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Abstract
This study illustrates the utility of click chemistry in functionalizing
triazabutadienes by allowing access to various applications both biological and material
based. Triazabutadienes have been shown to trigger the release of highly reactive
diazonium species in a pH dependent way when placed in acidic conditions. Electron-rich
phenyl systems such as tyrosine residues have been shown to react with diazonium
compounds to form stable azo bonds. Modification of these triazabutadiene motifs can
functionalize them as linkers or impact solubility; which can allow for target specificity
and mild cleavage of linker in order to liberate diazonium near site of interest.
Incorporation of azide-alkyne cycloadditions onto these molecules will allow chemical
functionalization and cross-linking properties. The 1,2,3-triazole triazabutadiene
derivatives are synthesized via Huisgen 1,3-dipolar cycloaddition from alkynyl
modifications on the triazabutadiene that are reacted with various azides that show
substrate diversity.
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Chapter 1
Introduction
1.1. Triazabutadiene (TBD) and Triggered Release of Diazonium Species
The chemistry of triazabutadienes has been studied over the years for their diverse
and unusual reactivity.1 Triazabutadienes contain a linkage of three π-conjugated nitrogens,
labeled N1, N2, and N3 (Figure 1). Triazabutadienes have been used for a variety of
chemical applications including: synthesis of unique polymers,2 linkers in solid phase
chemistry,3 ligands for organometallic and coordination chemistry,4-6 photoactive
molecules,7 masked diazoniums,8,9 and macromolecules.10,11

Figure 1. Triazabutadiene: A π-conjugated triazene
The most convenient way to synthesize the triazabutadiene scaffold was shown by
Bielawski and co-workers through the generation of N-heterocyclic carbenes (NHC) that
react with organic azides (Figure 2).12 Deprotonation of an NHC precursor salt with
potassium tert-butoxide (KOtBu) or sodium hydride (NaH) generates the carbene which
can couple to azides.

Figure 2. NHC generation with base to react with organic azides and form
triazabutadiene. X = halogen. Y = NR, S
Previous methods of triazabutadiene formation was shown by Fanghänel and co-workers
through thiazol-imine and aryl diazonium salt derivatives.13 However, through the use of
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carbene generation, a range of moieties can be used such as imidazolium,
benzimidazolium, and benzothiozole heterocycles (Figure 3). These reaction conditions
allow for a wide variety of substitution on the heterocyclic core and functional groups on
the aryl azides. The physical and chemical properties of the triazabutadienes can be
changed by altering the sterics and tuning the electronics of the molecule.

Figure 3. Various types of triazabutadienes. tBu = tert-butyl. Bn = benzyl. Ts = paratoluenesulfonyl. Mes = mesityl
Fanghänel and co-workers demonstrated that when their benzothiazole core
triazabutadiene was treated with a strong acid, it decomposed their compound to yield an
aryl diazonium (Figure 4a).14 This acid dependent degradation offers a unique reactivity
for chemical and biological applications by having the triazabutadiene mask the reactive
aryl diazonium species. Figure 4b shows the mechanism of degradation on the
triazabutadiene by the protonation of N3, ultimately leading to the generation of an aryl
diazonium species. N1 protonation is prevalent due to increased basicity and

15
nucleophilicity, but it is reversible.8,15-17 Hence, protonation of N1 does not proceed
towards elimination to produce an aryl diazonium species. In order to pursue the potential
chemical and biological applications of triazabutadienes, the molecules must be further
functionalized.

Figure 4. a) Fanghänel and co-workers demonstrate decomposition of their
triazabutadiene upon acidification with strong acid. b) Mechanism of triazabutadiene
degradation.
1.2 Expanding the Functionality of Triazabutadienes with Click Chemistry
This study will focus on expanding the functionality of these triazabutadienes
through the use of copper-catalyzed azide-alkyne cycloadditions referred to as “click
chemistry.”18 Installation of clickable handles on the triazabutadiene motif such as a
terminal alkyne can be used to undergo the 1,3-dipolar cycloaddition with organic azides
to yield 1,4-disubstituted triazoles. This allows access to click on a range of compounds
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for either chemical or biological applications. In order for the azide-alkyne cycloadditions
to occur, it must be activated with a Cu(I) source. The Cu(I) initiator can come from copperhalide reagents or Cu(II) sources that are reduced in situ. Cu(II) salts such as CuSO4 allow
click chemistry to proceed in aqueous conditions with mild reducing agents such as sodium
ascorbate (Figure 5).19 Cu(I) halide salts require a base/ligand to coordinate the metal
insertion and prevent oxidation (Figure 5). 17-19

Figure 5. Overview of Cu(II) and Cu(I) click chemistry. DIPEA= N,Ndiisopropylethylamine. PMEDTA= 1,1,4,7,7-pentamethyldiethylenetriamine.

Copper click chemistry is versatile that it can be performed in a wide range of conditions.
This allows tunability when it comes to finding the appropriate conditions for
triazabutadiene functionalization. The proposed catalytic mechanism involves copper
coordination through a di nuclear copper complex (Figure 6).21,22

Figure 6. Proposed catalytic mechanism of copper-click reaction
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Click chemistry starts with metal coordination with a nitrogen based ligand. The metalligand will coordinate with the terminal alkyne while another undergoes metal-insertion in
order to form a bis-copper acetylide complex. The bis-copper-acetylide complex will react
with the organic azide to form a bis-copper-triazole complex. At this point in the
mechanism, the ring closure will occur and one copper-ligand will be displaced. Lastly, a
proton source in the catalytic system synthesizes the 1,4-disubstituted triazole and
regenerates the copper-ligand to start the process over.21,22 The use of the ligand can play
a huge role in determining yield and completion of the reaction to avoid unwanted Cu
coordination. Given a thorough examination of the literature, there were no examples of a
triazabutadiene motif being exposed to click reaction conditions. Bielawski and co-workers
studied post-polymerization modifications through the use of NHC’s and organic azides.23
Prior to the synthesis of the triazabutadiene on the polymer, they had performed a click
reaction to synthesize a triazole (Figure 7). However, the triazabutadiene motif was not
exposed to click conditions.

Figure 7. Bielawski and co-workers synthesis of triazabutadiene and 1,2,3-triazoles postpolymerization
Triazabutadienes are capable of coordinating metals due to their high nitrogen content,
which can make the application of click chemistry difficult.5 In our group, a fellow graduate
student Jie He, showed that the water-soluble triazabutadiene 5 undergoes photo-induced
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isomerization.24 The E-isomer was activated by 350 nm light rendering it to the more
reactive Z-isomer and ultimately rendering the solution basic. This process was found to
be thermally reversible where the pH was observed to drop upon disengaging the light
source. CuSO4 was introduced to the triazabutadiene 5 solution and illuminated with the
350 nm light; the rate of thermal reversion was enhanced. This work demonstrated that
copper interacts with triazabutadienes, but in-depth research on the nature of interaction
has yet to be done.
One of the most popular uses of organometallic compounds is metal catalysts for
organic synthesis. Metal catalysis transformations allows for a wide variety of applications.
Previously, Arnold and co-workers had demonstrated that the metals yttrium and cerium
were able to form a complex using a triazabutadiene as a ligand (Figure 8).5 This was done
in order the show that NHCs and triazabutadiene ligands can access redox inactive metals
to produce catalytic systems.

