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I.1. Synthesis and application of pyrazolones 

Pyrazolones are a type of heterocycle consisting of two adjacent nitrogen atoms in 

a five-membered ring. They are essentially a pyrazole derivative with an additional 

carbonyl (C=O) group [1]. The first synthesis of pyrazolones dates back to 1883, 

when Ludwig Knorr synthesized 1-phenyl-3-methyl-5-pyrazolone I-2 by reacting 

ethyl acetoacetate and phenylhydrazine (Scheme 1) [2]. 

 

 

Scheme 1: The synthesis of pyrazolones. 

 

Most pyrazolones and their derivatives are yellow to colorless solids with a melting 

point above 100 °C. Furthermore, hydrogen bonding strongly influences the 

predominant tautomeric form of pyrazolones. Specifically, pyrazolone has three 

tautomeric forms: ketohydrazone I-4, phenol I-5, and keto-hydrazine I-6 (as shown 

in Scheme 2) [3]. In addition to their unique chemical structure, pyrazolones possess 

both basic and acidic properties, although weakly acidic character generally 

prevails. They also exhibit good light and solvent stability, making them useful in 

various applications [2]. 

 

 

Scheme 2: Tautomeric forms of pyrazolones. 

 

There are several methods for synthesizing pyrazolone derivatives. The most 

common method involves refluxing aryl hydrazines with acetoacetic esters or 

acetoacetamide in acetic acid or ethanol to form pyrazolone (Scheme 3) [2]. 
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Scheme 3: The synthesis of pyrazolone derivatives from β-ketoesters.  

 

Another method involves condensing an α,β-unsaturated acid, ester or amide I-9 

with hydrazine to synthesis of  pyrazolidiones I-10, as shown in Scheme 4 [1].  

 

 

Scheme 4: Synthesis of pyrazolidiones. 

 

Bauer et al. [4]  developed an efficient method for synthesizing N-substituted 2-

pyrazoline I-13 from hydrazine addition to chalcones I-11, which resulted in unstable 

pyrazolines I-12 that were trapped with various electrophiles in the presence of 

polymer-bound base, as shown in Scheme 5. 

 

 

Scheme 5: The solution-phase synthesis of N-substituted 2-pyrazoline.  

 

Robert et al. [5] reported the synthesis of 2,3-pyrazol-1(5H)-ones I-16 via palladium-

catalyzed carbonylation of 1,2-diaza-1,3-butadienes I-15, which were generated by 

thermal extrusion of sulfur dioxide or carbon dioxide from their respective 

heterocyclic precursors (Scheme 6). 
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Scheme 6: The synthesis 2,3-pyrazol-1(5H)-ones via palladium-catalyzed.  

 

Pyrazolone derivative I-19 can also be synthesized via method that were reported 

Kato method [6], which involves reacting hydrazine derivatives I-18 and diketene I-

17 in chloroform with triethylamine, as shown in Scheme 7. 

 

 

Scheme 7: The synthesis of pyrazolone derivative by method of Kato.  

 

Baciu-Atudosie, L. [7] developed a facile one-pot approach for synthesizing new 

pyrazolones derivatives containing a phenothiazine unit I-21 using hydrazine, β-

ketoester, and 4Å molecular sieves as a catalyst in dimethylacetamide at 60 °C, as 

shown in Scheme 8.  

 

 

Scheme 8: The synthesis of pyrazolone derivative I-21.  

Pyrazolones and their derivatives have various applications in fields such as biology, 

medicine, dyes application, analytical chemistry, and etc. [8] [9]. 

Overall, pyrazolones and their derivatives have significant potential in many different 

fields due to their unique chemical properties and biological activities. 
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Pyrazolones have a wide range of biological properties, including analgesic, 

antibacterial, antifungal, antagonists, anti-inflammatory, antimicrobial, antidiabetic, 

antihyperglycemic, and anxiolytic effects [2]. Scheme 9 show a series of biologically 

important pyrazolones [2]. 

 

 

Scheme 9: Biologically active pyrazolones. 

 

Pyrazol-5-one derivatives have been found to possess antitumor properties. For 

instance, edaravone (as shown in Scheme 9) has been shown to enhance the 

antitumor effects of CPT-11 (a drug used alone or with other drugs to treat colorectal 

cancer that has spread to other parts of the body) in murine colon cancer by 

promoting apoptosis [10]. Additionally, edaravone is used for the treatment of acute 

brain infarction and subarachnoid hemorrhage during the acute phase [11]. Similarly, 

telin (Scheme 9) is a potent catalytic blocker of telomerase and is used in medical 

treatments for cancer and related diseases [12]. 

Piskarev et al. [13] conducted experiments on the radioprotective effect of pyrazolone 

derivatives. The results showed that these derivatives significantly increase the 

resistance to hypoxia in both healthy and irradiated mice during various stages of 

acute radiation sickness. 

In summary, pyrazol-5-one derivatives have promising potential as antitumor agents 

and have demonstrated radioprotective effects in various experimental settings. The 

use of compounds such as edaravone and telin in medical treatments highlights the 

importance of continued research in this field. 

The chemistry of pyrazolone dyes dates back to 1884, when Ziegler and Lochner 

synthesized the first dye of this type, tartrazine, which is still used as a food dye [14]. 

Pyrazolone dyes are a diverse group of synthetic organic coloring agents that find 
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wide industrial applications. The pyrazolone molecule couples with diazonium 

compounds in the 4-position to give pyrazolones based azo compounds (Scheme 

10). These dyes are capable of producing bright colors and exhibit superior dyeing 

properties compared to aniline-based derivatives. Pyrazolones are well-known for 

their use as cotton dyes, pigments, and dyes for synthetic fibers and plastics [15][19]. 

 

 

Scheme 10: Method of synthesis for pyrazolones derivatives based on azo compounds.  

 

Seymour first described the pyrazolone azomethine dyes in 1934. These dyes were 

used as magenta dyes in certain color photographic processes. In addition, 

pyrazolones and related compounds have proven to be excellent developing agents 

for black and white photography and polaroid photography. As a result, pyrazolones 

can be found in almost all types of dyes. [16]. 

Pyrazolones with fluorine- or trifluoromethyl-substituted aryl groups in the 1-position 

have been tested and found to be useful as herbicides, fungicides, and insecticides 

for crop protection [15][17]. Pyrazolones can also be used in analytical chemistry for 

the extraction and separation of various metal ions, for the determination of phenol, 

cyanides, and ammonia, and as photographic sensitizers [18]. 

 

I.2. Hydrazone derivatives as building block 

 

The hydrazone functional group is characterized by the R2C=N-NR2 moiety and is 

considered as a derivative of aldehydes and ketones, where the NNH2 functional 

group is replaced by an oxygen atom. The C=N double bond in hydrazones is 

crucial, as it can be utilized for metal complex formation, organocatalysis, and the 

synthesis of different organic compounds [19]. 

The physical and chemical properties of hydrazones are determined by the C=N 

bond and the terminal nitrogen atom, which contains a single pair of electrons. The 

C atom in hydrazones exhibits both electrophilic and nucleophilic characteristics, 
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whereas both N-atoms are nucleophilic, with the nitrogen of the amino type being 

more reactive. The presence of C=N and N-H groups in monosubstituted and 

unsubstituted hydrazones gives rise to intermolecular hydrogen bonding [20]. 

Hydrazones are widely used in organic synthesis and medicinal chemistry, as well 

as in metal and covalent organic frameworks, supramolecular chemistry, dye 

chemistry and dynamic combinatorial chemistry, and hole-transporting materials. 

These properties make hydrazones an attractive choice for a range of industrial 

applications [21]. 

I.2.1 Synthesis of hydrazones 

The synthesis of hydrazones can be achieved through three main synthetic 

pathways. The most useful and well-known method is the Japp–Klingemann 

reaction, which involves the coupling of aryl diazonium salts with β-keto esters or 

acids (Scheme 11). This reaction has proven to be highly effective and is widely 

used in the synthesis of hydrazones [22]. 

 

 
Scheme 11: Synthesis of hydrazone derivatives by Japp–Klingemann reaction. 

 

Another pathway for the synthesis of hydrazones involves coupling between aryl 

halides and non-substituted hydrazones. Transition metals can catalyze the 

formation of C-N bonds, making this method a valuable tool for the synthesis of 

arylamines. Copper or palladium catalysts can be used for the arylation of hydrazine 

derivatives [23] [24]. This methodology provides a more general approach to a variety 

of aryl- or heteroarylhydrazine derivatives, avoiding the use of conventional methods 

such as reduction of diazonium salts or SNAr reactions using hydrazine derivatives 

(Scheme 12) [25] [26]. 
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Scheme 12: The synthesis of hydrazones derivatives by or SNAr reactions. 

 

Emil Fischer, proposed another method for the synthesis of hydrazones in 1894. 

Fischer described the reaction between phenylhydrazine and reducing sugars, 

which leads to the formation of hydrazones known as osazones (Scheme 13). This 

approach has also proven to be useful in the synthesis of hydrazones [27].  

 

 
Scheme 13:  Synthesis of hydrazones derivatives that was proposed by E.Fischer . 

 

I.2.2 Geometry and isomerism   

Crystallographic analysis has shown that the C=N-N group in hydrazones has a 

planar structure, although coplanarity may be disrupted in some steric hindered 

molecules. The C=N bond length in hydrazones is dependent on the nature of the 

substituents R, R', X, and Y and ranges between 1.27 and 1.35 Å. This length is 

slightly longer than that of aliphatic imines, which have a bond order closer to 2 and 

bond lengths of 1.24 and 1.25 Å. The presence of a lone pair of electrons on the 

amine nitrogen atom in hydrazones capable of conjugation with π-electrons reduces 

the bond order of C=N, resulting in a longer bond length [28]. 

Hydrazones can exhibit different types of isomerism, such as stereoisomerism and 

structural isomerism, and in some cases, a tautomeric equilibrium of two or even 

three forms may be observed [29] [30]. There are three tautomeric forms of hydrazone 

derivatives, including azo-enol I-33, hydrazone I-34, and azo-ketone I-35 (Scheme 

14) [31]. The hydrazone tautomeric form is more stable and commonly observed. The 

hydrazono-azo tautomerism can be characterized by UV–Vis and 1H NMR spectra. 
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Scheme 14: The tautomeric forms of hydrazone (azo-enol I-33, hydrazone I-34 and azo-ketone I-
35). 

 

I.2.3 Sensing applications of hydrazones derivatives  

Anion recognition has become a subject of significant interest due to its potential 

applications in medicinal and environmental fields. The N-H hydrazone has acidic 

nature allows for the detection of anions through H-bond interactions that modify the 

photophysical properties of the system and can result in color changes that are 

detectable with the naked eye. Anions such as F-, AcO-, and H2PO4
- usually form H-

bonded adducts with hydrazones. In some cases, the interaction between the anion 

and the hydrazone N-H proton is so strong that deprotonation occurs [32]. 

Shuzhen Hu et al. [33]  reported a chromogenic anion molecular sensor I-36 that can 

detect F-, AcO-, H2PO4
-
 and other anions in a competitive mixed acetonitrile-water 

medium. The association with F-, AcO-, and H2PO4
-
 causes a red-shift from 370 nm 

to 550 nm and an increase in UV-vis absorption, respectively (Figure 1). The imine 

(C=N) bond in hydrazones can be susceptible to nucleophilic attack, particularly by 

cyanide (CN-), making these systems good candidates for reaction-based probing. 

The addition of CN- can also be used to turn on the fluorescence resonance energy 

transfer in hydrazones containing energy donor-acceptor pairs. A similar study 

about hydrazone derivatives was described in literature [34].  

 



10 

 

Figure 1: The changes of receptor I-36 after anions titration in UV-vis absorption spectra [33]. 

 

Qian Li et al. [35] proposed a binding mode of hydrazone receptors with fluoride 

anions (Scheme 15). The deprotonation of hydrazone receptors induced the π-

electrons extending from the p-nitrophenyl moiety to the indole moiety. Stable 

complexes were formed by hydrogen bonding between the indole NH of the receptor 

and the fluoride anion, enhancing the charge-transfer interactions between the 

electron-rich and electron-deficient moieties. The increase in π-electrons on the 

supramolecular system resulted in enhanced fluorescence. 

 

 

Scheme 15: The hydrazone receptor with fluoride anions [35]. 

 

The Yaping Li et al. [36] synthesized two hydrazone compounds based on pyrazalone 

(Scheme 16) and studied their sensing properties.  
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Scheme 16: The synthesis of two hydrazone compounds based on pyrazalone. 

 

Anion complexes were formed for both hydrazone derivatives with F-, AcO- and 

H2PO4
- anions, and complexation was monitored by UV-vis and 1H NMR 

spectroscopy. The UV-vis spectra during the titration process are shown in Figure 

2a and Figure 2b. The receptors exhibited bathochromic shifts and the formation of 

two new isosbestic points, indicating the formation of anion complexes. 

Furthermore, the 1H NMR titration shown in Figure 2c demonstrated the gradual 

disappearance of H bonds at 13.4 ppm that originated from the NH in the hydrazone 

moiety. Attempts to form anion complexes with Cl-, Br- and I- anions were made, but 

as shown in Figure 2d, the complexes were not formed [36]. 
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Figure 2: Changes in the UV-vis spectra of I-44 R=H (a) and I-44 R=NO2 (b) (1 × 10−5 M) in the 
absence and presence of F− in DMSO solution; changes in the 1H NMR spectra of I-44 R=NO2 with 
gradual addition of F− in DMSO (c); spectral changes of I-44 R=H (1 × 10−5 M) induced by addition of 
different anions in DMSO (d)[36]. 

 

In addition to their anion sensing properties, hydrazone derivatives also have 

applications in cation sensing. Hydrazones can bind to metals through their NNN or 

NNO binding sites. For example, 2-pyridyl hydrazone can form a stable 1:1 complex 

with Pd2+ (Scheme 17a). After binding with Pd2+, a sharp color change from yellow 

to red can be observed with the naked eye. The pyrene fluorophore hydrazone 

(Scheme 17b) can bind Zn2+ with its NNO binding site. After the formation of cation 

complexes, the fluorescence is dramatically enhanced because photoinduced 

electron transfer from the hydrazone nitrogen to pyrene is blocked. Acylhydrazones 

offer another NNO or ONO binding motif for metals. Hydrazone (Scheme 17c) can 

be formed into microelectrodes with a polyvinyl chloride support for Er3+ sensing. 

This ion can detect Er3+ in the range 1.0 mM-0.3 nM with a limit of detection of 0.2 

nM within the pH range 3.0-9.0 by potentiometric methods. The highly selective and 

sensitive sensors pyrazinyl hydrazone (Scheme 17d) can detect Al3+ at the sub-
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micromolar level, while quinoxalinyl hydrazone (Scheme 17e) can detect Ni2+ [37] [38] 

[39] [40]. 

 

 

Scheme 17: a) 2-pyridyl hydrazone stable 1:1 complex with Pd2+; b) pyrene fluorophore hydrazone 
complex with Zn2+; c) N′-(2-hydroxy-1,2-diphenylethylidene) benzohydrazide as a highly selective 
Er(III) membrane sensor; d) pyrazinyl hydrazone Al3+ complex; e) quinoxalinyl hydrazone Ni2+ 
complex. 

 

Tong et al. [44] reported an "off-on" fluorescent chemosensor for Cu2+ based on a 

rhodamine B-based hydrazone (Scheme 18). As a spiro lactam, rhodamine B is 

weakly fluorescent, and upon coordination to Cu2+, the lactam C-N bond is cleaved, 

and the complex is formed through coordination to the ONO binding site. The ring-

opening reaction amplifies the fluorescent emission of the complex, which provides 

a fluorescent sense of Cu2+ at the sub-micromolar level in buffered aqueous 

solutions [41] [42] [43].  
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Scheme 18: ‘‘off–on’’ fluorescent chemosensor for Cu2+ based on a rhodamine B-based hydrazone. 

 

I.2.4 Photo- and pH-activated switching  

The E/Z isomerization of the hydrazone functional group can be activated by both 

light and chemical inputs. The nature of the C=N bond can lead to configurational 

isomerism in hydrazone molecules, which can exist in E or Z forms in solution. UV 

light can provide enough energy for the E-Z isomerization process of the C=N bond, 

but in most cases, the Z isomers are ephemeral species [44]. Hydrazone 

photoswitches have potential properties such as high photoconversion, tunable 

absorption wavelength, fatigue resistance, fluorescence switching, and 

unsurpassed thermal stability of metastable isomers [45].  

Ivan Aprahamian et al. [46] published work about photochromic hydrazone switches. 

