulting mixture was stirred overnight at rt. Then, the solution was concentrated under a flow of 

N2 gas, and H2O (1 mL) was added. Afterwards, the mixture was extracted with dichloromethane 

(3 × 1 ml). The combined organic layers were washed with brine and then dried with anhydrous 

Na2SO4. The desired alcohol can be obtained after removing the solvent under a gentle flow of N2 

gas (9.5 mg, 63%). Because of the volatile and potentially explosive nature of the product as a 

relatively small azide compound, the drying process under high vacuum was omitted, and 

therefore, a small amount of CH2Cl2 was observed in 1H NMR spectrum of the product. The small 














































