Figure 8. Possible liability of metal coordination with triazabutadiene. NHCtriazabutadiene as metal ligand. TMS= trimethylsilyl. Dipp= 2,6-diisopropylphenyl
In order for click chemistry to be successful on functionally modifying triazabutadienes,
the choice of ligand, reaction conditions, and reactivity of alkyne-azide pair should be
carefully studied and vetted for coordination and degradation of triazabutadiene.
1.3 Chemical Modification of Biomolecules
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Chemical modification of proteins is important in understanding biological
processes. Over the years, there have been many approaches in targeting and selectively
modifying proteins.25 A challenging factor of attempting to selectively modify proteins of
interest is to avoid disrupting their natural function. Protein modifications are useful in
studying protein-protein interactions, protein pull down assays, cargo-release strategies,
fluoregenic probes and purification techniques. The modification of cysteine and lysine
residues has been studied extensively due to their nucleophilic nature. The primary amine
on a lysine residue is able to react with sulfonyl chlorides,26 N-hydroxysuccinimide (NHS)
esters (Figure 9a),25 isothiocyanates,27 and aldehydes.25 Thiols of cysteine residues are
able to form disulfides, undergo alkylation with alkyl halides, and enable photochemical
thiol-ene reactions to yield covalently bound linkages (Figure 9b).26,28,29

Figure 9. a) Labeling lysine residues through NHS-esters. b) Labeling cysteine residues
by thiol-ene chemistry. c) Labeling tyrosine residues by a three-component Mannich
reaction.
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The electron rich aryl ring of tyrosine residues also a suitable target for modification. They
can undergo a three compent Mannich reaction (Figure 9c) with an aldehyde and aniline
derivative30,31 or even a palladium-catalyzed π-allylation.32
Interest in modifying tyrosine and tryptophan residues is increased due to their
sparse presentation on the surfaces of proteins.25 Diazonium chemistry is of particular
interest due to its ease in ability to react with electron-rich phenyl systems to form stable
azo bonds. Furthermore, the addition of sodium dithionite can result in cleaving of these
azo bonds as shown in Figure 10.

Figure 10. a) Francis and co-workers synthesis of azo-linkage on viral capsid. b) Sun and
co-workers demonstration of primary aryl amine for tyrosine-targeted modification of
proteins
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Francis and co-workers demonstrated that they were able to covalently react aryl diazo
salts to tyrosine residues on a viral capsid (Figure 10a).33 Further chemistry was done to
modify their tyrosine residues for their purposes on the viral capsid. Sun and co-workers
also demonstrated a tyrosine-targeted approach for protein modification by using a primary
aryl amine and diazonium forming conditions (Figure 10b).31 Bioconjugation of aryl
diazoniums that are attached to a fluorophore, biotin, and other linkers can expand on
targeting and modifying tyrosine residues. The triazabutadiene can mask the diazonium
species which can be considered a “chemical warhead.” The reason being is that the trigger
release of the diazonium is pH dependent, and when exposed to low pH, will deliver the
chemical cargo to target and label tyrosine residues.
This thesis will demonstrate the synthesis of novel clickable triazabutadienes to
derive a variety of compounds and to show the reactivity scope using electronically
different azides. This strategy would allow conjugation to tyrosine of modified azides with
biologically relevant tools to be clicked on the triazabutadiene.
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Chapter 2
Synthesis of Triazole Substituted Triazabutadiene
2.1 Triazabutadiene synthetic targets
The imidazolium core structure used for the synthesis of the various clickable
triazabutadienes was chosen because of the amount of synthetic literature involving NHC
chemistry and ease of synthesis through carbene generation (Figure 11).34,35

Figure 11. Triazabutadiene backbone.
As shown in Figure 11, the moiety of choice uses the imidazole core with the mesityl
group on the N-substituent. The increase in steric hindrance on the imidazole ultimately
increases the hydrolytic stability of the triazabutadiene by blocking protonation of the N3
nitrogren.1 Functional modification of the imidazole, 6, or the aryl core, 7, of the
triazabutadienes with alkyne handles will be highly advantageous in rendering the
triazabutadiene active for click chemistry (Figure 12).

Figure 12. Alkyne handles on imidazolium or aryl side of the triazabutadiene (6 or 7,
respectively).
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Phenyl azide (8) and ester azide 9 were used for the synthesis of the triazabutadienes.
Phenyl azide (8) will be used for the alkynyl-imidazole-triazabutadiene derivative (Figure
13).

Figure 13. Various azides for triazabutadiene synthesis
Para-methyl benzoate 9 will be used for the synthesis of the alkyne handle on the aryl
portion of the triazabutadiene as the ester linkage can be are reactive handle for further
modification. The azides, 10-12, were used for the 1,4-disubstitued-triazole moieties to
show various chemical functionality (Figure 14).

Figure 14. Various azides for triazole formation
Azide 10 represents the alkyl azide, and electron rich 11 represents the aryl azide. Both
show various reactivity on the alkynl handles on the triazabutadiene. The fluorophore, 12,
that will be attached to the aryl portion of the triazabutadiene is an azido modification of
4-chloro-7-nitrobenzofuran (NBD-Cl).
2.2 Synthesis of Alkynl Handles on Triazabutadienes
2.21 Synthesis of Alkyne on Imidazolium Core of Triazabutadiene
The synthesis of 6 (Scheme 1), began with the silylation of propargyl bromide (13).
Due to the similar pKa values of an alkyne (pKa = 25)36 and the proton on a NHC-salt (pKa
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= 21-24)37 protection of the alkyne was necessary for the synthesis of triazabutadiene 6.
Originally chlorotrimethylsilane (TMS-Cl) and chlorotriethylsilane (TES-Cl) were used
for the protection of 13.

Scheme 1. Synthesis of triazabutadiene 6
The imidazolium salts of TMS and TES derivatives of 15 were successfully synthesized,
however, shelf stability was an issue due to their hygroscopic nature. The TMS derivative
of 15 was not only very hygroscopic, but upon treatment with potassium tert-butoxide
(KOtBu) would desilylate and undergo formation of by-products. These difficulties led to
the idea of a bulkier silyl protecting group that was base and shelf stable for a long period
of time. Chlorotripropylsilane (TPS-Cl) had all the qualities to move forward. Now that
the silyl protecting group was chosen, propargyl bromide (13) was treated with nbutylithium (n-BuLi). This was done in order to deprotonate the terminal alkyne to render
it nucleophillic. In this way, it would react with TPS-Cl yielding the silyl-protected alkyne,
14. The crude product of 14 was only partially purified by flash column chromatography,
and was taken to reflux with N-mesitylimidazole in acetonitrile for 2 days to produce the
imidazolium salt, 15. The coupling of 15 and phenyl azide (8) took place in dry THF.
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KOtBu was added to generate the NHC to react with the azide and form 6 in moderate
yield. This reaction was very moisture sensitive and acquiring best yield in dry conditions.
By applying the alkyne handle on the imidazole core of triazabutadiene 6, it is able to
undergo further reactions to install various compounds by click chemistry.
2.22 Synthesis of Aryl-alkyne Triazabutadiene.
In order to synthesize triazabutadiene 7 (Scheme 2), the bis-mesitylimidazolium
chloride salt (16) was deprotonated with sodium hydride (NaH) to generate the reactive
NHC species in the presence of p-azido-methylbenzoate (9) to form 17.