They showed a new family of easily accessible light-activated hydrazone switches. 

The synthesized hydrazone photo switches derivatives (Scheme 19) find application 

in various materials, such as liquid crystals, [47] light-switchable nanoparticles for 

drug release, [48] switchable template for enzymatic synthesis, [49] actuating polymers 

[50].  
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Scheme 19: Photo activated switching in hydrazone derivatives.  

 

Liqiang Yan et al. [51] synthesized a simple photochromic Schiff base from 

salicylaldehyde and benzoyl hydrazine by condensation and studied its reversible 

photochromic properties. Compound I-57 was found to have reversible 

photochromic properties based on isomerization and excited state intramolecular 

proton transfer (ESIPT) mechanisms. When irradiated with 365 nm UV light for 2 

minutes, the absorption peak of I-57 at 367 nm showed a significant decrease, while 

a double absorption peak appeared at 418 nm and 438 nm, and the color of the 

solution changed from colorless to yellow (Scheme 20). 

 

 

Scheme 20: Photochromism of I-57 (a) and changes in the UV-vis spectra of I-57 after irradiation 
[51]. 
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Nitro-substituted 2-dicyanomethylene-3-cyano-2,5-dihydrofuran I-59 hydrazone 

derivatives could undergo pH-activated switching by sequential addition of base and 

acid during titration (Scheme 21a). The color of the titrated solution evolved 

gradually from yellow to purple at pH 7.04, and a new absorption maximum was 

observed at pH 7, indicating hydrazone-azo tautomerism (Scheme 21b and Scheme 

21c) [52]. 

 

 

Scheme 21: Hydrazono-azo tautomerism with different pH values (a); the pH dependent absorption 
spectra of I-59 in acetonitrile solutions at different pH values at room temperature (b) and color 
changes during pH titration [52].  

 

Hydrazone derivatives can change their isomer form in solution from hydrazone to 

azo and vice versa by changing the acid-base equilibrium. Xiao-Lei Zhao et al. [53] 

reported a study of pH-activated fluorescent probes via transformation of azo and 

hydrazone forms for lysosomal pH imaging. They tested the photophysical 

properties of hydrazone I-61 in Britton-Robinson (BR) buffer solutions with a pH 

range of 2.02-8.96. The fluorescence of hydrazone I-61 increased in the pH range 

from 4.25 to 2.02 (Scheme 22b). The pKa of I-61 is around 3.97, which is well 

matched with the lysosome pH in cancer cells (pH = 3.8-4.7). The absolute quantum 

yield of I-61 at pH = 2.02 in BR buffer solutions is 9.1%. 
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Scheme 22:  The pH induced transformation between hydrazone and deprotonated azo forms (a); 
the fluorescence spectra of I-61 (20 μM) in Britton-Robinson buffer solutions of pH = 2.02–8.96 and 
plot of the fluorescence intensity (λem = 575 nm) versus pH values (b) [53]. 

 

I.3 Monomers and polymers based on methacrylate 

 

Poly methyl methacrylate (PMMA) is an important commercial polymer that widely 

used in various fields due to its optical clarity, hydrolytic stability, and outstanding 

resistance to air oxidation [54]. PMMA was discovered in the early 1930s by British 

chemists Rowland Hill and John Crawford, but it was first used by German chemist 

Otto Rohm in 1934. The first major application of the polymer took place during 

World War II, when PMMA was used as aircraft windows and bubble canopies for 

gun turrets [55]. The PMMA belongs to the acrylic polymer family and is known by 

trademarks Plexiglas and others due to their unique properties. PMMA is more 

transparent and less brittle than conventional glass with a lighter weight and it is 

easy to mold to a variety of shapes as well as thin films. PMMA and side-chain 

polymers based on them shows a wide variety of uses as glass replacement 

material, urban furnishing, medical applications. The study of PMMA and its 

derivatives has attracted considerable attention from researchers due to their 

potential to create new molecules based on dyes, optically active chromophores and 

nanoparticles etc. [56] [57] [58]. 

Methacrylate monomers can be synthesized using the Schotten-Baumann reaction, 

as shown in Scheme 23a [59] [60]. Another method for synthesizing methacrylate 

monomers is by reacting phenol/amide with methacrylic acid in the presence of 1-
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ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and 4-dimethylaminopyridine, 

as shown in Scheme 23b [61]. Transamidation, as show on Scheme 23c, is another 

alternative method for synthesizing methacrylic monomers [62]. 

 

 

Scheme 23: The methacrylate monomers synthesis by Schotten–Baumann reaction (a), 
esterification of methacrylic acid (b) and transamidation (c). 

 

Polymethacrylates can be synthesized using free radical polymerization, ionic 

polymerization, and coordination polymerization techniques [63][64]. Among these, 

free radical polymerization is the most widely used and important method due to its 

simplicity and reproducibility. Conventional radical polymerization, atom transfer 

radical polymerization (ATRP), and reversible addition-fragmentation chain-transfer 

polymerization (RAFT) are all effective methods for producing high molecular weight 

PMMA [65] [66] [67]. 

In conventional free radical polymerization, polymethacrylates can be synthesized 

via bulk polymerization, solution polymerization, emulsion polymerization, or 

suspension polymerization techniques [68][69][70]. The most commonly used initiators 

in conventional radical polymerization are azodiisobutyronitrile (AIBN) and benzoyl 

peroxide. Scheme 24 illustrates the mechanism of free radical polymerization of 

polymethacrylates I-71. 
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Scheme 24: The mechanism of free radical polymerization of I-71. 

Atom transfer radical polymerization (ATRP) of MMA has been reported with various 

catalytic systems, including ruthenium (as shown in Scheme 25) [71], palladium [72], 

copper [73], nickel [74], iron [75], and rhodium [76]. The initiation step is crucial in ATRP 

of MMA, and the most effective initiators are sulfonyl chlorides and 2-

halopropionitrile due to their large apparent rate constants of initiation (high atom 

transfer equilibrium constants) [77]. 

 

 

Scheme 25: The ATRP polymerization of MMA with RuCl2(PPh3)3. 

 

Reversible addition-fragmentation chain transfer (RAFT) polymerization was 

developed at CSIRO in the mid-1990s and has since become a reliable and versatile 

process that can be applied to most monomers subject to radical polymerization 

(Scheme 26) [78]. RAFT polymerization is known for its compatibility with a wide 

range of monomers compared to other methods of controlled radical polymerization 

[79]. The success of RAFT polymerization depends on choosing the right RAFT 

agent, which varies depending on the specific monomer and reaction conditions.  

 

 

Scheme 26: The RAFT polymerization of MMA. 

 

The Z group in the RAFT agent affects the stability of the S=C bond and the stability 

of the radical, thus impacting the position and rates of elementary reactions in the 
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preliminary and main equilibrium (Scheme 26). Meanwhile, the R group stabilizes 

the radical so that the right-hand side of the previous equilibrium is favorable but 

remains unstable enough to reinitiate the growth of a new polymer chain [80]. 

Ionic polymerization, like radical polymerization, follows a chain mechanism where 

cations or anions are the active centers. During the polymerization process, the 

solution remains electroneutral, and the number of active centers and their 

counterions remain constant. The type of substituent on the monomer plays an 

important role in determining the type of polymerization. For example, monomers 

with donor-substituents (OR, NR2, C6H4-CH3) favor cationic polymerization, while 

those with acceptor-substituents (CN, COOR, CONR2) favor anionic polymerization. 

The growing chains in ionic polymerization are equally charged, which prevents 

them from stopping the reaction by combining with each other, and they remain 

active [81].  

  

Cationic polymerization requires a small amount of a catalyst with strong electron-

acceptor capability, such as AlCl3, AlBr3, BF3, TiCl4, SnCl4 or strong protonic acids 

like H2SO4, HClO4 or H3PO4. A co-catalyst, such as water, alcohol, or acetic acid, is 

also required to form a complex with the catalyst and stabilize the counterion, 

preventing recombination. The presence of these catalysts allows cationic 

polymerization to proceed at high rates, both at high and low temperatures [82][83][84]. 

Boron trifluoride (BF3) is an example of a useful Lewis acid that can react with trace 

amounts of water to form an electrophile that initiates chain growth. 

Similar to free radical polymerization, an initiator is added to a monomer to form the 

propagating chain growth center. For example, in a Lewis acid-proton donor 

complex like boron trifluoride monohydride, a proton is transferred from the complex 

to the double bond of the vinyl monomer, producing a reactive carbocation. In the 

propagation step, each carbocation reacts with a vinyl monomer to form a new 

carbocation, repeating until all the monomers have been used or until the 

polymerization process has reached termination (as shown in Scheme 27) [85] [86]. 

 

 



21 

  

Scheme 27: Mechanism of cationic polymerization. 

Anionic polymerization is a chain-growth polymerization that is commonly used for 

vinyl monomers with strong electronegative groups [87]. Polymerization occurs 

through the formation of carbanions at the ends of the polymer chain, with the 

carbanion formed during initiation involving a nucleophilic attack on the monomer. 

Anionic polymerization has three important steps: initiation, propagation, and 

termination (with chain transfer occurring to a negligible extent), allowing for precise 

control over important parameters such as molecular weight, polydispersity, and 

polymer architecture. Unlike free-radical polymerization, anionic polymerization 

does not involve cross-coupling between two polymer radicals or transferring an 

atom from one polymer radical to another due to unfavorable electrostatic 

interactions. Termination typically occurs when active chain ends react with trace 

impurities such as oxygen, carbon dioxide, or water. In some cases, termination 

may be intentionally accomplished by quenching the system with water, alcohol, dry 

ice, or other proton reagents [88]. 

 

Kitayama and coworkers [89] reported highly isotactic-specific anionic polymerization 

of methacrylate using a combined anionic initiator comprising I-90 alpha-

lithiumisobutyrate (Li-iPrIB) and a large excess of I-91 lithium trimethylsilanolate 

(Me3SiOLi), as shown in Scheme 28. They were able to isolate polymethacrylate 

with a high molecular weight (Mn = 8.25x105 Da) and low polydispersity index (Đ = 

1.16) using a molar ratio of [methacrylate]:[initiator] = 3000:1. 
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Scheme 28: Anionic polymerization of methacrylate. 

 

Coordination polymerization is an effective method of obtaining PMMA with a high 

molecular weight (as illustrated in Scheme 29). The catalytic activity and molecular 

weight of the polymer are significantly influenced by the metal, ligand, temperature, 

co-catalyst, and the monomer-to-catalyst molar ratio during coordination 

polymerization. The steric hindrance in the ligand around the metal center has an 

obvious effect on the catalytic activity. For instance, in pyrazole-based ligands, if the  

pyrazole moiety has a substituent, the catalytic activity will be enhanced in MMA 

polymerization. The catalytic activity increases with the voluminous nature of the 

substituents of the pyrazole fragment, leading to higher catalytic activity for the 

polymerization of MMA. This method allows for precise control over the molecular 

weight and polydispersity of the final product [90] [91]. 

 

 

Scheme 29: Mechanism of coordination polymerization of MMA. 
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I.4 Results and discussion 

I.4.1 New pyrazolone-hydrazono methacrylic polymer  

 

One of the objectives of this work was to synthesize innovative methacrylic 

polymeric dyes that incorporate a hydrazone-pyrazolone moiety with chromogenic 

properties suitable for pH switching and anion detection. These dyes have the 

potential to be used as highly effective sensors or detectors in various materials. In 

order to advance this research, the next step involved characterizing the dyes and 

the polymer based on them by conducting optical studies. This approach was 

pursued to gain a deeper understanding of their unique properties and explore their 

potential applications. 

The synthesis and characterization of methacrylic polymers containing a hydrazone-

pyrazolone fragment were carried out. The synthesis of the polymer dyes initiated 

with the Japp-Klingemann transformation, which followed a two-step route. In the 

first step, diazotization of 4-aminophenol I-102 was achieved using a mixture of 

sodium nitrite and concentrated HCl at 0-5 °C to form the diazonium salt. The 

diazotization process was confirmed using β-naphthol solution as an indicator of 

diazonium salt. In the second step, the freshly prepared diazonium salt reacted with 

ice-cold active methylene compound I-103 in the presence of 10% NaOH in ethanol 

solution at 0 °C with stirring for 1 hour. The resulting in the formation of compound 

I-104 as a yellow solid with a yield of 78% over two steps (as shown in Scheme 30).  

 

 

Scheme 30: Synthesis of hydrazone-pyrazolone derivatives a) HCl con, 0°C, NaNO2, H2O, 1h; b) I-
103, EtOH, 0°C, 10% NaOH, rt, 3h; c) I-105, EtOH/H2O, NaOAc, reflux; d) methacrylic acid, DCM, 
Et3N, EDCl, rt, 48h. 
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The hydrazone I-104 was then cyclized with hydrazine derivatives I-105a-e by 

heating at 75 °C in a mixture of ethanol/water (3:1), yielding the hydrazone-

pyrazolone products I-106a-e as a red solid with yields ranging from 48% till 65% 

(Scheme 30). The chemical structures of the synthesized compounds were 

characterized using 1H-NMR, 13C-NMR, HRMS, UV, and IR-spectra. 

In this study, five monomers were successfully synthesized, I-107a-e, via the 

condensation of hydrazone-pyrazolone derivatives, I-106a-e, with methacrylic acid 

in the presence of 1-ethyl-3-(dimethylaminopropyl)carbodiimide (EDC). The 

reaction was carried out for 48 hours under argon atmosphere, and the yields of 

orange solids ranged from 39% till 58% (Scheme 30). Subsequently, these 

monomers were used to synthesized several side-chain copolymers, I-108a-e, and 

one homopolymer, I-109a, via free-radical polymerization. The 

azobisisobutyronitrile (AIBN) was used as a radical initiator (Scheme 31). 

The synthesis of polymers based on methacrylic monomers I-107a-e and methyl 

methacrylate (MMA) (for copolymers synthesis ) was conducted in anhydrous N,N-

dimethylformamide with 10% of monomers in initial mole ratios of 1(I-107a-

e):3(MMA) and AIBN (1 wt % of monomers) at 80 °C for 48 hours under an argon 

atmosphere. The resulting polymers, I-108a-e and I-109, were obtained with 

excellent yields of yellow solids ranging from 87% till 99% (Scheme 31). 

 

 

 

Scheme 31: Synthesis of hydrazone-pyrazolone functionalized methacrylic ester polymers. 
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The polymer structures were confirmed by 1H-NMR spectra, and the 

copolymerization ratios of I-108a-e were calculated based on the integration ratio of 

proton signals. The observed n/m values in the polymers (n/mobs (observed mole ratio of 

monomers units in copolymer)) were found to be in reasonable accordance with the initial mole 

ratios amounts of introduced monomers (n/m). However, due to the less hindered 

character of the MMA fragments (m values), they were generally present in slight 

excess in the final composition of the polymers. 

The glass transition temperature (Tg) and melting endotherm were measured for 

polymers I-108a-108e and I-109a, as indicated in Table 1. Polymers I-108a, I-108c, 

I-108d, and I-108e exhibited Tg values ranging from 120-131 °C. However, polymer 

I-108b displayed a significant increase in Tg with a value of 146 °C. This notable 

difference in Tg can be attributed to the potential hydrogen bonding acceptor 

characteristics of the nitrile group, as mentioned earlier [92]
. The presence of such 

hydrogen bonding interactions in I-108b led to a higher Tg value compared to I-108a, 

I-108c, I-108d, and I-108e. A melting endotherm was observed for the polymers at 

temperatures between 249 and 263 °C.  

The melting endotherm of pyrazolone-hydrazono dyes I-106a-e (Table 2) was 

measured and compared to new polymers I-108a-e. It was observed that the 

polymer molecules displayed an increase in melting endotherm compared to the 

hydrazone-pyrazolone derivatives I-106, which exhibited a melting endotherm range 

of 204-212 °C and for pure PMMA is 95 °C.  These findings suggest that the 

polymeric dyes possessed a higher melting temperature in comparison to the I-106 

derivatives. 

The IR spectra of the polymers show a band of C-H in the region of 2990-3010 cm-

1. Additionally, two other bands are visible around 1730 and 1660 cm-1, indicating 

the presence of two C=O groups. These bands correspond to the ester carbonyl 

function directly attached to the pyrazolone ring and the ester carbonyl function of 

the MMA fragments. Notably, there is a clear absence of a broad O-H absorption 

band around 3400 cm-1. The increased intensity of the C-H sp3 stretching in the 

range of 2990-3010 cm-1 due to the large number of methyl groups present in the 

copolymer. Overall, the results of the IR spectroscopic analysis confirm the  
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successful synthesis of hydrazone-pyrazolone functionalized methacrylic ester 

polymers. 

 

Table 1: Results of radical polymerization of 10 % methacrylic monomers in DMF at 80 °С. 

Polymer (n/m) 
a (n/mobs) b Mn

c 

[g/mol] 

Đ c Tg 
 d 

[°C] 

Tm 
d 

[°C] 

I-108a 1:3 1:3 47 800 1.7 120 260 

I-108b 1:3 1:4 97 100 1.5 146 261 

I-108c 1:3 1:4 96 900 1.4 124 263 

I-108d 1:3 1:4 100 600 1.6 126 252 

I-108e 1:3 1:3 97 100 1.2 131 249 

I-109a - - 83 200 1.3 142 262 

a Molar ratio of monomers units in polymer ; b n/m stoichiometry in the copolymer as determined from 

1H-NMR integration; c Measured by GPC with linear poly(methyl methacrylate) standards (Mn 

800–2 200 000 g/mol); d Measured by DSC. 

 

Table 2: The melting endotherm of I-106a-e and I-108a-e. 

I-106 Tm 
a[°C] I-108 Tm 

a[°C] 

a 208 a 260 

b 209 b 261 

c 212 c 263 

d 210 d 252 

e 204 e 249 

a Measured by DSC. 

 

The polymer I-108a (powder) was placed on a windowsill in a glass vial and exposed 

to sunlight for a period of 31 days. UV-vis spectra of the polymer I-108a were 

measured before and after this exposure. Initially, without irradiation, an absorption 

maximum at 400 nm was observed (Figure 3 (red)). Subsequently, after 31 days of 

sunlight exposure, a sample of I-108a was measured using UV-vis, and no changes 

were detected (Figure 3 (black)). The absorption maximum remained at 400 nm, 

and there were no new absorption peaks observed. The concentration of both 

solutions was 1×10-5 M. These findings indicate that the polymer exhibits light 
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stability, as it did not undergo significant changes or degradation under prolonged 

sunlight exposure. 

 

Figure 3: Changes in the UV-Vis spectra during sun irradiation I-108a (red) in THF (1×10-5 M) without 
irradiation and I-108a in THF (1×10-5 M) after 31 days under sunlight irradiation (blacks). 

 

The results of the study demonstrate that the newly synthesized polymeric dyes 

possess favourable stability properties, including resistance to air, light, and heat. 

These characteristics are highly desirable for dye materials, as they allow for their 

reliable use in various applications, from textiles to electronics. 

I.4.2 The linear optical studying of polymeric thin films 

During the internship at Nicolaus Copernicus University in Poland, a physical study 

of new polymer materials was conducted under the supervision of Professor Dr. B. 

Derkowska-Zelinska. 

Subsequent optical studies were conducted on thin films of the aforementioned 

polymers. Specifically, polymer films I-108a to I-108e were deposited onto a 

substrate via spin-coating at a speed of 800 rpm for 60 seconds using a 10 wt.% 

solution of 1,1,2-trichloroethane that had been filtered through a 0.4 μm pore size 

nylon syringe filter. The resulting thin films were then immediately subjected to 

vacuum drying at 35 °C for 5 hours to ensure complete removal of any residual 

solvent (Figure 4). 
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Figure 4: a) Schematic diagram of thin film formation in spin-coating method [93]; b) Polymer thin films 
I-108a-e. 

 

The surface morphology of the thin films was studied using atomic force microscopy 

(AFM). Figure 5 presents the surface topography of I-108a-e. The root-mean-square 

(RMS) surface roughness was determined for each layer: 0.195 nm (I-108a), 0.223 

nm (I-108b), 0.207 nm (I-108c), 0.174 nm (I-108d), and 1.36 nm (I-108e).  

 

 

Figure 5: AFM images of the polymeric thin-films I-108a-e. 

 

Figure 6 shows the recorded transmission of the prepared thin films of polymeric 

dyes with hydrazono-pyrazolones fragment. All hydrazone-pyrazolone copolymers 

have been found to have maximum values of absorption coefficient between 388 

nm and 395 nm, indicating π-π* electronic transitions between the aromatic ring. 

However, the maximum of absorption coefficient can be observed for studied 

compound with donor substituents (i.e. I-108e(CH3) and I-108d(OCH3)) is 

redshifted.  
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Figure 6: Transmission of the studied polymeric dyes with hydrazono-pyrazolones fragment. Inset: 
Absorption coefficient of the thin films of the methacrylic polymeric dyes incorporating hydrazono-
pyrazolones moiety as a function of wavelength.  

 

In addition, one can see that the full width at half maximum (FWHM) of absorption 

coefficient of studied compound with donor substituents (i.e. I-108e(CH3) and I-

108d(OCH3)) is narrower than for materials with acceptor substituents (I-108b(CN) 

and I-108c(Br)) or neutral compound (I-108a(H)). The widest value of FWHM is 

observed for the methacrylic polymeric dyes incorporating hydrazono-pyrazolones 

moiety with cyano group, which has the highest value of Hammett constant for all 

studied compounds. In conclusion, the FWHM decreases as the Hammett constant 

decreases (i.e. σCN > σBr > σH > σCH3 > σOCH3). 

The experimental ellipsometric azimuths ( and ) and the adjustments of the 

obtained data from the optical model for the methacrylic polymeric dyes 

incorporating hydrazono-pyrazolones moiety with cyano group (I-108b(CN)) thin film 

are shown in Figure 7. The fit of the model is well suited to the experimental results. 

Based on these data, the absorption coefficients (α) and the refractive indices (n) of 

the studied compounds were determined. 
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Figure 7: Experimental  and  azimuths for three angles of incidence (65, 70 and 75) for I-
108b(CN) thin film. 

 

Figure 8 presents the absorption coefficient (a) of the studied polymeric dyes with 

hydrazono-pyrazolones fragment extracted from SE measurements. The shape of 

the spectra was parameterized using Gaussian oscillators. We noticed that the 

maximum absorption coefficient peaks are in the range of 389 nm to 395 nm, such 

as for the absorption coefficient obtained from the transmission measurements, and 

agree with those reported for the hydrazone compounds and the pyrazolone-based 

heterocyclic dyes [94] [95]. The absorption peaks can be ascribed to the C=N double 

bond n-π* transition and the π-π* electronic transitions between the aromatic rings. 

One can also see that the values of absorption coefficient of studied compound with 

donor substituents (i.e. I-108e(CH3) and I-108d(OCH3)) are lower than for materials 

with acceptor substituents (I-108b(CN) and I-108c(Br)) or neutral compound (I-

108a(H)). It was also found that in the case of the methacrylic polymeric dyes 

incorporating hydrazono-pyrazolones moiety with donor substituents (i.e. I-

108e(CH3) and I-108d(OCH3)), the additional shoulder at 352 nm for I-108e(CH3) 

and 356 nm for I-108d(OCH3) is observed.  
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Figure 8: Absorption coefficient of the thin films of the methacrylic polymeric dyes incorporating 
hydrazono-pyrazolones moiety as a function of wavelength.  

 

Figure 9 shows the refractive indices (n) of the methacrylic polymeric dyes 

incorporating hydrazono-pyrazolones moiety thin layers. One can see that the 

normal dispersion is visible in the region above 450 nm. We found that the values 

of refractive indices for the methacrylic polymeric dyes incorporating hydrazono-

pyrazolones moiety with acceptor substituents (I-108b(CN) and I-108c(Br)) and 

neutral compound (I-108a(H)) are close to each other and they are higher than for 

the compounds with donor substituents (i.e. I-108e(CH3) and I-108d(OCH3)). 
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Figure 9: Refractive index of the studied polymeric dyes with hydrazono-pyrazolones fragment. 

 

I.4.3 pH-switching and anion detections studies   

According to the literature [29], hydrazone monomers can exist in different tautomeric 

forms. This has been extensively researched in recent years [31] [96].  Similarly, the 

novel polymers also exhibit these properties. The hydrazone-azo tautomerism in I-

108a was discovered and confirmed through Brønsted-Lowry acid-base reactions. 

The changes in tautomeric forms were monitored using UV-Vis and 1H-NMR. 

In DMSO, the hydrazone-pyrazolone methacrylic polymers exhibit a single 

absorption maximum at 400 nm. This suggests that the polymers predominantly 

exist in a single tautomeric form at pH=11. When the pH value was increased to 16 

by adding 0.01 M CsOH·H2O solution to I-108a in DMSO, a large bathochromic shift 

occurred, resulting in a color change of the solution from light yellow (1) to dark 

yellow (2), as shown in Figure 10c. To confirm that the effect was due to pH value 

rather than Cs cation influence, the I-108a was titrated with CsCl solution, and no 

changes in the spectrum were observed. 



33 

 

Figure 10: Changes in the UV-Vis spectra and pH value of I-108a (1×10-5 M) a) during titration by 
CsOH in DMSO; b) after adding HCl in DMSO; c) color changes of I-108a in DMSO before (1) pH=11 
and after (2) pH=16 adding CsOH, (3) after adding HCl solution in DMSO, pH=5 (reverse color 
change). 

 

Upon completion of the titration of I-108a with CsOH solution, two new absorption 

maxima at 352 nm and 425 nm, and two isosbestic points at 356 nm and 395 nm, 

were observed in the UV-Vis spectra (Figure 10a). When the pH value was 

decreased from 16 to 5 by adding HCl solution, the absorption peak at 425 nm was 

reversed back to the initial absorption maximum at 400 nm (Figure 10b). The change 

in absorption maximum also led to a change in the color intensity of the solution. As 

shown in the Figure 10c, an increase in pH from 11 to 16 resulted in an increased 

intensity of the solution from light yellow (1) to a more intense yellow (2), or a 

decrease in intensity (3) after changing the pH from 16 to 5. These results indicate 

that the polymer I-108a can switch tautomeric forms in solution depending on the 

pH value. Basic media promotes deprotonation of the polymer from hydrazone to 

azo form, while acid media promotes the reverse transformation from azo to 

hydrazone form (Scheme 32). 
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Scheme 32: The two tautomeric form of polymer I-108a (a) hydrazo at pH=11 and (b) azo in basic 
media (pH=16). 

 

The azo-hydrazone tautomerism discussed earlier was further confirmed through 

1H-NMR analysis of polymer I-108a in CDCl3. As seen in Figure 11 (1), a large and 

broad proton signal of N-H at 13.6 ppm indicated that the polymer is in the 

hydrazone form. However, after the addition of 0.01 M Et3N, the previous N-H signal 

at 13.6 ppm disappeared (Figure 11 (2)), confirming the probability of the azo form 

under alkaline conditions. This result is consistent with the changes observed in the 

UV-Vis spectra. 

 

  
Figure 11: 1H-NMR spectrum of I-108a (1) without and (2) with Et3N in CDCl3. 
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The polymers I-108a-e were also tested for chromogenic detection of anions by UV-

Vis titrations in DMSO solution. The investigated polymers could form a hydrogen 

bond to an inorganic anion as F-, H2PO4
- (as their tetrabutylammonium salts) in 

DMSO as well as to CrO4
-, WO4

- (sodium salts) (Table 3 and Table 4) and to an 

organic anion as tetrabutylammonium acetate, sodium ascorbate, adenosine 5'-

monophosphate disodium salt (AMP), sodium-L-glutamate-monohydrate, sodium 

edetate, thymidine 5'-monophosphate disodium salt, L-(+) tartaric acid, disodium 

salt (Figure 14).  

During the titration of I-108a receptor with an inorganic anion (F-, H2PO4
-, CrO4

-, 

WO4
-) in DMSO solution, the absorption spectrum exhibited a strong absorption 

band with a maxima at 400 nm. With the addition of F-, the band at 400 nm 

progressively decreased, while two new absorption peaks appeared at 341 nm and 

436 nm (Figure 12 and Table 3). Similar changes were observed for all investigated 

polymers, as well as a noticeable color change from light yellow to dark yellow, 

indicating the formation of a stable complex between the polymer receptor and the 

anion. The titration of receptor I-108a also exhibited two new isosbestic points at 

349 nm and 415 nm, as seen in Figure 12. This sensitivity ability is attributed to a 

tautomeric shift that biases the deprotonated form, similar to basic pH values. 

Analogous titrations were carried out with F-, H2PO4
- for I-108b-e (Table 4) and with 

CrO4
-, WO4

- (Table 3) only for I-108a. However, no changes in UV-Vis spectrum and 

color changes were observed when the polymer was titrated with Br-, I- ions (as their 

tetrabutylammonium salts) (Table 3).  

 

Table 3: Absorption maxima of the polymers I-108a in DMSO before and after titration by inorganic 

anions.  

 
 

lmax [nm] 

F- 

lmax [nm] 

H2PO4
- 

lmax [nm] 

CrO4
- 

lmax [nm] 

WO4
- 

lmax [nm] 

Br- 

lmax [nm] 

I- 

lmax [nm] 

108a 400 436 428 430 429 400 400 
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Figure 12: Changes in the UV-Vis spectra for the I-108a (1×10-5 M) in the absence and presence of 
fluoride anion in DMSO solution. 

 

Table 4: Absorption maxima of the polymers 108b-e in DMSO before and after titration by inorganic 

anions. 

 
 

lmax [nm] 

F- 

lmax [nm] 

H2PO4
- 

lmax [nm] 

108b 402 429 427 

108c 405 427 435 

108d 401 435 433 

108e 400 432 420 

 

The ability of receptor I-108a to recognize various organic anions such as 

tetrabutylammonium acetate, sodium ascorbate (Figure 13), sodium-L-glutamate-

monohydrate, sodium edetate (EDTA), thymidine 5'-monophosphate disodium salt, 

L-(+) tartaric acid, disodium salt, and adenosine monophosphate (AMP) was 

investigated in DMSO solution. Figure 14 show that the titration of receptor I-108a 

with sodium ascorbate and results for other anions in Figure 14 resulted in similar 

spectral changes to those observed upon addition of inorganic anions (F-, H2PO4
-, 

CrO4
-, WO4

-) to I-108a (Table 3 and Table 4). However, no changes were observed 
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after titration with 2-mercaptopyridine N-oxide and 1,2-dilauroyl-sn-glycero-3-

phosphate ions. Notably, the experimental results indicated that I-108a exhibited 

favorable selectivity and sensitivity towards AMP anions compared to adenosine 

diphosphate (ADP) and adenosine triphosphate (ATP) anions. 

 

 

Figure 13: Changes in the UV vis specter of the polymer I-108a in DMSO after titration by ascorbate 
anions. 
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Figure 14: Changes in the UV-Vis spectra of the I-108a (1×10-5 M) in the absence and presence of 
ascorbate anion in DMSO solution. 
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I.4.4 New hydrazono-pyrazolone methacrylic polymer  

Yoshihiko Inukai [97] reported the synthesis of hydrazono-pyrazolones with 

methacrylic units attached to the pyrazolone moiety via an amino group (Scheme 

33).  

 

 

Scheme 33: The hydrazono-pyrazolones homopolymer I-121 synthesized by Yoshihiko Inukai. 

 

This inspired us to investigate the possibility of synthesizing polymeric derivatives 

of hydrazono-pyrazolones with methacrylic units attached to the pyrazolone moiety 

via an ester group. The synthesis route described above was used in this study, and 

the results were compared with those reported by Yoshihiko Inukai. The main 

objective was to enhance the yield and polymer lengths for the methacrylic polymer 

attached to the pyrazolone moiety via an ester group, as compared to the results 

obtained by Yoshihiko Inukai. 

To synthesize the required hydrazono-pyrazolone monomer with a hydroxyl group, 

4-phenylhydrazine I-111 was needed. Unfortunately, this compound was not 

regularly available and was exceedingly expensive, costing 1,277 euros per gram. 

As a result, the synthesis of 4-phenylhydrazine was undertaken using various 

strategies that had been previously described in the literature [98][99]. However, 

successful results were not obtained. Eventually, the classical route of forming a 

hydrazine by first forming a diazonium salt from aniline under -10 °C, followed by 

reduction, was employed and proved to be effective.  

The synthesis route employed in this study involved the classic method of 

generating the diazonium salt by adding a sodium nitrite solution to an acidic water  
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solution of aniline I-110 at -10 °C under an argon atmosphere. Reduction was 

facilitated by tin(II) chloride dihydrate, which was dissolved in 6M HCl. The freshly 

prepared diazonium salt was then slowly added to the solution of SnCl2, and the 

reaction mixture was stirred at -10 °C under an argon atmosphere (Scheme 34). It 

is crucial to control the temperature and maintain an argon atmosphere throughout 

all steps, there are risk that product can be not formed. 