Scheme 2. Synthesis of triazabutadiene 7
In order to obtain good yields, the reaction was performed in dry conditions because it is
very moisture sensitive. Using the methyl ester, 9, instead of the free acid was necessary
due to the pKa of the carboxylic acid (pKa = 4-5).36 The non nucleophillic bases would
deprotonate the free acid and not generate the reactive carbene species to couple with the
organic azide. The synthesis of 17 requires the two bulky mesityl groups on the Nsubstituents of the imidazole core, which we found to stabilize the triazabutadiene under
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the harsh conditions for the formation of the K-salt intermediate. In an attempt to synthesize
the K-salt of triazabutadiene 18, which was derived from ester azide 9 and the alkynylimidazolium salt, 15. It was believed that the degradation of the triazabutadiene lead to
oxidation on the carbon adjacent to the nitrogen and alkyne (Scheme 3).

Scheme 3. Degradation of triazabutadiene 18
Reasoning for the synthesis of triazabutadiene 18 was to eventually install a bis-alkyne
system for selective modification on either the imidazolium or aryl core of the
triazabutadiene motif. This displayed the instability of the triazabutadiene without the bismesityl imidazole core. Furthermore, the K-salt intermediate of 7 underwent 1-ethyl-3-(3dimethylaminopropyl)carbodiimide (EDC) coupling with hydroxybenzothiazole (HOBt)
in order to form a reactive HOBt ester intermediate. This rendered the carbonyl group
highly electrophilic for a nucleophilic attack by propargyl amine to produce the amide bond
and the triazabutadiene, 7, with a terminal alkyne for click chemistry.
2.3 Click Chemistry of Triazabutadienes
The synthesis of 6 requires the protection of a silyl group. However, Fiandanese
and co-workers had demonstrated that with 2-silylalkynyl-substituted benzofuran and
indole derivatives, they were able to perform a one-pot synthesis of 1,2,3-triazoles (Figure
15).38 The addition of TBAF in the reaction deprotects the silyl group and the click reaction
proceeds. This action was useful in its ability to remove a step of synthesis and purification.

27
In this reaction the ligand 1,1,4,7,7-pentamethyldiethylenetriamine (PMEDTA) was used
to increase the rate of the catalytic reaction by coordinating with the Cu(I) source. The
PMEDTA ligand will also help prevent oxidation of the Cu(I) catalyst.

Figure 15. Triazole synthesis from 2-silylalkynyl-substituted benzofuran and indole
derivatives. PMEDTA= 1,1,4,7,7-pentamethyldiethylenetriamine. TBAF=tetra-nbutylammonium fluoride.
As shown in Table 1, the triazabutadiene, 6, was treated with the same Cu-click conditions
done by Fiandanese. Triazabutadiene 6, organic azide, CuI, and PMEDTA were in a
solution of tetrahydrofuran (THF). The Cu-click reaction would not proceed until
desilyation with the addition of TBAF which was the final step of the procedure. The Cuclick reaction occurred with alkyl azide 10 and aryl-electron donating azide 11 to show
diversity of the reaction.
Table 1. Synthesis of imidazolium-substituted triazole-triazabutadiene

Entry

R

Product

Time (hr)

Yield (%)

1

19

5

56

2

20

2

48
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The clicked compounds were isolated after column chromatography purification in
moderate yields. Triazabutadiene 7 was subjected to similar conditions using the same
azides (Table 2) with a minor alteration. Due to the installation of the alkyne handle after
triazabutadiene synthesis, a protection step was unnecessary. The Cu-click reaction
proceeded with moderate yields.
Table 2. Synthesis of aryl-substituted triazole-triazabutadiene

Entry

R

Product

Time (hr)

Yield (%)

1

21

4

50

2

22

6

73

2.4 Synthesis of Fluorescent Triazabutadiene Probe 26
In order to transform the triazabutadiene into a biochemical tool, one way is to click
on a fluorophore to the alkyne handle to render it a fluorescent probe. The class of
nitrobenzoxadiazole (NBD) fluorophores are unique in their reactivity, small size, strong
fluorescence and highly cost effective.39 Cairo and co-workers had demonstrated the
fluorescent qualities of the C7 position of NBD-Cl (Figure 16).39 They altered this position
with azides or terminal alkynes and performed click chemistry. It’s interesting to note that
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upon modification of NBD-Cl at the C7 position may or may not retain their fluorescent
properities.39 For example, triazole 24 was formed on the C7 position of NBD-Cl and all
fluorescence was quenched (Figure 16).39 When Cairo and co-workers clicked NBD-12
with n-octyne, there was an overall increase in brightness, exhibited a high quantum yield
(azide 12 quantum yield is same as triazole 25) (Figure 16).39

Figure 16. NBD-triazole derivatives and fluorescence.
NBD-12 proved to be an ideal fluorophore for click chemistry due to its inexpensive cost
of starting material and ease of synthesis. To the triazabutadiene, 7, fluorescent azide 12
was coupled (Scheme 4). The yield of triazabutadiene 26 was superb compared to the rest
of the click reactions. The reason behind this was that triazabutadiene 26 only required a
basic alumina column to remove copper and followed with a trituration and filtration to
collect the fluorescent probe. This modification added an essential component to the
triazabutadiene by rendering the diazonium now a fluorescent probe for biological
applications.
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Scheme 4. Synthesis of fluorescent triazabutadiene 26
2.5 Conclusion and Future Directions
In conclusion, the synthesis demonstrates novel triazabutadienes that have alkyne
handles on either the imidazolium or aryl side of the backbone which can be further
functionalized through the use of copper catalyzed click chemistry. Furthermore,
converting triazabutadiene 26 into a fluorescent probe renders the triazabutadiene to be a
biochemical tool in protein labeling. Future directions for these alkynl-triazabutadienes
would be to click on a water solubilizing agent rendering it more applicable for biological
applications (Scheme 5).

Scheme 5. Synthesis of water-soluble triazabutadiene.
The formation of a triazole with a tertiary amine handle can undergo a nucleophillic attack
on 1,3-propane sultone to synthesize the water-soluble zwitterionic-triazabutadiene
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(Scheme 5). Synthesis of a bis-alkynl-triazabutadiene on the imidazole and aryl side can
expand functionalization (Scheme 6). If one alkyne is protected, you could selectively click
on one side of the triazabutadiene over the other. The reason for the two-sided click system
would be to functionalize a biochemical tool on the aryl side and a water-solubilizing agent
on the imidazole core of the triazabutadiene scaffold.

Scheme 6. Synthetic scheme of bis-triazole-triazabutadiene
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Chapter 3
Protein Labeling using Triazabutadiene as Fluorescent Probe
3.1 Designing the Fluorescent Probe
The triazabutadiene derivative, 26 (Figure 17), will conceal the diazonium
containing fluorescent warhead. The triazabutadiene can be activated in acidic conditions
to release a diazonium species to bind to tyrosine residues of a protein. The NBD-linkage
of triazabutadiene 26 has an excitation of 471 nm and emission of 546 nm in aqueous
conditions (See section 4.6). The bis-mesityl-imidazole portion acts as a mask for this
fluorescent warhead. It should render the triazabutadiene intact in basic conditions until the
pH is lowered and releasing the aryl diazonium warhead to label a protein or biomolecule
of interest.