The resulting precipitate was filtered, washed with a small amount of water (since 

this hydrazine is water-soluble), and dried under high vacuum. Freshly prepared 

hydrazine I-111 was utilized for the subsequent step since it is highly sensitive to 

air. It is recommended to store the compound under argon at -20 °C. 

 

 

Scheme 34: Synthesis of hydrazine I-111. 

 

To synthesize hydrazone derivatives, I-114, the Japp-Klingemann transformation 

was carried out in a two-step process, following the strategy outlined in Scheme 30. 

The resulting hydrazones were then cyclized with hydrazine I-111 under reflux in 

EtOH/H2O with NaOAc under an argon atmosphere, new hydrazono-pyrazolone 

derivatives I-115a-d are form as red solid form with 46%-71% of yields (Scheme 

35). 

Subsequently, I-115a-d was utilized to synthesize the monomers. Methacrylic acid 

was employed in the presence of 1-ethyl-3-(dimethylaminopropyl)carbodiimide 

(EDC) under an argon atmosphere for 48 hours, resulting in the formation of product 

I-116a-d as an orange solid with 40%-61% yields (Scheme 35). Overall, this 

approach offers an efficient and reproducible route for the synthesis of these 

compounds. 
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Scheme 35: Synthesis of hydrazone-pyrazolone derivatives a) HCl con, 0°C, NaNO2, H2O, 1h; b) I-
113, EtOH, 0°C, 10% NaOH, rt, 3h; c) I-111, EtOH/H2O, NaOAc, reflux; d) methacrylic acid, DCM, 
Et3N, EDC, rt, 48h. 

 

A comparison of our strategy with that of Yoshihiko Inukai (Scheme 37) reveals a 

significant difference. Inukai employed amino pyrazolone I-117, which is not 

commercially available and difficult to synthesize. Additionally, they did not describe 

the synthesis of this pyrazolone. In contrast, our approach utilizes commercially 

available components or components with a reproducible synthesis (as show on 

Scheme 30 and Scheme 35). 

Inukai employed a method to synthesize methacrylate monomer I-119 using 

methacryloyl chloride I-118 and pyridine in acetonitrile (Scheme 36). However, this 

approach involves the use of HCl 37%, which can potentially remove the methacrylic 

group from the amino group, leading to a reduced yield. 

The condensation of hydrazono-pyrazolone with methacrylic acid (Scheme 35) was 

found to be a more effective approach compared to Inukai's method, as it avoided 

the potential deprotection of the methacrylic moiety that can occur in the presence 

of HCl. 

Inukai proposed to synthesize the polymers I-121 using free radical 

homopolymerization (Scheme 36). However, the resulting polymers were in the 

oligomeric range, with molecular weights ranging from Mn 3 200 – 5 100 g/mol [97]. 

Although this approach formed polymers, the resulting oligomers had relatively low 

molecular weight and did not find any practical applications. 
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Scheme 36:  Synthesis of hydrazone-pyrazolone polymer I-121. 

 

Free radical polymerization was utilized for the synthesis of the polymers, similar to 

Inukai's approach. However, the resulting polymers had higher molecular weights 

and yields (Table 5), ranging from 87-99% as orange solids. This significant 

improvement in both yield and molecular weight indicates a promising route for the 

practical application of these polymers (Scheme 37). 

 

 

Scheme 37: Synthesis of hydrazone-pyrazolone functionalized methacrylic ester polymers. 

 

The synthesized polymers underwent characterization using various techniques, 

including 1H NMR, GPC, UV-vis, and IR spectroscopy. The resulting data showed 

that the molecular weight of polymer I-122a-d ranged from 35 000-120 000 g/mol, 

with a Đ range of 1.2-1.7 (Table 5). The homopolymer I-123a had a molecular weight 

of 41 000 g/mol and a Đ of 1.7. These values are significantly higher compared to 

the homopolymer I-121 synthesized by Inukai, which had a molecular weight of only 
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5 100 g/mol and a Đ of 1.2 (Scheme 36 and Table 5). In conclusion, these results 

indicate that our approach provides a promising pathway for synthesizing high 

molecular weight polymers. 

Table 5: Results of radical polymerization of 10 % methacrylic monomers in DMF at 80°С. 

Polymer (n/m)0 
a (n/m)obs

 b Mn
c 

[g/mol] 

Đ c Tg 
 d 

[°C] 

Tm 
d 

[°C] 

Yield (%) 

 

I-122a 1:3 1:2 94 000 1.4 151 244 95 

I-122b 1:3 1:4 100 000 1.3 142 268 98 

I-122c 1:3 1:4 35 000 1.7 133 253 98 

\I-122d 1:3 1:3 120 000 1.2 154 238 98 

I-123a - - 41 000 1.7 80 251 86 

I-121 - - 5 100 1.2 - - 59 

a Molar ratio of monomers; b n/m stoichiometry in the copolymer as determined from 1H-NMR 

integration; c Measured by GPC with linear poly(methyl methacrylate) standards (Mn 800–

2 200 000 g/mol); d Measured by DSC. 

 

In previous studies, hydrazono-pyrazolone polymers I-108a were investigated for 

their potential to exhibit anion sensing properties and pH-activated switching. The 

same investigation for new polymer I-122a was performed. The UV-Vis spectra of 

polymer I-122a displayed a single absorption maximum at 400 nm in DMSO at a pH 

of 8.5. Gradual addition of CsOH·H2O to the solution resulted in an increase in pH 

to 14 and a color change from light yellow to dark yellow. This led to a significant 

bathochromic shift from 400 to 430 nm, as shown in Figure 15a. Additionally, two 

new isosbestic points at 355 nm and 397 nm were observed in the UV-Vis spectra 

(Figure 15a). Upon subsequent addition of HCl solution to decrease the pH value 

from 14 to 3.2, the absorption peak at 430 nm was reversed to the initial absorption 

maximum at 400 nm (Figure 15a). These results indicate that polymer I-122a can 

switch tautomeric forms in solution depending on the pH value, similar to previous 

experiments with hydrazone-pyrazolone methacrylic polymers. 

Additionally, the anion sensing properties of polymer I-122a were investigated, and 

it was found that the polymer could detect anions. Specifically, when the polymer 

was titrated with a solution of tetrabutylammoniumfluoride (F-), a bathochromic shift 

from the maximum at 400 nm to 435 nm was observed, along with two new 

isosbestic points at 350 nm and 402 nm and two new absorption peaks at 345 nm 
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and 435 nm (Figure 16). The color of the solution also changed from light yellow to 

dark yellow. Therefore, I-122a can detect F- anion, similar to the properties observed 

in previous polymers I-108a-e. 

 

Figure 15: Changes in the UV-Vis spectra and pH value of I-122a (1×10-5 M) a) during titration by 
CsOH in DMSO; b) after adding HCl in DMSO. 

 

 

Figure 16: Changes in the UV-Vis spectra for the I-122a (1×10-5 M) in the absence and presence of 
fluoride anion in DMSO solution. 

 

I.5 Conclusion  

In summary, eleven new polymers containing a hydrazone-pyrazolone moiety were 

successfully synthesized and characterized with high molecular weight and yield. 

Thin films of these polymeric dyes were prepared, and their surface morphology 

was studied using AFM. The RMS roughness of the thin films ranged from 0.174 to 

0.223 nm (108a-108d) and 1.36 nm (108e). Linear optical studies were conducted, 

including transmission and maximum absorption coefficient (a), which were in the 

range of 388-395 nm. Refractive index (n) of all samples in the thin films was studied 
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in the region of 450 nm, confirming the chromogenic nature of these materials. The 

polymers can exist in two tautomeric forms depending on the pH of the medium, 

indicating potential applications as acid-base indicators or anion detectors. Various 

inorganic and organic anions, including F-, H2PO4
-, CrO4

-, WO4
-, 

tetrabutylammonium acetate, sodium ascorbate, sodium-L-glutamate-monohydrate, 

sodium edetate, thymidine 5'-monophosphate disodium salt, L-(+) tartaric acid 

disodium salt, and adenosine monophosphate (AMP) were detected with favorable 

selectivity for AMP compared to ADP and ATP anions. Overall, these polymeric 

dyes are cost-effective and have potential for widespread applications in materials 

science as detectors of anions and pH-switchers with high thermal, air, and light 

stability. 
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I.6 Rubazonic acid as a promising material  

 

Rubazonic acid I-124 is a symmetrical molecule with strong dyeing properties that 

were first reported by Ludwig Knorr in the 1880s (Scheme 38) [100]. Despite this early 

discovery, the molecule did not receive much research interest during the 20th 

century, leaving only a few known synthesis methods and applications for rubazonic 

acid. This lack of attention presents a challenge for new discoveries in the field of 

materials science and engineering. The rubazonic acid has great potential as a 

promising organic dye. Another promising approach is to integrate rubazonic acid 

into the polymer chain, providing a new potential aspect for their application. 

 

 

Scheme 38: The structure of rubazonic acid. 

 

It is known that rubazonic acid can exist in three tautomer forms in solution: imine 

(I-125), lactam (I-126) or enol (I-127) depending on the pH value of the solution (as 

shown in Scheme 39a). These changes can be observed through UV-vis 

measurements. My Linh Tong and co-workers [101], have conducted a UV-vis titration 

study of rubazonic acid at different pH values. As shown in Scheme 39b, changes 

in the pH value can shift the absorption maximum. Acidification of rubazonic acid 

leads to an absorption maximum around 450 nm, resulting in an orange-colored 

solution. At a pH of 5-6, the absorption maxima shift to 540 and 340 nm, and the 

color of the solution changes from orange to purple. Furthermore, they studied the 

effect of solvents on rubazonic acid intermolecular bonding. The dielectric constant 

and hydrogen bonding capacity of solvents can have the influence on the 

intramolecular hydrogen bond of rubazonic acid and, consequently, the color of the 

dye. As shown in Scheme 39c, nonpolar and protic solvents result in an absorption 

maximum at around 450 nm. Whereas in aprotic polar solvents, a solvatochromic 

effect is observed, resulting in an absorption maximum at around 550 nm. 
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Scheme 39: a) three possible tautomer forms of rubazonic acid, b) UV/vis absorption spectra of 

rubazonic acid under different pH value, c) UV/vis absorption spectra of rubazonic acid in different 

solvent [101].  

 

Ludwig Knorr synthesized rubazonic acid while studying pyrazolone derivatives and 

reported three methods for its synthesis. The first method involves reducing 

nitrosopyrazolone I-128 with zinc and acetic acid to aminophenylmethylpyrazolone, 

and then oxidizing it with iron chloride to form rubazonic acid I-129 (as shown in 

Scheme 40a). Additionally, Knorr described another method that involves reacting 

nitrosopyrazolone I-128 with sodium methoxide and methyl iodide to synthesize 

rubazonic acid I-129 (as shown in Scheme 40b). Rubazonic acid I-129 can also be 

synthesized by refluxing pyrazole blue I-130 in an aqueous solution of ammonia (as 

shown in Scheme 40c). Hänsel later modified Knorr's synthesis, replacing iron (III) 

chloride with hydrogen peroxide as the oxidizing agent [102]. 
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Scheme 40: The rubazonic acid synthesis.  

 

Modern methods for synthesizing rubazonic acid using pyrazolones, with the 

synthesis methods for pyrazolone being described in the first chapter. 

Cerchiaro's group proposed a synthesis method for rubazonic acid I-132 from 3-

methyl-1-phenyl-1H-pyrazole-5(4H)-one I-131 using methanesulfonyl azide and 

potassium carbonate in methanol (as shown in Scheme 41). The presence of 

methanol is crucial for synthesizing rubazonic acid derivatives, as chloroform can 

result in the formation of diazopyrazolone [103]. 

 

 

Scheme 41: The synthesis of rubazonic acid from 3-methyl-1-phenyl-1H-pyrazole-5 (4H)-one. 
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Erkin and Krutikov synthesized rubazonic acid derivatives by reacting 5-hydroxy-3-

methyl-1-(6-methyl-2-methylsulfanylpyrimidin-4-yl)pyrazole I-133 with an aqueous 

solution of sodium nitrite at 25 °C in diluted acetic acid. They obtained poorly soluble 

rubazonic acid II-134 with a yield of 18%, as shown in Scheme 42 [104].  

 

 

Scheme 42: The synthesis of rubazonic acid derivatives from 5-hydroxy-3-methyl-1-(6-methyl-2-
methylsulfanylpyrimidin-4-yl)pyrazole.  

 

Recent studies on the synthesis of rubazonic acid derivatives have been conducted 

by My Linh Tong and co-workers [101]. They proposed a method for preparing 

rubazonic acid by reacting pyrazolone I-135 with iodine (2.2 equiv) and sodium 

azide (6 equiv) in DMSO at room temperature for 1 hour, followed by the addition of 

a saturated aqueous solution of sodium thiosulfate to form products with yields of 

19-88%, as shown in Scheme 43. 

 

 

Scheme 43:  The synthesis of rubazonic acid derivatives described My Linh Tong. [101] 

 

I.6.1. Applications of rubazonic acid   

Rubazonic acid and its derivatives have several different applications. It can be 

useful as an analytical agent for ammonia determination; this method was first 

described by Kala [105]. Ballot and co-workers later introduced this method for the  
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determination of blood ammonia. The great advantage of the proposed method is 

its high sensitivity and long-term color stability after the determination of ammonia 

[106].  Additionally, S. E. Sheppard and Wright proposed the use of rubazonic acid in 

color photography applications [107].  

I.6.2 Polymers from alkynes  

Conjugated polymers (CPs) from alkenes can be synthesized in various ways (as 

shown on  

Scheme 44). For instance, polymers with repeating units linked by triple bonds can 

be synthesized through Glaser-Hay and Sonogashira polycoupling. Double-bonded 

CPs are synthesized through decarbonylative polyaddition, hydrothiolation, 

hydrosilylation, and polyaromatics generated by polycyclization. Heterocycles, such 

as polytriazoles from click polymerization and polythiophenes from tandem 

polymerization, are also possible [108].  

 

 

Scheme 44: Synthetic routes to conjugated polymers based on alkynes. 

 

The Sonogashira cross-coupling reaction is a widely used sp2-sp carbon-carbon 

bond formation reaction in organic synthesis, involving the coupling of aryl or vinyl 
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halides with terminal acetylenes catalyzed by palladium and other transition metals 

[109]. The reaction was first described in 1975 by Sonogashira, Tohda, and Hagihara 

[110][111]. The reaction conditions are typically mild and conducted at room 

temperature, and can tolerate various functional groups, such as esters, 

polypeptides, and even sugars. To carry out the reaction, a palladium source, such 

as PdCl2(PPh3)2 or Pd(PPh3)4, is used as a catalyst, in combination with a co-

catalytic amount of CuI and a stoichiometric base to deprotonate the terminal 

alkyne. Amine bases, such as triethylamine, diisopropylamine, or piperidine, are 

commonly used, and sometimes serve as the solvent (as shown in Scheme 45) [112]. 

Among the organic solvents, THF is the best solvent for the Sonogashira reaction, 

as it enhances catalytic activity and reduces sensitivity to oxygen and water. The 

Sonogashira reaction is also used for the synthesis of polymers [113]. Sonogashira 

polycoupling is highly efficient in terms of technical simplicity and tolerance to 

numerous functional groups. However, there are three disadvantages to using this 

reaction for polymer synthesis: diyne defects cannot be prevented, polymer end 

groups are poorly defined, and obtaining polymers with high molecular weights is 

challenging. 

 

 

Scheme 45: Sonogashira polycondensation reaction. 

 

Polymerization under Sonogashira conditions has a serious disadvantage: it is 

competitive oxidative homocoupling, which can occur either from copper-catalyzed 
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oxidation (Glaser-Hay coupling) or reduction of Pd(II) to Pd(0) by two ethynyls. The 

problem is that these parallel products end up in the chain. Thus, one must strive 

for a unique reaction leading to hetero conjugation to obtain well-defined conjugated 

polymers [114]. However, in some cases, this disadvantage can become an 

advantage, as will see in the results and discussions of this work. 

The first acetylenic coupling was reported by Carl Glaser in 1869 while working at 

the University of Bonn. He observed that copper(I) phenyl acetylide exposed to air 

underwent smooth oxidative dimerization to diphenyl diacetylene [115][116]. Scheme 

46 shows important dates and reactions for the Glaser couplings, who made a great 

contribution to the development in this direction.  

 

 

Scheme 46: The timeline for important Glaser reaction. 

 

In 1882, Baeyer demonstrated the synthetic utility of oxidative acetylenic coupling 

in his synthesis of indigo, using potassium ferricyanide as the oxidizing agent and 

showing that dioxygen itself is not necessary for the coupling process [117]. Eglinton 
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and Galbraith introduced the copper(II) salt oxidation in methanolic pyridine in 1956 

as a further evolution of oxidative acetylenic coupling [118]. They found that 

stoichiometric or excess Cu(OAc)2 in methanolic pyridine could accelerate the 

dimerization of alkynes. In 1962 Hay [119] reported another important modification. 

He performed oxidative acetylenic couplings with O2 in the presence of catalytic 

amounts of the bidentate ligand N,N,N',N'-tetramethylethylenediamine (TMEDA)  

and  copper(I) chloride. Better solubility of the reactive species is one major 

advantage provided by this reaction.  

The discovery of palladium-catalyzed coupling reactions more has initiated 

explosive growth in the field of organometallic chemistry. Which, of course, did not 

escape the Glaser coupling. An early observation of palladium-catalyzed coupling 

reactions was reported in 1975 by K. Sonogashira et al.[120] who described the 

formation of symmetric diynes via dialkynyl palladium intermediates during 

couplings between terminal alkynes and aryl or vinyl halides. In a few years, Rossi 

et al. [121] optimized this process as a homocoupling method for terminal acetylenes. 

They obtained diaryl- and dialkylbuta-1,3-diynes in moderate to good yields using 

chloroacetone as the oxidant and a mixture of Pd(PPh3)4 and CuI as the catalyst 

together with triethylamine. Additionally, Kim and co-workers [122] reported a 92% 

yield in the oxidative dimerization of an alkynylpyrrole I-144 (Scheme 47). 

 

 

Scheme 47: The oxidative dimerization of an alkynylpyrrole. 

 

The oxidative dimerization of alkynylpyrroles could offer an interesting alternative to 

the classical Glaser coupling, providing the possibility of controlling reaction 

conditions and potentially improving selectivity and yield. 

Kundu et al.[123] reported the use of a mixture of PdCl2(PPh3)2 and CuI as the catalyst 

in the presence of diisopropylamine, while either 4-iodo-2-nitro-resorcinol or 

dimethyl sulfoxide served as the oxidant, and found that the reaction proceeded in 

the absence of CuI, but the absence of the palladium catalyst almost completely 

suppressed the coupling process. 
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Kijima and co-workers proposed the use of Pd(PPh3)4, CuI, THF, Et3N, and I2 as the 

oxidant for the polycondensation of acetylene. In the same year, Burton and Liu 

reported the synthesis of diynes I-146 using two different conditions, one involved 

Pd(PPh3)2Cl2, CuI, and i-Pr2NH, and the other with the addition of I2 to the reaction 

mixture (Scheme 48). The introduction of I2 improved the yield from 27% till 88%, 

and the proposed mechanism for the reaction was also discussed [124]. 

 

 

Scheme 48: The synthesis of diynes by Burton and Liu conditions.  

 

They rationalized that the diynes were synthesized via reductive-elimination from 

bis(triphenylphosphine) dialkynylpalladium, which was derived from 1-alkyne and 

Pd(PPh3)2Cl2 in the presence of CuI and amine. This reductive-elimination also 

generates the active palladium(0) species, Pd(PPh3)2. They used I2 to regenerate 

the Pd(II) catalyst from the Pd(0) formed in the catalytic cycle. The recurrent 

formation of bis(triphenylphosphine) dialkynylpalladium and subsequent reductive-

elimination eventually converts all the 1-alkyne to the corresponding diyne (Scheme 

49) [124]. 

 

 

Scheme 49: Mechanism of diynes formation [124]. 
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In addition to I2 as an oxidative additive, it is possible to use p-benzoquinoline. 

Williams and Swager described homocoupling and copolymer formation by using 

Pd(PPh3)4, CuI, i-Pr2NH, benzoquinoline, and toluene (Scheme 50). They 

synthesized two homopolymers I-148 and a copolymer with Mn ranging from 3 800 

till 154 000 g/mol and Đ ranging from 1.9 to 5.2 [125]. 

 

 

Scheme 50: Synthesis of homopolymers. 

 

This study highlights the potential of using different oxidative additives to improve 

the yield and selectivity of the acetylenic coupling reaction. Overall, the development 

of various catalytic systems and oxidative additives has greatly expanded the scope 

of the Glaser coupling reaction, allowing for the synthesis of a wide range of 

conjugated polymers with different properties for various applications. 

Monomers based on alkynes have the ability to form polymers with both triple and 

double bonds (C=C) along the chains. Conductive polymers (CPs) containing 

double bonds exhibit better conjugation and higher rigidity than those with triple 

bonds due to the significant delocalization of π-orbitals and steric hindrance caused 

by vinyl substituents. The polyaddition of triple bonds to nucleophiles are an 

effective approach to obtain functional vinylene polymers, which is generally atom-

economical and tolerant of functional groups [126]. 

Facile methods such as decarbonylative polyconjugation, polyhydrothiolation, and 

others can be used to construct conjugated chain with heteroatoms (Scheme 44). 

Linear poly(arylene chlorovinylene) can be synthesized through the rhodium-

catalyzed decarbonylative polyaddition of aromatic diynes, with the catalyst playing 

a crucial role in determining the structure of the resulting polymer. This method 

exhibits excellent regio- and stereoselectivity, leading to high molecular weight and 

thermal stability of the resulting polymers [127]. 
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Thiol-yne click polymerization is a valuable tool for constructing regio- and 

stereoselective sulfur-enriched polymers, and has gained significant attention in 

recent years. Poly(vinylene sulfides) (PVS) can be synthesized in a facile and atom-

economical manner by starting with aromatic dienes and dithiols under mild 

conditions. The construction of PVSs involves dienes and 4,4`-thiodibenzenethiol in 

the presence of a catalytic amount of Rh(PPh3)Cl at room temperature [128] [129]. In 

addition to using transition metals as catalysts, the thiol-yne click reaction can also 

be induced by heat, UV irradiation, and organic substances. Moreover, thiol-ene 

polymerization without a catalyst is also possible. PVS can be obtained in high yield 

(78-97%) under mild reaction conditions in tetrahydrofuran at 30 °C for 2 hours [130]. 

 

I.7 Results and discussion 

 

Rubazonic acid is an attractive compound with significant interest for its potential 

applications in materials. Nevertheless, further in-depth research is essential to fully 

explore its range of capabilities. In this work, a series of new derivatives and 

polymers based on rubazonic acid were synthesized to further explore for their 

potential applications. The cross-coupling, polycondensation, click reaction, and 

nucleophilic substitution methods were used to promote this material in future 

applications. 

The primary focus was on the synthesis of new conjugated polymers that could 

result in novel, processable polymeric materials with unique electrical, 

electrochemical, and optical properties. Different coupling methods, including 

Suzuki, Stille, Yamamoto, Sonagashira, and Glaser, were employed, along with 

decarbonylative polyconjugation, polyhydrothiolation, and nucleophilic substitution, 

for the polymerization of rubazonic acid copolymers. Initially, the study focused on 

developing a new polymer based on polyfluorene linked with rubazonic acid. The 

retrosynthetic scheme for synthesizing polyfluorene derivatives was presented in 

Scheme 51. Synthesizing the rubazonic acid monomer I-150 required obtaining the 

pyrazolone I-157 from the ketoester I-152 and hydrazine I-153. In addition to the 

rubazonic acid monomer for cross-coupling, fluorene monomers I-154 were also 

used. 



57 

 

 

Scheme 51: Retrosynthetic scheme of polyfluorene derivatives synthesis.  

 

The study of rubazonic acids and their reactivity start from the synthesis of rubazonic 

acids and monomers based on them, followed by the polymerization of these 

monomers to form novel polymeric materials. This research has the potential to 

contribute significantly to the field of materials science and engineering, particularly 

in the development of new materials with unique properties and potential 

applications. 

I.7.1.1 Synthesis of new rubazonic acid derivatives 

Rubazonic acid has low solubility, that limit practical using. To solve this problem, 

β-ketoesters with long alkyl chains such as methyl 3-oxononanoate I-157 and ethyl 

3-oxoundecanoate I-160 were synthesizedThese compounds have been shown to 

increase the solubility of rubazonic acid. 

Methyl-3-oxononanoate was synthesized via a reaction between methyl 3-

oxobutanoate I-156 and 1-bromopentane, as shown on Scheme 52. Instead of using 

an LDA solution, the mixture of NaH and n-BuLi in THF were used. The sodium 

hydride acted as a base, removing a proton from the alpha position of the carbonyl 

compound to generate the enolate, which was stabilized by THF. The addition of 

butyllithium converted the enolate to a more nucleophilic lithium enolate. This 

intermediate then underwent nucleophilic attack on the electrophilic center of the 

alkyl halide, yielding the final product with a 40% of yield. 
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Scheme 52: Synthesis of ethyl-3-oxononanoate I-157. 

 

The ethyl-3-oxoundecanoate was synthesized via reaction with ethyl potassium 

malonate (I-158) with the corresponding acid chloride in the presence of magnesium 

chloride (MgCl2), triethylamine (Et3N), and acetonitrile (CH3CN) as the solvent (as 

shown in Scheme 53). This method give possibility to obtain product high purity. 

 

 

Scheme 53: Synthesis of ethyl-3-oxoundecanoate. 

 

Furthermore, one hydrazine compound was synthesized. The hydrazine compound 

with four fluorine substituents, I-162, was synthesized in the meta and ortho 

positions of the benzyl ring to enhance its solubility. The hydrazine was prepared by 

substituting the aromatic halides with nitrogen nucleophiles derived from 1,2,3,4,5-

pentafluorobenzene (I-161), as shown on Scheme 54. 

 

Scheme 54: Synthesis of 2,3,5,6-tetrafluorophenylhydrazine I-162. 

 

Pyrazolones I-165 were synthesized by two different methods, reflux and microwave 

synthesis. The keto form of pyrazolone was synthesized through the reflux method, 

as confirmed by NMR and IR analysis, while the enol form was obtained through 
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microwave synthesis. The cyclization of hydrazine I-164 with β-ketoesters I-163 was 

used to form pyrazolones, and a method involving the reaction of hydrazine with β-

ketoesters in an ethanol-water solution in the presence of NaOAc under reflux was 

proposed. During this study, nine different derivatives I-166 - I-171 were synthesized 

with yield in the range 33%-82%, as shown on Scheme 55. 

 

Scheme 55: The cyclization of hydrazine with β-ketoesters. 

 

The second method for synthesizing pyrazolone I-173 is a solvent-free microwave 

approach. Hydrazine I-111 and β-ketoesters I-172 were transferred into a flask with 

a magnetic stirrer for the microwave (MW) reaction under N2 due to the air instability 

of phenylhydrazine. The reaction is carried out at a temperature of 50 °C for 5 

minutes (Scheme 56). This method is easy to execute and cost-effective, but a 

drawback is the formation of pyrazolone in the enol form, as confirmed by NMR and 

IR analysis. While this method can be an excellent alternative for future synthesis. 

It was determined that the keto form of pyrazolone would be preferable over the enol 
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form, as it addresses solubility issues and minimizes the potential for competitive 

reactions. 

 

 

Scheme 56: The cyclization of hydrazine with β-ketoesters by MW activation.  

 

All pyrazolone derivatives were tested for the synthesis of rubazonic acid I-174. My 

Linh Tong and Stefan F. Kirsch reported [101] a convenient and effective method for 

synthesizing rubazonic acids, this condition was used to synthesis rubazonic acid in 

this work. For the reaction, portions of iodine (2.2 eq.) and sodium azide (6 eq.) were 

added to a solution of pyrazolone in DMSO and stirred at room temperature. After 

90 minutes, a saturated aqueous sodium thiosulfate solution was added to the 

mixture and stirred for an additional 60 minutes. The rubazonic acid derivatives were 

obtained as red solids with yield range 41%-62%, as shown in Scheme 57. As 

expected, rubazonic acids with extended alkyl chains showed better solubility 

compared to rubazonic acids with methyl or butyl groups. Furthermore, the presence 

of fluorine in the benzene ring considerably increased the solubility of rubazonic 

acid.  
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Scheme 57: The synthesis of rubazonic acid derivatives. 

 

Rubazonic acid can also be synthesized from hydrazone pyrazolone derivatives I-

106a-b, which were previously synthesized and can be found on page 23, Scheme 

32(c). The synthesis of rubazonic acids I-181a-b was carried out using a previously 

described procedure (Scheme 58). 

 

 

Scheme 58: The synthesis of rubazonic acid from hydrazone pyrazolone derivatives.  
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Rubazonic acid was successfully synthesized from hydrazone-pyrazolone 

derivatives with of 53% I-181a and 60% I-181b yields. The use of pyrazolone 

derivatives for the synthesis of rubazonic acid offers a new and simpler alternative 

strategy. 

The subsequent step involved modifying rubazonic acid to monomers that could be 

used for polymer synthesis. The initial goal was to reduce the nitrile group in 

rubazonic acid I-179b to an amine using LiAlH4 or by using hydrogen gas in the 

presence of Raney Ni in dry MeOH, but in both case reduction did not work. In 

addition, the Pinner reaction was attempted with the nitrile group I-179b. The Pinner 

reaction is a partial solvolysis of a nitrile that forms an iminoether. However, the 

desired product could not be obtained. 

The rubazonic acid I-180b was reacted with propargyl bromide I-182 in the presence 

of K2CO3 base and ethanol as the solvent. The compound I-183 was synthesized 

87% of yield under argon atmosphere, as shown on Scheme 59.  

 

 

Scheme 59: Synthesis of rubazonic acid monomer I-183. 

 

I.7.1.2 Optical and physical study of rubazonic acids 

It is well-known that rubazonic acid can exist in three tautomeric forms in solution: 

imine (I-125) lactam (I-126) or enol (I-127) (Scheme 39a, page 46), depending on 

the pH value of the solution [131]. During the investigation, the tautomeric properties 

of rubazonic acid were studied. 
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Figure 17: a) changes in the UV-Vis spectra and pH value of I-183 (1×10-5 M) in DMSO solution 
during adding CsOH·H2O (pH=9) and HCl solution (pH=2).  

b) color changes of I-183 (1×10-5 M) in DMSO solution pH=2 (1), pH=6 (2), pH=9 (3). 

 

The rubazonic acid monomer I-183 has two absorption maxima at 350 nm and 450 

nm and shoulder at 540 nm in DMSO, pH 6. The pH value of rubazonic acid 

monomer I-183 in DMSO was increased to 9 by adding a 0.01 M CsOH·H2O 

solution. This caused a significant shift in the absorption peak from 355 nm to 376 

nm, and a more intense peak at 450 nm was observed. The solution also underwent 

a color change from dark orange (2) to purple (3), as shown on Figure 17. After 

completing the titration, two isosbestic points were observed in the UV-Vis spectra 

at 366 nm and 496 nm (Figure 17a). On the other hand, decreasing the pH value 

from 9 to 2 by adding HCl solution reversed the absorption peak at 366 nm back to 

the initial absorption maximum at 376 nm and shifted the absorption maximum from 

533 nm to 496 nm (Figure 17a). Two isosbestic points were observed at 368 and 

494 nm, and the solution changed color from purple (3) to yellow (2), as shown 

Figure 17b. These results suggest that I-183 can switch tautomeric forms (Scheme 

39a) in solution depending on the pH value. 

Thin film technologies have advanced significantly over the last several decades, 

becoming one of the major components of electronic, medical, and energy-related 

industries [132]. Thin films can be used as freestanding structures for applications 

requiring enhanced surface interactions or coatings to achieve application-specific 

properties that are unattainable in the substrate material [133]. 
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In this study, the formulation and investigation of thin films containing rubazonic 

acids were conducted. The glass substrates were carefully cleaned with solvent and 

ultrasonication. The spin-coating technique was used to make thin films 

of polymethylmethacrylate (PMMA) and rubazonic acids with controlled thickness. 

The solution of 1,2-dichloroethane containing PMMA 100 g/l and rubazonic acids (I-

180b (OH), I-175b (F), I-179b (CN), I-177c (Br)) 10 % w to PMMA coated on glass 

slides. The principle of deposition is based on a homogeneous spreading out of the 

solution on the rotating substrate with an angular speed of 1000 rpm during 60 

s. Immediately after the deposition, the thin films were dried in vacuum at 35 °C for 

5 h to eliminate any remaining solvent. 

 

 

Figure 18: Two-dimensional (2D) and three-dimensional (3D) AFM images of thin films of dyes 
dispersed in PMMA containing various substituents, such as: a) I-180b (OH), b) I-175b (F), c) I-179b 
(CN), d) I-177c (Br). 