Figure 17. Layout of fluorescent-triazabutadiene probe 26
3.2 Protein of Interest
Bovine serum albumin (BSA) (Figure 18) was chosen as our protein of interest to
attempt fluorescent labeling. BSA is a well known and vetted model protein and has been
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studied extensively. It is affordable, abundant, stable and has biochemical reactivity. 31,40
There are 21 total tyrosine residues in BSA.31

Figure 18. Bovine serum albumin a) Ribbon model b) Surface model. Tyrosine labeled
in red. PDB: 4F5S
These tyrosine targeted sites will produce a strong fluorescence signal if the diazonium is
able to covalently bind to the electron rich phenyl ring. In order to minimize background
noise when undergoing fluorescent imaging and cross-reactivity, BSA was reduced and
alkylated with dithiothreitol (DTT) and iodoacetamide (IAA).
3.3 Labeling Conditions of BSA using Reactive Diazonium Species
As mentioned previously, in order to activate the triazabutadiene, it must be
exposed in acidic conditions to release the masked diazonium. The diazonium selectively
targets tyrosine residues to form stable azo bonds in pH dependent conditions that can be
later cleaved by sodium dithionite (Scheme 7). The experiments to label BSA with
fluorescent-triazabutadiene 26 were done in mildly acidic conditions at ~pH 4 to degrade
the triazabutadiene and release the highly reactive fluorescent diazonium species. This pH
was found to be optimum for tyrosine labeling where lower pH’s would not result in
competing reactions.41 Lower pH will leave N-nucleophiles such as lysine, arginine and Nterminal amine in their protonated state and render them nonreactive.
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Scheme 7. Fluorescent labeling of BSA with triazabutadiene 26 followed by cleaving azo
bond with sodium dithionite
Histidine residues are similar to that of tyrosine because they are both electron rich
aromatic systems and able to perform diazo coupling. In acidic pH, the basic nitrogen on
Histidine will be protonated and reduces the chances of diazo coupling by removing
electron density from the aromatic ring.42 Ideally the diazonium of 26 will have tyrosinespecific labeling of BSA, but it is possible there will be non-specific labeling of various
amino acids at pH 4.

3.4 Protein Labeling Experiment
As mentioned earlier, the BSA samples for the protein labeling experiments were
reduced and alkylated to remove background noise and formation of oligomers. The
experiments were carried out in 100 mM Tris-HCl pH 8.8 until acidification. Two samples
of 25 µM reduced/alkylated-BSA in 100 mM Tris-HCl pH 8.8 were made. The final
concentration of triazabutadiene 26 was 100 µM in each sample which was 4-fold greater
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to that of BSA. In sample 1, the BSA/triazabutadiene mixture was not treated with acid and
was used as a control to show no fluorescent labeling due to no triazabutadiene degradation.
The second sample (2) was made up in a stock solution where aliquots were quenched at
certain time points (0.5 min, 1 min, 5 min, 15 min and 30 min). The addition of 1 M HCl
to the stock solution was used to acidify the reaction and measurement of pH by litmus
paper was at ~4. The aliquots were quenched with a 250 mM solution of resorcinol and
addition of 6% NaOH in order to raise the pH slightly basic to stop degradation of any
remaining triazabutadiene 26 and react any additional diazonium with resorcinol. The final
aliquot after being quenched was treated with sodium dithionite to reduce the azo bonds
formed. All samples were treated with a Thermo Scientific dye removal columns to rid of
excess triazabutadiene. After the process, the reactions were subjected to gel
electrophoresis and then further imaged using a Alexa 488 laser line (Figure 19).

Figure 19. SDS-page gel of Fluorescent BSA labeling with TBD-26. a) Fluorescent
image using Alexa 488 laser line. b) Coomassie staining of SDS-page gel.
As shown in Figure 19, triazabutadiene 26 was able to fluorescently label BSA upon
acidification. Over the various time points, there was an increase in fluorescence. The 30
minute mark displayed the greatest fluorescence. Furthermore, the control lane showed no
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significant labeling without acidification meaning the triazabutadiene was not sticking to
BSA. Lastly, the final lane (30 min*) showed no fluorescent labeling which determined
that sodium dithionite did reduce the azo bonds formed on the protein.
3.5 Conclusion and Future Directions
In summary, fluorescent probe triazabutadiene 26 showed that it can now deliver a
diazonium species in situ as a biological tool for protein labeling. The azo bonds are stable
when the fluorophore is covalently linked to tyrosines. The option to cleave the azo bond
through a reducing agent adds an aromatic amine on the tyrosine which could be further
modified. In order to advance the technology of clickable triazabutadienes, it would be
beneficial to add on other biochemical tools, such as an azido-biotin motif. The biotin addon would be used for protein pull down assays in vitro that undergo pH relevant conditions.
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Chapter 4
Experimental Procedures and Characterization
4.1 General Information
All reactions were performed under an argon atmosphere, with the flasks oven dried
and cooled in a vacuum oven prior to use. 4-aminobenzoic acid, bovine serum albumin,
copper (I) iodide, n-butyllithium solution (1.6 M in hexanes), chlorotripropylsilane (TPSCl), 1-Ethyl-3-(3-dimethylaminopropyl)carboiimide hydrochloride, hexyl bromide,
hydroxybenzotriazole, 1,1,4,7,7-pentamethyldiethylenetriamine, potassium tert-butoxide,
propargyl amine, propargyl bromide (80% wt in toluene), resorcinol, sodium azide, sodium
hydride, sodium iodide, sodium nitrite, tert-butylammonium flouride solution (1.0 M in
tetrahydrofuran), thionyl chloride, triethylamine, and the below utilized solvents were
commercially obtained and used as received. Spectroscopic characterization was done on
Bruker Avance-III 400 MHz and Bruker DRX-500 for 1H and

13

C NMR and referenced

with residual solvent peaks, CDCl3 7.26 ppm and 77.0 ppm, d6-DMSO 2.5 ppm and 39.52
ppm . Coupling on the spectra is expressed in hertz and abbreviations for multiplicities
given as s = singlet, d = doublet, t = triplet, dd = doublet of doublets, td = triplet of doublets,
and m = multiplet where applicable. Mass spectral analysis was performed on a Bruker
ICR-ESI. Infra-red analysis was performed on Shimadzu Prestige FT-IR on sodium
chloride pellet with signals denoted as br = broad, s = strong, w = weak where applicable.
Fluorescent imaging data characterization was on a Pharos FX Plux Molecular Imager.
Centrifugation of samples was done on a Eppendorf Centrifuge 5415 C. UV/Vis studies
were performed on a Agilent 8453 UV-visible Spectrophotometer. Emission/Excitation
was performed on a QuantaMaster 400 Steady State Spectrofluorometer.
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4.2 General Experimental Procedures
(E)-1-mesityl-2-((E)-phenyltriaz-2-en-1-ylidene)-3-(3-(tripropylsilyl)prop-2-yn-1-yl)2,3-dihydro-1H-imidazole (6)

Compound 6 was synthesized according to a modified literature procedure.9 To a slurry of
1-mesityl-3-(3-(tripropylsilyl)prop-2-yn-1-yl)-1H-imidazol-3-ium bromide (15) (0.20 g,
0.43 mmol, 1.0 equiv) in dry THF (2.2 mL), was added a solution of phenyl azide43 in 1 M
THF (0.052 g, 0.43 mmol, 1.0 equiv). To this solution, KOtBu (0.049 g, 0.43 mmol, 1.0
equiv) was added in one portion and the resulting mixture was stirred under argon for 4
hours, at ambient temperature. Excess hexanes were then added and the reaction mixture
was filtered over celite. Solvent was removed under reduced pressure and then purified by
flash column chromatography using ethyl acetate: hexane (3:7) to yield 15 as an orange
goo (0.18 g, 83%). Yields can vary due to stability of KOtBu and phenyl azide solution.
1

H NMR (400 MHz, Chloroform-d) δ 7.10 – 7.02 (m, 3H), 7.01 (d, 1H), 6.98 (s, 2H), 6.69