 

Figure 18 presents an AFM image of thin films of rubazonic acid dyes dispersed in 

PMMA (I-180b (OH), I-175b (F), I-179b (CN), I-177c (Br)). The root-mean-square (rms) 

roughness, which specify the surface quality of the prepared layers, are 0.774 nm, 

1.257 nm, 0.411 nm, 0.626 nm. Overall, the AFM measurements suggest that all 

four rubazonic acid dyes dispersed in PMMA thin films have good smoothness, and 

the microstructures appear uniform and continuous. The variations in rms 

roughness values may be attributed to the different physical-chemical properties of 

the derivatives. 



65 

The absorption spectra of thin films of dyes dispersed in PMMA containing various 

substituents, such as I-180b (OH), I-175b (F), I-179b (CN), and I-177c (Br), were 

measured using UV-vis spectroscopy. The guest-host systems with I-180b (OH) and 

I-179b (CN) exhibited significant absorption maxima at 380 and 457 nm, while the 

absorption maxima for I-177c (Br) were slightly shifted to 375 and 450 nm. The most 

significant difference was observed in the thin films containing rubazonic acid with 

I-175b (F), which exhibited two distinct absorption maxima at 306 and 470 nm 

(Figure 19a).  

Additionally, the UV-vis absorption spectra of rubazonic acids were measured in 

THF. The I-180b (OH) and I-177c (Br) exhibited the same absorption maxima at 378 

and 459 nm, respectively. The I-179b (CN) exhibited a small shift in absorption 

maxima to 360 and 478 nm. Notably, significant differences were observed in the 

solution containing rubazonic acid with I-175b (F), which exhibited two distinct 

absorption maxima at 335 and 478 nm (Figure 19b).  

The differences in absorption maxima observed in the thin films and solutions of 

compounds with different substituents can be attributed to the varying electronic and 

steric effects of the substituents on the molecular structure of the compounds.  

 

 

Figure 19: (a) UV-vis spectra of thin film of of rubazonic acid dyes (I-180b (OH), I-175b (F), I-179b 
(CN), I-177c (Br)) dispersed in PMMA; (b) UV-Vis spectra of I-180b (OH), I-175b (F), I-179b (CN), I-
177c (Br) (1×10-5 M) in THF. 
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I.7.2.1 The synthesis of new rubazonic acid polymers via cross-coupling and 

polycondensation reactions 

Polymers based on the rubazonic acid molecule were synthesized using a lengthy 

and thorough process that involved several couplings, nucleophilic substitution 

reactions, carbonylative polyaddition and hydrothiolation. 

The initial goal of this study was to develop a new polymer by coupling fluorene with 

rubazonic acid via C-C bonds. Fluorenes are an important class of electroactive and 

photoactive materials. They are known for their emission at wavelengths spanning 

the visible spectrum, high fluorescence efficiency, and good thermal stability. The 

9,9-Disubstituted poly(2,7-fluorene)s have been found to exhibit high 

photoluminescence and electroluminescence quantum efficiencies, as well as high 

electroluminescence brightness [134] [135]. 

The study of rubazonic acids reactivity start from the Suzuki coupling reaction 

(Scheme 60). The direction of research was chosen due to the reaction's theoretical 

simplicity, which gave us confidence in success. Several experiments were 

conducted to develop methods for coupling and polycondensation. Two different 

synthesis methods were used: one using a Schlenk flask and the other using 

microwave (MW) activation. 

Table 6: The conditions of Suzuki coupling/polycondensation of I-185/I-187 with I-184 carried out in 

Schlenk (THF/H2O) or microwave (dioxan//H2O) under argon atmosphere (according to Scheme 60).  

Method 

 

Fluorene 

[eq] 

Pyrazolone/ 

Rub. Acid 
R1=C6H13 

[eq] 

Pyrazolone/ 
Rub. acid 

R1=C8H17 

[eq] 

Pd° 

[eq] 

K2CO3 

[eq] 

H2O 

[ml] 

Solvent 

[ml] 

Time 

[h] 

T 

[°C] 

Schlenk 2.5   1  0.15 4 1.5 13.5 48 75 

Schlenk 2.5   1  0.2 4 1.5 13.5 48 75 

Schlenk 2.5   1  0.25 4 1.5 13.5 48 75 

MW 0.5  1  0.1 2.5 0.5 4.5 2 110 

MW 0.5  1  0.1 2.5 0.5 4.5 3 110 

MW 0.5  1 0.2 2.5 0.5 4.5 2 110 
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The coupling and polycondensation were studied in parallel. For the reactions in 

Schlenk flasks, it was used commercially available 9,9-dioctylfluorene-2,7-diboronic 

acid bis(pinacol) ester (I-184) and bromo pyrazolones I-185 or rubazonic acid I-187 

with different alkyl chains, along with Pd(PPh3)4 and K2CO3 as the catalytic system, 

and a mixture of THF and H2O as the solvent (see Table 1). The reactions were 

conducted under an argon atmosphere at 75 °C for 48 hours. Unfortunately, no 

product formation was observed under different catalyst conditions during the 

Schlenk flask synthesis. However, it was known that the microwave method of 

synthesis could be an effective alternative, as it requires a smaller quantity of 

material and is faster. For this approach, the same catalysts were used, but the 

solvent mixture was changed to dioxane and H2O. The reaction conditions were also 

modified (Two different synthesis methods were used: one using a Schlenk flask 

and the other using microwave (MW) activation. 

Table 6). In the last attempt, no product formation was observed. It should be noted 

that Pd(PPh3)4 was commercially available and purified with cold methanol before 

use. The catalyst had a light-yellow color. Furthermore, the mixture of reactants in 

the solvent mixture was degassed with argon before adding the catalyst. Therefore, 

the bad quality of the catalyst can be excluded as a possible hindrance of the 

reactions. 
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Scheme 60: The Suzuki coupling reaction. 

 

In addition to the Suzuki reaction, the reactivity of rubazonic acid I-187 was tested 

in other coupling reactions. The Stille reaction was used as an alternative, utilizing 

organostannanes as the trans-coupling reagent. (Scheme 61). Therefore, 

monomers with organostannanes were synthesized. The monomer synthesis 

involved modifying 2,7-dibromofluorene I-189 to create a more soluble compound. 

Initially, the alkylation of fluorene I-189 via direct C-H alkylation was obtained. 

Subsequently, monomer I-191 was synthesized for the Stille coupling and 

polycondensation. 
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Scheme 61: The synthesis of 2,7-bis(trimethylstannyl)-9,9-dioctylfluorene I-191. 

 

Investigating the Stille coupling as an alternative to the Suzuki reaction, a series of 

experiments were conducted under various conditions. The Stille reaction was 

investigated using pyrazolone compounds I-185 or rubazonic acid I-187 in 

combination with monomer I-191 (Scheme 62). The coupling or polycondensation 

reactions were carried out in a DMF solution under an argon atmosphere, employing 

monomer I-191 (1 eq.), Pd(PPh3)4 or PdCl2(PPh3)2, CuI (2 eq), and CsF. The various 

reaction conditions were explored, with reaction times ranging from 2 to 5 hours (as 

shown in Table 7), but products not formed.  

Table 7: The conditions of Still coupling/polycondensation of I-186/I-188 with I-191 (according to 
Scheme 62).  

Pyrazolone/ 

Rub. acid 

R1=C6H13 

[eq.] 

Pyrazolone/ 
Rub. acid 

R1=C8H17 

[eq.] 

Pd(PPh3)4 

[eq.] 

PdCl2(PPh3)2 

[eq.] 

CsF 

[eq.] 

Solvent 

 

Time 

[h] 

T 

[°C] 

 2.2 0.2  1.5 DMF 2 40 

 2.2 0.2  1.5 DMF 3 40 

 3.6 0.4  1.5 DMF 4 40 

 6.6 0.6  0.5 DMF 5 60 

3.6  0.4  0.5 DMF 5 50 

 0.5  2.5 0.5 THF 2 70 
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The coupling was also attempted with catalyst, PdCl2(PPh3)2, without CsF in THF at 

70 °C for 2 hours. However, the Stille coupling did not yield the expected products 

(Scheme 62). 

 

 

Scheme 62: The Stille coupling reaction. 

 

In addition to exploring Pd catalyst coupling chemistry, the Yamamoto coupling was 

also investigated using a Ni(0) complex. The method, also known as homocoupling, 

has found extensive application in the synthesis of copolymers, as mentioned in the 

literature [136]. In order to investigate the feasibility of using this approach, four 

experiments were conducted using two different catalytic systems (Scheme 63). All 

the Yamamoto syntheses were carried out in a microwave using small quantities. 

The initial two experiments focused on classical conditioning for coupling and 

polycondensation. Pyrazolone I-185 or rubazonic acid I-187 and bromofluorene I-

190 in a system consisting of bis(1,5-cyclooctadiene)nickel (2.4 eq), 2,2'-bipyridine 

(2.87 eq), and 1,5-cyclooctadiene (2.55 eq) in a solvent mixture of toluene/DMF 

(3:1) at 100 °C in a microwave for 30 minutes. Unfortunately, the desired products 

I-186 or I-188 were not formed (Scheme 63).  
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Scheme 63: The Yamamoto coupling/polycondensation reaction.  

 

The coupling and polycondensation of pyrazolone I-185 or rubazonic acid I-187 and 

dibromofluorene using another system. This system included NiCl2 (0.07 eq), zinc 

powder (3.2 eq), 2,2'-bipyridine (0.05 eq), and triphenylphosphine (0.28 eq) in DMF 

at 80 °C in a microwave for 3 hours. Unfortunately, the Yamamoto coupling did not 

yield the expected products as shown on Scheme 63. 

After summarizing the results of the reactivity of pyrazolone I-185 and rubazonic 

acids I-188 to cross-coupling reactions, it was decided to discontinue studying this 

approach. However, other halogens were not tested, and it is possible that changing 

the halogen could lead to different results. Subsequently, the focus of the study 

shifted towards rubazonic acid molecules with alkyne group as a substituent and 

their potential for polycondensation.  

I.7.2.2. Glaser as positive side reaction 

The Sonogashira polycondensation was used with rubazonic acid I-183 and 1,4-

diiodobenzene (I-192) under standard conditions (Scheme 64). The reaction was 

catalyzed using Pd(PPh3)4 and CuI, with diisopropylamine as a base and toluene. 

The reaction was carried out at 40 °C for 24 hours. Although analysis of 1H NMR 

and GPC indicated that polymerization had occurred, it was observed during the 
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investigation of the Sonogashira polycondensation approach that the resulting 

product was not formed. Consequently, additional reactions were conducted to gain 

insights into the formation of of products.   

 

 

 

Scheme 64: a) Sonogashira polycondensation of monomers I-183 and I-193, b) 1H NMR of monomer 
I-183 (2, green) and polymer product (1, red).  

 

Different monomer systems and reaction conditions were initially tested. The 

polycondensation of rubazonic acid I-183 with 2,5-diiodothiophene I-194 or 

dibromofluorene I-190 was conducted with Et3N as a base and carrying out the 

reaction at 70 °C for 72 hours (Scheme 65). Similar to the previous reaction, 

polymers were initially formed, leading to the belief that the reactions were 

successful. However, it became clear over time that the expected polymers I-195  
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and I-196 had not formed. The polymers were analyzed by 1H NMR and GPC 

analysis. The fluorescent properties of the polymers were checked, but no 

fluorescence was observed, which was unexpected, as both thiophene and fluorene 

derivatives are known to exhibit fluorescence.  

 

 

Scheme 65: Sonogashira polycondensation of polymers I-195 and I-196. 

 

The structure of these polymers could not be clearly determined by 1H NMR 

analysis, as peak integration was difficult and the 13C NMR analysis was incomplete 

due to the low solubility of the sample. In an effort to overcome this issue, a 

monomer with an acetyl group in the fluorene moiety was synthesized. This was 

done because acetyl groups have a distinctive singlet peak at 2.05 ppm in 1H NMR, 

making it easier to confirm their presence in the molecule. 

The monomer I-199 was synthesized in two steps. In the first step, fluorene I-189 

was alkylated to obtain I-198, which contained a symmetrical Br group in its alkyl 



74 

chain (as shown on Scheme 66). In the second step, acetic acid was added to I-198 

in a mixture of anhydrous DMF and THF, along with potassium carbonate as a 

catalyst. The reaction was then heated at 90 °C for 12 hours. The monomer I-199 

was obtained with 87% of yield. 

 

 

Scheme 66: The synthesis of monomer I-199. 

 

The monomer I-199 was condensed with rubazonic acid under Pd(PPh3)4, CuI 

conditions and Et3N as a base and toluene, and carrying out at 70 °C for 72 hours. 

In the 1H NMR spectrum, the absence of the acetyl group was noted, raising 

suspicions of a Glaser coupling. This suggests the synthesis of a homopolymer, 

indicating the undesired formation of homocoupling products of acetylene 

derivatives due to the Glaser reaction in the Sonogashira reaction. In order to 

confirm this suspicion, the reaction was tested with rubazonic acid I-183 only, 

without the presence of the Pd catalyst. However, the expected product did not form. 

In additional, the classical Glaser polycondensation conditions with monomer I-183 

were tested with CuCl as a catalyst and a mixture of DMF/THF under an O2 

atmosphere (with an O2 balloon) at 30 °C for 90 minutes, but the reaction polymer 

I-200 was not form (Scheme 67). 

 

 
Scheme 67: Glaser condition for polycondensation. 
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Additionally, the reaction was attempted under the same conditions used for 

Sonogashira polycondensation, but using only rubazonic acid I-183 (1 eq.) and 

Pd(PPh3)4 (0.04 eq.) with CuI (0.2 eq.) as the catalyst and Et3N or DIPA as the base 

in toluene at 70 °C for 72 hours (Scheme 68). The polymers I-201 were successfully 

obtained under these conditions (Table 8).  

 

 

Scheme 68: The Glaser polycondensation of monomer I-201.  

 

Table 8: The Glaser polycondensation of I-201 in different base. (* Measured by GPC and the molar 
masses were calibrated to polystyrene as an internal standard). 

Entry Base Mn* 

[g/mol] 

MW* 

[g/mol] 

Đ* Yield 

[%] 

1 Et3N 70 000 122 000 1.7 35 

2 DIPA 15 500 33 300 2.1 38 

 

Based on GPC analysis of Entry 1 (Table 8), a symmetrical graph was observed 

with a sharp peak shape indicating a low molecular weight distribution of the polymer 

I-201 (as shown in Figure 4). The SEC result confirm absence of oligomer products.  
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Figure 20: Graph form GPC analysis of homopolymer I-201 (Entry 1, Table 8).  

 

The use of Et3N as a base in the Glaser polycondensation improved the length of 

the polymer Entry 1 (Table 8). However, the Glaser reaction conditions required 

improvements to achieve better yield, solubility in organic solvents, and prevent loss 

of high Mn for the new polymer. 

Two techniques were utilized for the synthesis of the homopolymer: microwave 

synthesis and Schlenk.  

Initially, the microwave synthesis method was used since it required less material 

and was faster than in Schlenk flasks. Two reactions were performed using 

rubazonic acid monomer (1 eq.), Pd(PPh3)2Cl2 or Pd(PPh3)4, (0.2 eq.) and CuI (0.2 

eq.) as the catalysts, and Et3N as the base in toluene (Table 9). However, the 

products formed with low yield and low solubility in THF. 

Table 9: The conditions of Glaser polycondensation of I-183 by microwave activation. 

Pd(PPh3)2Cl2 

[eq.] 

Pd(PPh3)4 

[eq.] 

I2 

[eq.] 

T 

[°C] 

Time 

[h] 

Yield 

[%] 

0.2   100 2 3 

 0.2  40 1 11 

 0.2 0.5 40 1 24 

 

Subsequently, all the syntheses were conducted via the Schlenk technique. The 

reactions were performed using rubazonic acid monomer I-183 (1 eq.), Pd(PPh3)4, 
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and CuI as the catalysts, and Et3N as the base in toluene. In this study, the 

equivalent of the catalysts was varied. Table 10 shows the obtained results of Glaser 

polycondensation of I-183 (Scheme 68). According to GPC analysis, a low 

molecular weight fraction was measured (Table 10), which was attributed to the fact 

that the polymer had low solubility in the eluent (THF). As a result, the rest of the 

polymer fraction remained on the filter as insoluble material. 

 

Table 10: The conditions and results of Glaser polycondensation of I-183. (* Measured by GPC and 

the molar masses were calibrated to polystyrene as an internal standard). 

Pd 

[eq.] 

CuI 

[eq.] 

Time 

[h] 

Yield 

[%] 

Mn* 

[g/mol] 

Đ 

0.1 0.1 72 5   

0.04 0.04 72 6   

0.04 0.2 72 13 1 700 2.2 

0.04 0.2 96 15   

0.04 0.2 48 6   

0.2 0.2 72 28 5 300 2.2 

 

I.7.2.3. Improvement yield of Glaser polycondensation via oxidative agent  

The literature suggests that the addition of oxidizing agents, such as I2 or 

benzoquinoline, could increase the yield. In 1997, Hattori T and co-authors [137]  

proposed oxidative polycondensation as a method for synthesizing polyacetylene. 

They used Pd(PPh3)4 and CuI as catalysts, Et3N as a base, I2 as an oxidative agent, 

and 2 hours of reaction. In the same year, Liu Q and Burton D.J [124]  published work 

on the facile synthesis of diynes. A similar approach to synthesis was used, involving 

Pd(PPh3)2Cl2 and CuI as catalysts, i-Pr2NH as a base, I2 as an oxidative component, 

and reaction times ranging from 2 to 12 hours. The yields for the reactions ranged 

from 64% till 88%. Based on this literature knowledge, the attempt was made to 

adapting this reaction for rubazonic acid. 
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Scheme 69: Oxidative polycondensation of I-183. 

 

The oxidative polycondensation of rubazonic acid monomer I-183 was conducted 

under the same conditions as proposed by Liu Q (Scheme 69) for the purpose of 

replicating this reaction. The product I-202 was obtained, but upon precipitation in 

methanol, small polymer flakes were observed. At this stage, it was suspected that 

the polymer I-202 may have a low molecular weight. This assumption was confirmed 

after 1H NMR and GPC analysis, which showed Đ = 3 and Mn = 2 300 g/mol and 

39% of yield. When comparing the NMR results of the high molecular weight 

homopolymer I-201 (70 000 g/mol) (Figure 21a) with homopolymer I-202 (2 300 

g/mol) (Figure 21b), a clear violation of peaks symmetry is visually apparent. 

Notably, it is observed that homopolymer I-202 has a shorter length, as evidenced 

by the continued visibility of the proton at 3.5 ppm from the alkyne group.   

Additionally, the reaction was attempted in a microwave with Pd(PPh3)4 and Et3N at 

40 °C for 1 hour, with a 24% of yield, but with low solubility in THF for GPC analysis. 
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Figure 21: The 1H NMR spectrums of polymers I-201 (a) and I-202 (b). 

 

Additionally, a small amount of 4-ethynylanisole I-203 was added as an end-capping 

stabilizer (Scheme 70). However, the resulting polymer I-204 did not show a 

significant increase in molecular weight. GPC and 1H NMR analysis revealed an 

oligomeric fragment (n=4) for this sample, with a Đ of 3.4 and Mn of 2 400 g/mol. 

 

 

Scheme 70: Oxidative polycondensation conditions for synthesis polymer I-204. 

 

It was discovered that p-benzoquinone could also be used as an oxidizing agent in 

the reaction. In the subsequent reaction, the p-benzoquinone was used as the 
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oxidizing agent along with Pd(PPh3)4 and CuI as catalysts, i-Pr2NH as the base, and 

toluene as the solvent (Scheme 71). The reaction was carried out at 70 °C for 72 

hours, resulting in two polymers I-205a-b with yields of 42% and 56% (Table 11). 

However, the polymers were not sufficiently soluble in THF for GPC measurements. 

The polymer was characterized by 1H NMR. 

 

 

Scheme 71: Oxidative polycondensation conditions with benzoquinone as oxidizer agent.  

 

Table 11: The oxidative conditions and results of Glaser polycondensation of I-183.  

RA 

C9H19 

[eq.] 

RA 

C4H9 

[eq.] 

Pd° 

[eq.] 

CuI 

[eq.] 

Benzoquinone 

[eq.] 

Yield 

[%]  

1  0.05 0.6 2.5 56 

 1 0.05 0.6 2.5 42 

 

I.7.2.4. The studying of rubazonic acid reactivity to different Glaser's reactions  

Additionally, well-known Glaser's reactions such as Glaser-Hay and Glaser-Eglinton 

reactions, as well as some modified Glaser protocols, were tested (Scheme 72).  
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Scheme 72: Different Glaser conditions for synthesis of polymer.   

 

For the Glaser-Hay polycondensation reaction, rubazonic acid was used as the 

monomer along with CuI as the catalyst, TMEDA as the base, and O2 as the 

oxidizer. For the Glaser-Eglinton reaction, Cu(OAc)2 was used as the catalyst, 

pyridine as the base, and DCM as the solvent. Modified Glaser couplings were also 

explored, with one study proposing the use of benzotriazole as a ligand, K2CO3 as 

the base, and CuI as the catalyst in DMF at room temperature, resulting in a 99% 

yield of the product [138]. However, these conditions were unsuccessful for rubazonic 

acid. Various couplings were attempted, with a mixture of Pd and Cu catalysts 

ultimately yielding a polymer 

As mentioned earlier, the goal of recent experiments was to improve the yield of the 

reaction, and this was achieved successfully. However, measuring the GPC of the 

polymers synthesized with a higher yield proved to be difficult. 

I.7.2.5. The surface study of thin film formed from rubazonic acid 

homopolymers 

In addition, the possibility of forming thin films was studied for the homopolymer I-

202 and modified polymer I-204. Figure 22 displays an atomic force microscope 

(AFM) image of rubazonic acid homopolymers dispersed in PMMA. The thin films 

were prepared using the same technique as described on page 64. 

The root-mean-square (rms) roughness homopolymer I-202 dispersed in PMMA is 

1.105 nm, while that of homopolymer I-204 dispersed in PMMA is 0.424 nm. 

Interestingly, the modified homopolymer I-204 thin film has a lower rms surface 
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roughness compared to the unmodified homopolymer I-202 thin film. This indicates 

that the modification has resulted in a smoother surface. 

 

 

Figure 22: Two-dimensional (2D) and three-dimensional (3D) AFM micrographs of RA homopolymer 
I-202 dispersed in PMMA (a) and modified RA homopolymer I-204 dispersed in PMMA (b). 

 

I.7.3. New double-bonded conjugated rubazonic acid polymers 

Double-bonded conjugated rubazonic acid polymers were synthesized through 

decarbonylative polyaddition and hydrothiolation. 

Rhodium complexes have been found to catalyze the regio- and stereoselective 

decarbonylative reaction of aroyl chlorides with terminal aromatic alkynes, formation 

only Z-vinyl chlorides. Aroyl chlorides can react with low valence transition-metal 

species as rhodium and palladium to form aroylchlorometal complexes, which can 

be further transformed into arylchlorometal complexes through decarbonylation at 

relatively high temperatures. Chlororhodation of alkynes with arylchlororhodium(III) 

intermediate and reductive elimination of the final product are possible pathways in 

the reaction. The effective component in the catalytic cycle is Rh(I) species, which 

undergoes repeated transitions between Rh(I) and Rh(III) species [127]. 

The rubazonic acid monomer I-183 and terephthaloyl dichloride I-207 were 

polymerized in toluene with Rh(cod)Cl2 and PPh3 under argon at 110 °C for 12 hours 

in o-xylene (Scheme 73). The polymerization process proceeded smoothly and 

resulting in the formation of a rubazonic acid oligomer I-208 with a yield of 31% and 

Mn = 1370 g/mol, Đ = 1.4, n = 2.  
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Scheme 73: Synthesis of RA copolymer I-208 by decarbonylative polyaddition. 

 

Sulfur-containing polymers can be easily prepared through photo- and thermo-

initiated, amine-mediated, and transition-metal-catalyzed thiol-yne click 

polymerizations. These polymers have potential applications as drug-delivery 

vehicles, high refractive index optical materials, photovoltaic materials, biomaterials, 

and more [139]. 

 

 

Scheme 74: Synthesis of sulfur-containing rubazonic acid copolymer through organobase-catalyzed 

regioselective alkyne hydrothiolation or thiol-yne click polymerizations.  
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Two methods were used to synthesize sulfur-containing rubazonic acid copolymer 

in this work: organobase-catalyzed regioselective alkyne hydrothiolation and 

thermo-initiated thiol-yne click polymerization. 

Polyhydrothiolation of the rubazonic acid monomer I-183 with propylpropane-1,3-

dithiol I-209 in DMF with diphenylamine did not result in the expected polymer 

(Scheme 74). The catalyst-free thermo-initiated thiol-yne click polymerization 

method was used to synthesize the sulfur-containing rubazonic acid copolymer. The 

rubazonic acid monomer I-183 and propylpropane-1,3-dithiol I-209 were 

polymerized I-210 under an argon atmosphere in THF at 38 °C for 2 hours (Scheme 

74). Unfortunately, product was not form.  

I.7.4.1. The synthesis of rubazonic acid copolymer by nucleophilic aromatic 

substitution. 

A rubazonic acid polymer was synthesized through nucleophilic substitution, with 

the aim of producing a soluble polyetheretherketone (PEEK) containing rubazonic 

acid. However, this proved to be a challenging task due to the low solubility of PEEK 

in many solvents, making it difficult to work with and analyze. 

The rubazonic acid I-180b or I-180d (1 eq.) and 4,4'-difluorobenzophenone I-211 (1 

eq.) were polymerized in DMAc or in the mixture of DMAc and toluene as the 

solvent, with K2CO3 (1 eq.) as the catalyst at 160-180 °C for 6–48 hours (Scheme 

75). The polymers I-212b, I-212d were precipitated in H2O and purified in a Soxhlet 

with MeOH. Throughout the experiment, the time, temperature, and solvent were 

varied to achieve the results (Table 12). The two polymers were obtained and 

characterized by 1H NMR and GPC (in THF). The Mn for the I-212b (R = C4H9) is 2 

480 g/mol with Đ = 1.2 and n = 4. The Mn for the oligomer I-212d (R = C8H18) is 3 

470 g/mol with Đ = 3.8 and n = 4.  
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Scheme 75: Synthesis of RA copolymer I-212b, I-212d by nucleophilic aromatic substitution 
reaction. 

 

Table 12: The conditions and results of synthesis of I-212 by nucleophilic aromatic 
substitution reaction. (* Measured by GPC and the molar masses were calibrated to 
polystyrene as an internal standard). 

I-212 Solvent T 

[°C] 

Time 

[h] 

Yield 

[%] 

Mn* 

[g/mol] 

Mw* 

[g/mol] 

Đ* n 

b DMAc/Toluene 170 10 38 1 860  2 730 1.4 2 

b DMAc/Toluene 180 12 82     

b DMAc/Toluene 160 48 87     

b DMAc  160 16 80     

b DMAc/Toluene  160 6 84 2 600  3 270 1.2 4 

d DMAc/Toluene 160 6 41 3 470 9 610 2.7 4 

 

Then, the I-212d (R = C8H18) was modified to poly(dithioacetal) by dithioketalization 

of the carbonyl groups with 1,2-ethanedithiol I-213 under strong acidic conditions 

(Scheme 76). This process was free from degradative or cross-linking side 

reactions, while the resulting rubazonic acid poly(dithioketal) I-214 were readily 

soluble in organic solvent.  
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Scheme 76: The dithioketalization of the carbonyl groups of I-212.  

 

The polymer was characterized by 1H NMR and GPC. The aliphatic protons of the 

dithiane ring were resonating at 2.9−2.8 ppm in 1H NMR spectrum. The solubility of 

this compound increased significantly, and subsequent GPC analysis in THF 

revealed a relatively broad distribution. 

 

 

Figure 23:The GPC graph of post functionalize polymer I-214. 

 

The GPC measurement was carried out using three detectors, namely diode array 

detector (DAD) WL1 (204 nm), (DAD) WL2 (222 nm), and refractive index detector 

(RID), as shown in the Figure 23 and Table 13. All three detectors showed 

approximately the same result. The number-average molar mass Mn of the post 

functionalized polymer II-130 significantly increased from 3 470 g/mol to 6 030 g/mol 

and weight average degree of polymerization n increasing from 4 to 7. The 

significant increase Mn and n of the post functionalize compound I-214 can be 
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explained by the improved solubility of all molecular fraction of the polymer in eluent 

(THF). 

Table 13:The GPC results for polymer I-214. 

Detector Mn 
[g/mol] 

Mw 
[g/mol] 

Đ  

DAD WL1 5550 17900 3.2 

DAD WL 2 6060 19200 3.1 

RID 6030 18500 3 

 

I.7.4.2. Tautomerism of rubazonic acid polymer 

In addition, an absorption study at different pH values was performed using a 

solution of the polymer in DMSO. The rubazonic acid in this polymer can exist in two 

tautomeric forms, depending on the pH value. The absorption maximum at pH 6 is 

at 458 nm, but upon adding CsOH·H2O solution, the pH value changes to 10, and 

the absorption maximum is significantly shifted to 526 nm. This bathochromic shift 

of 68 nm confirms the formation of the deprotonated form of rubazonic acid. The 

deprotonated form of rubazonic acid can be reversed to the protonated form of 

rubazonic acid by adding HCl solution in DMSO, and the absorption maximum at 

pH 3 is 457 nm. 

 

 

Figure 24: Changes in the UV-Vis spectra and pH value of I-214 (1×10-5 M) a) during titration by 
CsOH·H2O and after adding HCl in DMSO. 

 



88 

I.7.5. Introduction of rubazonic acid in polyurethanes polymers family 

Firstly, we synthesized rubazonic acid polymer through a reaction with rubazonic 

acid I-180b and 1,6-diisocyanatohexane. Various catalysts can be used for the 

synthesis of polyurethanes, including organic bases (1,4-diazabicyclo[2.2.2]octane 

(DABCO), 1,8-diazabicyclo[5.4.0]undec-7-ene, 1,5,7-triazabicyclo(4.4.0)dec-5-en), 

organic acids (5-(diphenylphosphoryl)pentanoic, methanesulfonic acid, triflic acid), 

or organotin compounds (dibutyltin dilaurate) [140]. DABCO is a commonly used 

catalyst for the synthesis of polyurethanes and was utilized in this study with dry 

THF (Scheme 77). The reaction mixture was refluxed for 7 hours, and the resulting 

product I-216 with 53% of yield and Mn of 3 300 g/mol, Đ = 1.5, and weight average 

degree of polymerization n = 5. For increasing length of polymer, the reaction time 

should be increase. Also, the using aromatic diisocyanates as monomers can 

increase the polymer length due to the higher reactivity of aromatic isocyanates 

compared to aliphatic isocyanates. 

 

 

Scheme 77: Condensations of rubazonic acid monomer I-180b and 1,6-diisocyanatohexane I-215. 

 

Furthermore, was synthesized two polymers with different stereochemical ratios I-

218a (1 eq.(I-180b):1 eq. (I-217):1 eq. (I-215)) and I-218b (0.5 eq.(I-180b):1 eq. (I-

217):0.5 eq. (215)). The polymer, I-218a, was successfully isolated with a 15% of 
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yield and Mn= 3 370 g/mol, Đ = 1.4, n = 4. The changes of stereochemistry ratio 

increase yield of I-218b to 81%. 

 

Scheme 78: Condensations of rubazonic acid monomer I-180b with aromatic diisocyanates I-219.  

 

Exploiting analogous conditions as aforementioned, the synthesis of rubazonic acid 

polyurethanes employing aromatic diisocyanates I-219 was carried out. 

Consequently, polymer I-220 was obtained with 69% of yield. However, the analysis 

of this polymer was limited due to its low solubility, allowing only for 1H NMR and IR 

analyses. 

In order to enhance both the solubility and length of the polymer, Bisphenol A (BPA) 

was introduced into the polymer structure. This modification resulted in the isolation 

of two polymers I-221a (1 eq.(I-180b):1 eq. (I-217):1 eq. (I-219)) with 50% of yield 

and Mn= 4 220 g/mol, Đ = 1.7, n = 4; I-221b (0.5 eq.(I-180b):1 eq. (I-217):0.5 eq. 

(219)) with 77% of yield and Mn= 7 260 g/mol, Đ = 2.1, n = 8. 

Furthermore, synthetic polymers have been tested by incorporating specific end 

groups (Scheme 79). In this study, methoxy polyethylene glycol 350 was used as 

an end group. The resulting polymers, I-222 and I-223, were isolated with yields of 

55% (Mn = 2 860 g/mol, Đ = 1.4, n = 3, m = 5) and 72% (Mn = 4 150 g/mol, Đ = 1.4, 

n = 5, m = 5) respectively. Including the end groups, there is a possibility to calculate 

the molecular weight of a polymer using 1H NMR. This was successfully achieved  
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for the polymer I-223, as the integration of signals indicated a minimum  molecular 

weight of 2 500 g/mol, which is two times less compared to the GPC measurements 

(4 150 g/mol). It could be explained to difficulty of correct integration a singlet at 3.5 

ppm that comes from CH3 from PEG. 