– 6.65 (m, 2H), 6.35 (d, J = 2.5 Hz, 1H), 4.87 (s, 2H), 2.39 (s, 3H), 2.05 (s, 6H), 1.50 –
1.39 (m, 6H), 1.00 (t, J = 14.2 Hz, 9H), 0.69 – 0.63 (m, 6H). 13C NMR (101 MHz, CDCl3)
δ 151.44, 151.11, 138.42, 135.92, 134.72, 129.38, 128.26, 125.85, 121.56, 116.60, 114.17,
98.85, 91.04, 36.82, 21.17, 18.32, 18.13, 17.63, 15.95. HRMS calculated for C30H41N5Si
[M+H]+ 500.3204, measured 500.3213
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(E)-4-((1,3-dimesityl-1,3-dihydro-2H-imidazol-2-ylidene)triaz-1-en-1-yl)-N-(prop-2yn-1-yl)benzamide (7)

Compound 7 was synthesized according to a modified literature procedure.44 To a solution
of the methyl ester compound (17) (0.050 g, 0.10 mmol, 1.0 equiv) in 5.0 mL methanolic
potassium hydroxide. This mixture was heated to reflux and upon conversion to the
potassium salt (5 hr, reaction followed by TLC), the solvent was removed by rotavap to
complete dryness. The residue was washed with ethyl ether and decanted. The left over
residue was picked up in DCM and filtered (Eastman filter paper) to get rid of excess KOH.
The DCM was transferred to a round bottom flask and concenctrated down and put under
argon. The residue was redissolved in 5 mL of CH2Cl2. Propargyl amine (0.02 mL, 0.23
mmol, 2.3 equiv), EDCI-HCl (0.03 g, 0.16 mmol, 1.5 equiv), HOBt (0.03 g, 0.19 mmol,
1.8 equiv) and triethylamine (0.03 mL, 0.22 mmol, 2 equiv) were added and the reaction
stirred for 48 hrs at room temp. The reaction was quenched with brine and extracted with
dichloromethane (2 x 15 mL) and dried over Na2SO4. The solvent was removed under
pressure and the resulting residue was purified by flash column chromatography using
ethyl acetate: hexane (7:3) to yield 0.038 g (73%) of 7 as an orange solid. 1H NMR (400
MHz, Chloroform-d) δ 7.46 – 7.42 (m, 2H), 6.99 (s, 4H), 6.62 (s, 2H), 6.61 – 6.56 (m, 2H),
4.21 (dd, J = 5.2, 2.6 Hz, 2H), 2.37 (s, 6H), 2.26 (t, J = 2.6 Hz, 1H), 2.16 (s, 12H).

13

C

NMR (101 MHz, CDCl3) δ 167.17, 154.53, 151.68, 139.02, 135.03, 134.00, 129.97,
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129.48, 127.27, 121.24, 117.33, 79.93, 71.68, 29.78, 21.24, 18.04. HRMS calculated for
C31H32N6O [M+H]+ 505.2710, measured 505.2712
Methyl 4-azidobenzoate (9)

Compound 9 was provided by Flora Kimani
A solution of 4-azidobenzoic acid (0.30 g, 1.8 mmol, 1.0 equiv) in 10 mL methanol was
cooled to 0 oC. To this solution, thionyl chloride (0.30 mL, 4.1 mmol, 2.3 equiv) was added
dropwise. The reaction mixture was allowed to warm up to room temperature and stirred
overnight. The solvent was removed and the residue purified by a flash chromatography
using ethyl acetate: hexane (0.5:9.5) to give the product as a yellow oil that solidifies upon
standing. (0.31 g, 94%). 1H NMR (500 MHz, CDCl3) δ 8.05 – 8.00 (m, 1H), 7.08 – 7.05 (m,
1H), 3.91 (s, 1H). 13C NMR (125 MHz, CDCl3) δ 166.37, 144.85, 131.52, 126.82, 118.95,
52.29.
Hexyl azide (10)

Hexyl azide was provided by Flora Kimani.
A flask was loaded with of hexyl bromide (0.50 mL, 3.6 mmol, 1.0 equiv), in 5 mL of
DMF. sodium iodide (0.53 g, 3.6 mmol, 1.0 equiv) and sodium azide (0.46 g, 7.1 mmol,
2.0 equiv) were subsequently added. The reaction vessel was allowed to stir at 60 oC for
48 hours. The reaction mixture was allowed to cool, and was poured into ~20 mL of
saturated lithium chloride solution, the aqueous solution was extracted once with 40 mL of
ethyl ether, the organic layer was separated and washed once with brine. The organic layer
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was dried with MgSO4, and concentrated under reduced pressure to yield 0.32 g of 10 (71
%). 1H NMR (400 MHz, CDCl3) δ 3.26 (t, J = 7.0 Hz, 2H), 1.67 – 1.54 (m, 2 H), 1.45 –
1.25 (m, 6H), 0.94 – 0.87 (m, 3H).

13

C NMR (100 MHz, CDCl3) δ 51.49, 31.33, 28.80,

26.39, 22.51, 13.96.
(3-bromoprop-1-yn-1-yl)tripropylsilane (14)

Compound 14 was prepared using a slightly modified literature procedure.45
To a mixture of propargyl bromide (80% wt solution in toluene, 0.64 mL, 4.9 mmol, 1.3
equiv) in dry THF (8.1 mL), n-butyllithium (1.6 M in hexanes, 2.9 mL, 1.2 equiv) was
added dropwise at -78

o

C. The mixture was then stirred for 10 minutes and

chlorotripropylsilane (0.75 g, 3.4 mmol, 1.0 equiv) was added dropwise. Upon removal of
the cooling bath, the mixture was stirred for 5 hr at room temperature and quenched by
adding saturated NH4Cl solution (2.0 mL) Extraction of the aqueous phase two times with
dichloromethane. Organic layers combined, dried with Na2SO4 and reduced under
pressure. The crude product was partially purified by flash column chromatography with
ethyl acetate: hexane (1:9) as eluent which led to 66% pure product of 14 (0.94 g, Rf =0.91)
as a yellow liquid. No further purification was attempted as product was taken in excess
during the next reaction step. 1H NMR (400 MHz, Chloroform-d) δ 3.92 (s, 2H), 1.46 –
1.37 (m, 6H), 1.01 – 0.96 (m, 9H), 0.64 – 0.59 (m, 6H).
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1-mesityl-3-(3-(tripropylsilyl)prop-2-yn-1-yl)-1H-imidazol-3-ium bromide (15)

Compound 15 was synthesized according to a modified literature procedure.46
A 0.3 M solution of 1-mesityl-1-H-imidazole 47 (0.20 g, 1.7 mmol, 1.0 equiv) in dry MeCN
(5.6 mL) was heated to reflux. Assuming 2.0 equivalence of (3-bromoprop-1-yn-1yl)tripropylsilane (13) (0.94 g, 3.4 mmol, 2.0 equiv) crude was added. The solution was
stirred at reflux for 2 days. The reaction mixture cooled to room temperature and the solvent
removed under reduced pressure. The residue was taken up in diethyl ether (0.17 M) and
stirred for 30 minutes. The precipitate was filtered and washed with diethyl ether to collect
a tan solid 2 (0.48 g, 62%). 1H NMR (400 MHz, Chloroform-d) δ 10.54 (t, J = 1.6 Hz, 1H),
7.81 – 7.79 (t, 1H), 7.15 (t, J = 1.8 Hz, 1H), 7.02 (s, 2H), 5.79 (s, 2H), 2.36 (s, 3H), 2.10
(s, 6H), 1.47 – 1.36 (m, 6H), 0.99 (t, J = 7.2 Hz, 9H), 0.65 (d, J = 12.3 Hz, 6H). 13C NMR
(101 MHz, CDCl3) δ 141.71, 138.13, 134.34, 130.71, 130.09, 122.86, 122.03, 96.03, 94.33,
41.97, 21.24, 18.25, 17.86, 17.59, 15.70. HRMS calculated for C24H37N2Si [M+H]+
381.2721, measured 381.2721.
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Methyl (E)-4-((1, 3-dimesityl-1, 3-dihydro-2H-imidazol-2-ylidene) triaz-1-en-1-yl)
benzoate (17)

Compound 17 was provided by Flora Kimani.
The compound was synthesized based on a literature procedure by Bugarin and Coworkers48 with a modification of the starting salt. To a stirred suspension of 1, 3dimesityllimidazolium chloride49 16 (0.20 g, 0.59 mmol, 1.0 equiv) in dry THF (5 mL) was
added methyl 4-azidobenzoate (9) (0.10 g, 0.59 mmol, 1.0 equiv) in one portion and the
reaction mixture was allowed to stir at room temperature for 5 minutes. NaH (0.025 g, 0.62
mmol, 60% in mineral oil, 1.1 equiv) was added in one portion and stirring was continued
at room temperature for further 16 h. Hexanes (1.0 mL) were then added and the reaction
mixture was filtered through celite. After removal of the solvent under reduced pressure
the crude product was washed with hexanes to yield the product as a yellow powder. (0.21
g, 74%). 1H NMR (500 MHz, CDCl3) δ 7.71 – 7.67 (m, 2H), 7.00 (dd, J = 1.4, 0.7 Hz, 4H),
6.63 (s, 2H), 6.59 – 6.56 (m, 2H), 3.86 (s, 3H), 2.38 (s, 6H), 2.16 (s, J = 0.6 Hz, 12H). 13C
NMR (126 MHz, CDCl3) δ 167.25, 155.30, 151.57, 138.92, 134.92, 133.88, 129.78,
129.38, 126.28, 120.89, 117.25, 51.82, 21.13, 17.96.
General Procedure for 1,2,3-Triazole formation
General Procedure A38
A THF solution (0.1–0.5 M) of the silyl derivative (1.0 equiv) was added at room
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temperature, under N2, to a stirred suspension (1 M) of azide (1.5-2 equiv) and CuI (1-1.2
equiv) in THF, then 1,1,4,7,7-pentamethyldiethylenetriamine (2.0 equiv) and soon
afterwards 1 M TBAF in THF (2.0 equiv) were added. The mixture was stirred at room
temperature until completion, and then the reaction was quenched with saturated NH4Cl
(20 mL) and extracted with ethyl acetate (3 × 20 mL). The combined organic extracts were
washed with H2O (3 × 20 mL),dried (Na2SO4), and concentrated under vacuum. The
residue was purified by column chromatography (silica gel or basic alumina, ethyl acetatehexane) and by trituration (DCM-hexane).
4-(((E)-3-mesityl-2-((E)-phenyltriaz-2-en-1-ylidene)-2,3-dihydro-1H-imidazol-1yl)methyl)-1-(4-methoxyphenyl)-1H-1,2,3-triazole (19)

General procedure A38 was followed with minor modifications. A THF solution of 0.15 M
of (E)-1-mesityl-2-((E)-phenyltriaz-2-en-1-ylidene)-3-(3-(tripropylsilyl)prop-2-yn-1-yl)2,3-dihydro-1H-imidazole 6 (0.05 g, 0.10 mmol, 1.0 equiv) was added at room
temperature, under Argon, to a stirred suspension of 1-azido-4-methoxy benzene50 11 in
THF (0.20 mL, 1.0 M, 0.20 mmol, 2.0 equiv) and CuI (0.020 g, 0.10 mmol, 1.0 equiv),
then 1,1,4,7,7-pentamethyldiethylenetriamine (0.04 mL, 0.20 mmol, 2.0 equiv) and soon
afterwards 1 M TBAF in THF (0.20 mL, 2.0 mmol, 2.0 equiv) were added. The mixture
was stirred at room temperature for 5 hours, and then the reaction was quenched with sat.
NH4Cl (5.0 mL) and extracted with ethyl acetate (3 × 15 mL).The combined organic
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extracts were washed with H2O (3 × 20 mL),dried (Na2SO4), and concentrated under
vacuum. The residue was purified by flash column chromatography using ethyl acetate:
hexane (8:2) as eluent to provide an orange solid (19) (0.028 g, 56%). 1H NMR (400 MHz,
Chloroform-d) δ 8.17 (s, 1H), 7.63 – 7.59 (m, 2H), 7.10 – 6.99 (m, 6H), 6.98 – 6.97 (m,
2H), 6.68 – 6.64 (m, 2H), 6.32 (d, J = 2.5 Hz, 1H), 5.44 (s, 2H), 3.86 (s, 3H), 2.38 (s, 3H),
2.02 (s, 6H).

13

C NMR (126 MHz, CDCl3) δ 160.06, 151.52, 151.43, 143.17, 138.38,

135.95, 134.55, 130.40, 129.38, 128.28, 125.81, 122.31, 121.84, 121.48, 116.95, 115.51,
114.93, 55.77, 40.60, 21.18, 18.18. HRMS calculated for C28H28N8O [M+H]+ 493.2459,
measured 493.2461.
1-hexyl-4-(((E)-3-mesityl-2-((E)-phenyltriaz-2-en-1-ylidene)-2,3-dihydro-1Himidazol-1-yl)methyl)-1H-1,2,3-triazole (20)

General procedure A38 was followed with minor modifications. A THF solution of 0.07 M
of (E)-1-mesityl-2-((E)-phenyltriaz-2-en-1-ylidene)-3-(3-(tripropylsilyl)prop-2-yn-1-yl)2,3-dihydro-1H-imidazole (6) (0.06 g, 0.12 mmol, 1.0 equiv) was added at room
temperature, under Argon, to a stirred suspension of 1-azidohexane 10 in THF (0.24 mL,
1.0 M, 0.24 mmol, 2.0 equiv) and CuI (0.023 g, 0.12 mmol, 1.0 equiv), then 1,1,4,7,7pentamethyldiethylenetriamine (0.05 mL, 0.24 mmol, 2.0 equiv) and soon afterwards 1.0
M TBAF in THF (0.24 mL, 0.24 mmol, 2.0 equiv) were added. The mixture was stirred at
room temperature for 2 hours, and then the reaction was quenched with sat. NH4Cl (5.0
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mL) and extracted with ethyl acetate (3 × 15 mL).The combined organic extracts were
washed with H2O (3 × 20 mL),dried (Na2SO4), and concentrated under vacuum. The
residue was purified by flash column chromatography using basic alumina with a gradient
solvent system. Initially starting with ethyl acetate: hexane (1:1) as eluent followed by ethyl
acetate: hexane (9:1) and finally dichloromethane: methanol (99:1) to provide an orange
solid (20) (0.027 g, 48%). 1H NMR (400 MHz, Chloroform-d) δ 7.80 (s, 1H), 7.10 – 7.00
(m, 3H), 6.97 (s, 2H), 6.94 (d, J = 2.5 Hz, 1H), 6.67 – 6.64 (m, 2H), 6.29 (d, J = 2.5 Hz,
1H), 5.36 (s, 2H), 4.35 – 4.31 (t, 2H), 2.38 (s, 3H), 2.00 (s, 6H), 1.32 – 1.25 (m, 7H), 0.89
– 0.84 (m, 3H). 13C NMR (101 MHz, CDCl3) δ 151.49, 142.67, 138.39, 135.98, 134.54,
129.39, 128.30, 125.79, 123.41, 121.48, 116.83, 115.55, 114.39, 50.65, 40.69, 31.22,
30.30, 26.23, 22.52, 21.16, 18.10, 14.05. HRMS calculated for C27H34N8 [M+H]+
471.2979, measured 471.2980
(E)-4-((1,3-dimesityl-1,3-dihydro-2H-imidazol-2-ylidene)triaz-1-en-1-yl)-N-((1-(4methoxyphenyl)-1H-1,2,3-triazol-4-yl)methyl)benzamide (21)

General procedure A38 was followed with minor modifications. A THF solution of 0.20 M
of

(E)-4-((1,3-dimesityl-1,3-dihydro-2H-imidazol-2-ylidene)triaz-1-en-1-yl)-N-(prop-2-

yn-1-yl)benzamide (7) (0.060 g, 0.12 mmol, 10 equiv) was added at room temperature,
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under Argon, to a stirred suspension of 1-azido-4-methoxy benzene50 11 in THF (0.24 mL,
1.0 M, 0.24 mmol, 2.0 equiv) and CuI (0.023 g, 0.12 mmol, 1.0 equiv), then 1,1,4,7,7pentamethyldiethylenetriamine (0.050 mL, 0.24 mmol, 2.0 equiv). The mixture was stirred
at room temperature for 4 hours, and then the reaction was quenched with sat. NH4Cl (5.0
mL) and extracted with ethyl acetate (3 × 15 mL). The combined organic extracts were
washed with H2O (3 × 20 mL), dried (Na2SO4), and concentrated under vacuum. The
residue was purified by flash column chromatography using methanol: dichloromethane
(1:99) as eluent to provide yellow crystals (21) (0.039 g, 50%). 1H NMR (400 MHz,
Chloroform-d) δ 7.96 (s, 1H), 7.62 – 7.56 (m, 2H), 7.50 – 7.45 (m, 2H), 7.01 – 6.96 (m,
6H), 6.61 (d, J = 1.0 Hz, 2H), 6.57 (m, 2H), 4.76 – 4.71 (s, 2H), 3.86 – 3.84 (d, 3H), 2.36
(s, 6H), 2.14 (s, 12H).

13

C NMR (101 MHz, CDCl3) δ 167.55, 159.92, 154.43, 151.66,

145.65, 139.02, 135.04, 134.00, 130.60, 130.17, 129.48, 127.29, 122.29, 121.24, 121.06,
117.33, 114.85, 55.74, 35.49, 21.26, 18.04. HRMS calculated for C38H39N9O2 [M+H]+
654.3300, measured 654.3301
(E)-4-((1,3-dimesityl-1,3-dihydro-2H-imidazol-2-ylidene)triaz-1-en-1-yl)-N-((1hexyl-1H-1,2,3-triazol-4-yl)methyl)benzamide (22)

General procedure A38 was followed with minor modifications. A THF solution of 0.20 M
of

(E)-4-((1,3-dimesityl-1,3-dihydro-2H-imidazol-2-ylidene)triaz-1-en-1-yl)-N-(prop-2-
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yn-1-yl)benzamide (7) (0.060 g, 0.12 mmol, 1.0 equiv) was added at room temperature,
under Argon, to a stirred suspension of 1-azidohexane 10 in THF (0.38 mL, 0.63 M, 0.24
mmol, 2.0 equiv) and CuI (0.023 g, 0.12 mmol, 1.0 equiv), then 1,1,4,7,7pentamethyldiethylenetriamine (0.050 mL, 0.24 mmol, 2.0 equiv). The mixture was stirred
at room temperature for 6 hours, and then the reaction was quenched with sat. NH4Cl (5.0
mL) and extracted with ethyl acetate (3 × 15 mL). The combined organic extracts were
washed with H2O (3 × 20 mL), dried (Na2SO4), and concentrated under vacuum. The
residue was purified by flash column chromatography using ethyl acetate: hexane (9:1) as
eluent to provide yellow crystals (22) (0.055 g, 73%). 1H NMR (400 MHz, Chloroform-d)
δ 7.56 (s, 1H), 7.47 – 7.43 (m, 2H), 7.01 – 6.98 (s, 4H), 6.63 (s, 2H), 6.61 – 6.56 (m, 2H),
4.67 (d, J = 5.6 Hz, 2H), 4.33 – 4.28 (t, 2H), 2.37 (s, 6H), 2.15 (s, 12H), 1.33 – 1.25 (m,
7H), 0.90 – 0.85 (m, 4H). 13C NMR (101 MHz, CDCl3) δ 167.43, 139.10, 135.04, 133.94,
130.29, 129.52, 127.25, 122.29, 121.14, 117.47, 50.53, 35.54, 31.26, 30.35, 26.29, 22.53,
21.28, 18.06, 14.06. HRMS calculated for C37H45N9O [M+H]+ 632.3820, measured
632.3824
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(E)-4-((1,3-dimesityl-1,3-dihydro-2H-imidazol-2-ylidene)triaz-1-en-1-yl)-N-((1-(3((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)propyl)-1H-1,2,3-triazol-4yl)methyl)benzamide (26)

General procedure A38 was followed with minor modifications. A THF solution of 0.15 M
of

(E)-4-((1,3-dimesityl-1,3-dihydro-2H-imidazol-2-ylidene)triaz-1-en-1-yl)-N-(prop-2-

yn-1-yl)benzamide (7) (0.040 g, 0.079 mmol, 1.0 equiv) was added at room temperature,
under Argon, to a stirred suspension of N-(3-azidopropyl)-7-nitrobenzo[c][1,2,5]oxadiazol-4-amine39 12 in THF (0.12 mL, 1.0 M, 0.12 mmol, 1.5 equiv) and CuI (0.018 g,
0.095 mmol, 1.2 equiv), then 1,1,4,7,7-pentamethyldiethylenetriamine (0.04 mL, 0.16
mmol, 2.0 equiv). The mixture was stirred at room temperature for 16 hr. The reaction
mixture was loaded onto a basic alumina column to remove the copper catalyst and
proceeded to flush with MeOH: DCM (1:99) to remove starting materials and followed
with MeOH: DCM (5:95) to obtain the product. The mixture was concentrated down under
vacuum. The crude mixture was triturated with DCM and hexane. Filter through frit and
was washed with 200 mL of ether. The compound proceeded to dry upon vacuum on frit
to yield an orange solid (26) (0.054 g, 89%). 1H NMR (400 MHz, DMSO-d6) δ 9.51 (s,
1H), 8.84 (t, J = 5.8 Hz, 1H), 8.51 (d, J = 8.6 Hz, 1H), 7.97 (s, 1H), 7.53 (d, J = 8.6 Hz,
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2H), 7.25 (s, 2H), 7.08 (s, 4H), 6.34 (d, J = 7.7 Hz, 3H), 4.46 (t, J = 6.5 Hz, 4H), 2.35 (s,
6H), 2.22 (m, 2H), 2.07 (s, 12H).

13

C NMR (126 MHz, DMSO-d6) δ 165.72, 153.83,

150.44, 145.30, 138.15, 137.76, 134.42, 133.80, 129.99, 129.47, 128.84, 127.48, 123.06,
119.81, 118.04, 99.20, 46.96, 40.64, 36.21, 34.82, 28.43, 24.28, 20.67, 17.36, 16.99.
HRMS calculated for C40H41N13O4 [M+H]+ 768.3477, measured 768.3473
4-azidobenzoic acid (27)

Compound 28 was donated by Flora Kimani. The azide was synthesized according to
literature procedure51 substituting the starting amine with 4-aminobenzoic acid. To a
suspension of 4-aminobenzoic acid (0.50 g, 3.7 mmol, 1.0 equiv) in water (2.5 mL),
concentrated hydrochloric acid (0.90 mL) was added and the mixture cooled to -5 oC. A
solution of sodium nitrite (0.26 g, 3.8 mmol, 1.0 equiv) dissolved in water (7.5 mL) was
added dropwise while stirring. The resulting solution was stirred for 30 min at 5oC. The
reaction mixture was poured into a solution of sodium azide (0.27 mg, 4.1 mmol, 1.1 equiv)
dissolved in water (7.5 mL) and ice (5.0 g). A pale yellow precipitate formed immediately.
The reaction mixture was left to sit overnight. The precipitate was isolated by filtration,
washed with water and air dried to give the product (0.50 g, 84%). 1H NMR (500 MHz,
CDCl3) δ 8.11 – 7.77 (m, 1H), 7.41 – 7.02 (m, 1H). 13C NMR (125 MHz, CDCl3) δ 167.00,
144.40, 131.68, 127.78, 119.65.
4.3 Reduction and Alkylation of BSA
BSA solution (10 μL of 1 mM solution in 1X PBS) was added to a Eppendorf centrifuge
tube. Addition to that were 70 μL of 50 mM ammonium bicarbonate in 1X PBS, 10 μL of
17 mM DTT solution (in 50 mM ammonium bicarbonate) and 10 μL of 51 mM IAA
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solution (in 50 mM ammonium bicarbonate). The mixture was allowed to incubate at room
temp in the dark for 1 hr. Acetone (400 μL) was added and the mixture was placed in the 80 °C freezer for a minimum of 2 hrs. Sample removed from freezer, vortex and spun down
at 14,000 rpm for 10 min. Supernatant was removed, 100 μL of chilled (-80 °C) acetone
was added and centrifuged for an additional 5 min. Supernatant was removed and
centrifuged for 5 additional min with Eppendorf centrifuge tube cap open to remove
residual acetone. Pelleted BSA was resuspended in 200 μL of 100 mM Tris-HCl (pH 8.8)
(final concentration 50 μM BSA) and sat on ice for 1 hour before fluorescence labeling
experiments.
4.4 Fluorescent Labeling of BSA with Triazabutadiene 26
1.2 mg of Triazabutadiene (TBD) 26 was dissolved in DMSO to produce a 10 mM solution.
Followed with the removal of 10 μL of the TBD-26-DMSO solution and added to 190 μL
of 100 mM Tris-HCl buffer (pH 8.8) to produce a 0.5 mM solution (TBD-26-Tris, 5%
DMSO).
In an 1.5 mL eppendorf tube, 71 µL of 100 mM Tris-HCl buffer (pH 8.8) and 150 µL of
Red/Alk-BSA (50 µM) were added. For the azobenzene formation, 60 μL of TBD-27-Tris
(0.5 mM) was added to the eppendorf tube followed by the addition of 19 μL of 1 M HCl,
which gave the total volume of 300 μL and a pH ~4 (measurement by litmus pH paper).
Final concentrations were 100 μM TBD-26-Tris and 25 μM Red/Alk-BSA. Mixture was
incubated at room temp in the dark. At various time points (0.5, 1, 5, 15, and 30 min), 46.5
μL of the mixture was removed and quenched with 2 μL of resorcinol (250 mM) in 100
mM Tris-HCl buffer (pH 8.8) and 1.5 μL of 6% NaOH. The quenched mixture was
measured by litmus pH paper to show that it was slightly basic (pH ~8). The quenched
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samples underwent treatment with Thermo Scientific dye removal columns to remove any
excess triazabutadiene. Samples were stored on ice in the dark until analyzed by SDS-page.
This continued for remainder of the time points. At the 30 min mark, two 46.5 μL aliquots
were removed and quenched. One of the 30 min samples was treated with 0.9 mg of sodium
dithionite (100 mM) and sat at room temp for an additional 15 minutes.
For the negative control, 10 μL of TBD-26-Tris (0.5 mM) was added to 25 μL of Red/AlkBSA (50 μM) in 100 mM Tris-HCl buffer (pH 8.8) and 15 µL of 100 mM Tris-HCl buffer
(pH 8.8). No acidification and after 30 min, 2 μL of resorcinol (250 mM) in 100 mM TrisHCl buffer (pH 8.8) was added. The control also underwent treatment with the Thermo
Scientific dye removal column. After all samples went through the Thermo Scientific dye
removal column, a Bradford assay was performed to obtain equal loading concentrations
for gel electrophoresis. The protein samples and control were analyzed by SDS-page gel
electrophoresis and fluorescent image was detected using a Alexa 488 laser line (Pharos
FX Plus Molecular Imager). (Figure 19).
4.5 Absorbance and Emission of Triazabutadiene 26
4.51 Absorbance and Emission of Triazabutadiene 26 in Aqueous Environment
1.2 mg of Triazabutadiene (TBD) 26 was dissolved in 160 μL of DMSO to produce a 10
mM solution. Followed with the removal of 10 μL of the TBD-26-DMSO solution and
added to 190 μL of 100 mM Tris-HCl buffer (pH 8.8) to produce a 0.5 mM stock solution
(TBD-26-Tris). In the aqueous Excitation/Emission spectrum, 100 µL of stock TBD-26Tris was further diluted with 3 mL of water for spectroscopy to give a final concentration
of 16.6 µM of TBD-26. Excitation and emission of TBD-26 was 471 and 546 nm and was
analyzed using a QuantaMaster 400 Steady State Spectrofluorometer (Figure 20).
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Figure 20. Normalized absorbance and fluorescent emission of triazabutadiene 26 in
aqueous conditions. Excitation= 471 nm. Emission= 546 nm.
4.52 Absorbance and Emission of Triazabutadiene 26 in Dimethyl Sulfoxide
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Figure 21. Normalized absorbance and fluorescent emission of triazabutadiene 26 in
DMSO. Excitation= 470 nm. Emission= 534 nm
1.2 mg of Triazabutadiene (TBD) 26 was dissolved in 160 μL of DMSO to produce a 10
mM solution, which 3.4 µL of it was added to 3 mL of DMSO to produce a final
concentration of 0.56 µM TBD-26. Excitation and emission of TBD-26 was 470 and 534
nm was analyzed using a QuantaMaster 400 Steady State Spectrofluorometer (Figure 21).
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4.6 UV/Vis Spectroscopy of Triazabutadiene 26
TBD-26 was dissolved in DMSO to make a 50 µM solution for UV/Vis spectroscopy
as shown in Figure 22. UV/Vis absorbance spectra was analyzed using an Agilent 8453
UV-visible Spectrophotometer.
0.4
0.35

Absorbance

0.3
0.25
0.2
0.15
0.1
0.05
0
300

350

400

450

500

550

Wavelength (nm)

Figure 22. UV/Vis absorbance spectra of triazabutadiene 26 (50 µM in DMSO)
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