 

 

Scheme 79: Condensations of rubazonic acid monomer I-180b to polyurethanes I-222 and I-223. 

 

 

 

Scheme 80: 1H NMR of polymer I-223. 
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I.8. Conclusion 

In summary of this chapter, nine new pyrazolone derivatives were synthesized with 

yields ranging from 33% till 82%. New rubazonic acid derivatives were synthesized 

from these pyrazolones, and yield ranged is 40%-62%. The influence of pH on the 

tautomerism of rubazonic acid were confirmed. The thin films of rubazonic acids 

dispersed in PMMA were successful forming by spin coating technique. The optical 

and surface properties of rubazonic acid thin film were investigated.  

Various rubazonic acid monomers were tested for differences in reactivity (Scheme 

81). The Suzuki, Stille, Yamamoto, and Sonogashira polycondensation gave 

unsuccessful results. However, it was discovered that rubazonic acid monomer I-

183 could form a homopolymer under Glaser conditions but only in the presence of 

[Pd] and [Cu] catalysts. The homopolymers were synthesized with yields of 35% 

and Mn 70 000 g/mol and Đ 1.7, and 38% yield and Mn 15 500 g/mol and Đ 2.1. 

The oxidative conditions of Glaser coupling with benzoquinone as the oxidizing 

agent increased the yield of the reaction to 56%. 

 

 

Scheme 81: Reactivity of rubazonic acids monomer 

 

In addition to the successful synthesis of homopolymers, three different copolymers 

of rubazonic acid were synthesized. Double-bonded conjugated polymers were 

synthesized through carbonylative polyaddition. A mixture of catalyst Rh(cod)Cl2  
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and PPh3 was successfully used for the carbonylative polyaddition, and I-208 was 

formed with a yield of 31% and Mn = 1 370 g/mol, Đ = 1.4, weight average degree 

of polymerization n = 2. Nucleophilic aromatic substitution was also used to 

synthesize PEEK oligomers of rubazonic acid with yields ranging from 41% till 84%, 

Mn values ranging from 1 860 (n = 2) to 3 470 g/mol (n = 4), and Đ values ranging 

from 1.2 till 3.4. The dithioketalization of the carbonyl groups with a yield of 95% 

increased the solubility of the polymer, and the Mn value also increased to 6 030 

g/mol (n = 7) with Đ = 3. Rubazonic acid was successfully introduced into the 

polyurethane family. Various polyurethanes based on rubazonic acid were 

successfully synthesized with different polymer chain lengths. 

The successful synthesis of rubazonic acid homo- and copolymers opens up new 

possibilities for the study of material since. 
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Innovative Polyester Incorporating Highly Energetic Gem-Diazide 
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II.1 Polyesters synthesis and applications  

Polyesters (Scheme 82) are an important and widely used type of polymer, with high 

molecular weight and ester groups in the polymer backbone instead of the side 

chain, unlike poly(vinyl acetate) and poly(methyl methacrylate) [141]. Polyesters are 

one of the most economically important classes of polymers, driven especially by 

polyethylene terephthalate (PET) [142].  

 

 

Scheme 82: General structure of polyester. 

 

The discovery of polyester dates back to the late 1930s in the DuPont laboratory, 

but scientist W.H. Caruthers left the research to work on nylon, which had just been 

discovered. In 1941, a group of British scientists built upon Caruthers' work and 

developed the first commercial polyester fiber, known as terylene. DuPont 

subsequently acquired the legal rights and produced another popular polyester fiber, 

dacron, in 1946. Another polyester fiber, Kodel, was introduced by Eastman 

Chemical in 1958 [143]. 

The polyester family exhibits a wide range of structures and properties, which vary 

depending on the nature of the R group (Scheme 82). Generally, polyesters can be 

classified into two groups: natural and synthetic. Natural polyesters include the cutin 

component of plant cuticles and the cellophane polyester lining produced by bees 

of the Colletes genus for their underground brood cells [144].  
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Scheme 83: Classification of synthetic polyester. 

 

Polyesters can be classified into various subgroups, as shown in the Scheme 83, 

based on their properties and uses. Linear aliphatic polyesters, including 

polyglycolic acid, polylactic acid, and polyhydroxyalkanoates, are suitable for 

environmentally-conscious applications [141], such as packaging [145], disposable 

items, and agricultural mulch films [146], as well as biomedical [147] and 

pharmaceutical uses [148]. High-molecular-weight linear aliphatic polyesters are 

semi-crystalline with relatively poor mechanical properties, while low-molecular-

weight polyesters are used as macromonomers for polyurethane production [149]. 

Aromatic polyesters, such as PET [150], polybutylene terephthalate [151], and liquid 

crystal polyesters [152], are high-performance materials with excellent mechanical 

and thermal properties. Semi-crystalline aliphatic-aromatic polyesters, such as 

poly(hexamethylene terephthalate)  and poly(propylene terephthalate) (PTT, 

Sorona), are used as technical thermoplastics, fibers, and films [153]. Unsaturated 

polyesters are thermosetting polyesters that can be cross-linked and used as 

matrices in composite materials [154]. Alkyd resins, made from polyfunctional 

alcohols and fatty acids, are commonly used in the production of coatings and 

composite materials [155]. Rubbery polyesters called thermoplastic polyester 

elastomers are also available [156]. In addition, there are thermoplastic copolymers, 

such as polyethylene terephthalate glycol (PETG) [157], polycarbonate 

(PC)/polybutylene terephthalat blends [158], and polycarbonate /polyethylene 

terephthalate (PC/PET) blends [159], which exhibit a range of properties depending 

on their composition. Overall, the various types of polyesters have different 

properties and applications, making them a versatile family of materials. 
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Scheme 84: Synthesis of polyesters. 

 

Polyesters can be synthesized using various methods such as step-growth 

polymerization, ring-opening polymerization, which are shown in the Scheme 84. 

The Scheme 84 also demonstrates reactions for polyesterification of polyols with 

diacids and their derivatives. The transesterification of a dialkyl ether is a common 

method used for high-melting polymers and low-solubility dicarboxylic acids 

(Scheme 84a) [160]. Another method is the direct esterification of a dicarboxylic acid 

with a diol (Scheme 84d), which is typically carried out at boiling temperature for a 

higher reaction rate than transesterification. Polyesterification is a slow process that 

requires high reaction temperatures (> 200 °C) and a catalyst such as antimony [161], 

germanium [162], titanium [163], or aluminum compounds [164] to achieve acceptable 

reaction rates and high molecular weights. Due to the equilibrium nature of the 

elementary growth step in polyesterification and polytransesterification, the resulting 

alcohol or water must be efficiently removed from the reaction vessel to increase 

the molecular weight [165]. However, this can be difficult during the later stages of 

polymerization due to the high viscosity of the resulting polymers. To overcome this 

issue, polycondensation is often carried out in solution and at low pressure, where 

the evaporating solvent can form an azeotropic mixture with water or alcohol.  

Polyesters can also be synthesized from hydroxy acids, which are single reagents. 

In the presence of a metal catalyst, such as dibutyltin diacetate, p-

hydroxyethoxybenzoic acid can self-condense to form a semi-aromatic polyester.  
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On the other hand, 4-hydroxybenzoic acid and 6-hydroxy-2-naphthoic acid can self-

condense to formed fully aromatic esters (Scheme 85) [166]. However, direct self-

condensation requires high reaction temperatures (> 300 °C). 

 

 

Scheme 85: Synthesis of polyester from hydroxy acids. 

 

Another method for synthesizing polyesters is ester interchange between a 

dicarboxylic acid and a diester. For example, the reaction between glycol acetate 

III-5 and terephthalic acid III-6 form PET III-7 (Scheme 86), which is also known as 

"polyester". This method does not involve glycols, unlike some other polyester 

synthesis methods [167]. 

 

 

Scheme 86: Synthesis of polyesters by ester interchange between a dicarboxylic acid and a 
diester. 

 

Ring-opening polymerization (ROP) is one of the methods for synthesizing 

polyesters using cyclic monomers and oligomers (Scheme 87). This process can 

form high molecular weight polymers (> 105 kg/mol) without any side products.  
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Scheme 87: Ring-opening polymerization to synthesis of polyester. 

Aliphatic polyesters can be synthesized from lactones using different catalysis 

methods [168], such as anionic [169], cationic [169], organometallic [170], or enzyme-

based catalysis [171]. These methods allow for very mild reaction conditions. In recent 

years, several catalytic methods for the copolymerization of epoxides with cyclic 

anhydrides have also been developed, which can form a wide range of functional 

polyesters, both saturated and unsaturated. The ring-opening polymerization of 

lactones and lactides is widely used in industrial production [171]. 

 

II.2. Results and discussion 

 

In 2019, Philippe Biallas and his colleagues [172] conducted research on the 

synthesis and reactivity of small molecules that contain geminal diazido groups. 

Their study focused on developing a method for synthesizing polyamides that have 

a gem-diazo block, II-12. To achieve this, they proposed a polymerization process 

that involves direct polyamidation of simple diamines II-11 and malonate monomers 

II-10 with pre-existing diazido functional groups (Scheme 88). This innovative 

approach eliminated the need for activating reagents and allowed for the process to 

be carried out at room temperature. 

 

 

Scheme 88: Synthesis of polyamide with gem-diazo units. 

 

The polyamides synthesized in the study contain highly reactive gem-diazido units, 

which make them promising materials for use in energetic applications. 

Furthermore, the stability and sensitivity of these materials can be readily adjusted  
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to suit different applications, making them even more versatile. These findings hold 

great potential for researchers in various fields who are focused on developing new 

materials with potential applications. 

Polyamide is a highly functional material with a lot of potential, but the possibilities 

to synthesize polyester with gem-diazo units should not be overlooked. Polyester is 

a material with an incredibly wide range of applications, and incorporating gem-

diazo units could open up even more possibilities. This research proposes the 

synthesis of new polyesters that incorporate gem-diazo, with the goal of exploring 

their future applications. 

Incorporating gem-diazo units into these materials has the potential to greatly 

improve their properties and create new opportunities for their use. These new 

materials are expected to exhibit unique characteristics that differentiate them from 

existing polyester materials. The goal of this research is to create materials that not 

only meet current needs, but also offer new possibilities for innovation and 

discovery. 

The proposed Scheme 89 outlines a method for synthesizing new polyesters. This 

involves the use of either malonate ether or diazidomalonate as monomers (M1), 

which can be incorporated into either polyester. There are two possible routes to 

synthesizing these polymers. The first method involves synthesizing a polyester II-

14 (a) and then carrying out azidation (b) of the polymer. Alternatively, the second 

method involves directly carrying out azidation of malonate II-13 and then 

synthesizing the polyester (c). This study aims to explore two different methods and 

compare their effectiveness. By comparing the outcomes of each approach, a better 

understanding of the advantages and disadvantages of each method can be gained, 

which can be useful for future research in this field. 
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Scheme 89: Synthetic rout for synthesis of polyester/polyurethanes with gem-diazo units.  

 

To begin the process for method (c) (Scheme 89), first was prepared the monomer 

via conducting an azidation reaction of diethyl malonate II-16 in the presence of 

NaN3 (6 eq.) and I2 (2.2 eq.) in a mixture of DMSO/H2O (2:1) at 50 °C for 2 hours 

with future addition of Na2S2O3 solution to form diazide II-17 (Scheme 90).  

 

 

Scheme 90: Synthesis of monomer.  

 

The synthesize polyester II-20 was performed from the reaction between butane-

1,4-diol II-18 and malonyl chloride II-19 in the presence of Et3N in DCM for 24 hours. 

Unfortunately, the product did not form (as shown on the Scheme 91). 

  

 

Scheme 91: Synthesis of polyester.  
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The polycondensation under higher temperatures and a high vacuum in the 

presence of Ti(OiPr)4 was tested, which gave us the desired polymer. However, from 

the literature, the Ti(OiPr)4 is not the only catalyst that can be used for 

polycondensation. Sm(OiPr)3, Ti(OEt)4, Zr(OBu)4, Ge(OEt)4, Nb(OEt)5, and 

Ta(OEt)5 are also suitable options [173]. Despite this, the Ti(OiPr)4 was chosen 

because it could provide a higher yield and number-average molar mass (Mn) for 

the polyester according to the literature [173]. 

To optimize the conditions for polycondensation in the second step, experiments 

were conducted with varying times and pressures. The results of these experiments 

are presented in Table 14.  

 

Table 14: Optimal time and pressure to obtained soluble polyester from condensation of II-21 and 
II-22 (Ti(OiPr)4, THF, 120°C). 

Entry Time 

[h] 

Pressure 

[mbar] 

Yield 

[%] 

Solubility 

in THF 

1 6 10 78 no 

2 8 10 61 no 

3 4  

65 

190 

19 

 

56 

 

yes 

 

 

Scheme 92: Synthesis of new polyester by organometallic catalytic method.  
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Boiling the mixture under an argon atmosphere for one hour was found to be 

sufficient for the first step. Next, the condenser was switched to a septum and a 

mobile, non-oily pump was attached to determine the optimal conditions for the next 

step. The timing of turning on the vacuum was crucial since the reaction was already 

at a high temperature of 120 °C, which is above the boiling point of THF. The 

reaction mixture had a high probability of being absorbed by the pump. To prevent 

this, a small Schlenk flask with a faucet was used, and the pump was connected to 

the faucet. The faucet was gradually opened to reduce the pressure to around 200 

mbar, which significantly reduced the solvent in the reaction mixture. The reaction 

was then allowed to proceed for 3-4 hours under this pressure. Additionally, it was 

important to control the mixing of the reaction mixture to prevent splashing in the 

bottle, which could lead to uneven reactions. The next step involved reducing the 

pressure to 19-10 mmbar over 65 hours. The resulting yellow product was dissolved 

in THF and purified in cold MeOH (Scheme 92). This procedure was used for both 

methods (a) and (c) for synthesis of polyesters (Scheme 89). The six new linear 

polyester were synthetized with yield from 50% till 74% and n from 5 till 18, as 

Shown in Table 15. 

 

Table 15: Results of the polycondensations of polyesters in THF with Ti(OiPr)4 at 120 °C. (* Measured 

by GPC and the molar masses were calibrated to polystyrene as an internal standard). 

Polymer n* Mn
* 

[g/mol] 
Đ* Yield 

[%] 

II-24 16 2960 2.8 56 

II-25 5 1290 2.8 61 

II-26 18 3960 3.7 50 

II-27 7 2100 3.5 52 

II-28 15 3730 1.6 74 

II-29 7 2430 2.1 73 

 

Azidation was performed on the polyesters using 6 eq. of NaN3 and 2.2 eq. of I2 in 

a mixture of DMSO/THF (2:1) at 50 °C for 2 hours, Na2S2O3 solution was added to 

form a polyester diazide II-31. The new three polymers were obtained with yield from 

63 to 87% and n from 10 to 12 (Table 16). 
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Scheme 93: Azidation of polyesters.  

 

Table 16: Analytical characteristic of Azidation of polyesters. (* a Measured by GPC and the molar 

masses were calibrated to polystyrene as an internal standard, b Measured by DSC, c Measured by 

TGA). 

Polymer n Mn
a 

[g/mol] 
Đa Yield 

[%] 
Tg

b 

[°C] 
Tdecomp.

c 
[°C] 

II-32 10 2660 2.4 63 - 149 

II-33 12 3600 2 68 93 147 

II-34 11 3730 1.6 87 134 160 

 

All polymers were characterized by 1H NMR, 13C NMR, IR, and GPC (Table 15 and 

Table 16). In 1H NMR spectra obtained in CDCl3, all polyesters showed a 

characteristic proton signal at 3.3 ppm, which disappeared after azidation. polyester 

was further confirmed by IR, where a noticeable shift to 2117.7 cm-1 was observed, 

as shown on Figure 25.  

 

Figure 25: IR measurements of polyester II-30 (blue) and polyester with gem-diazo units II-32 
(black). 
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According to Table 15, polyesters synthesized from diazo malonic ester have chains 

that are two times shorter than those synthesized from malonic ester, despite no 

change in reaction conditions. This phenomenon is consistently observed across all 

polyesters with gem-diazo units. However, if polyester with gem-diazo units is 

synthesized by azidation of the polyester chain, the chain length will only shorter in 

1.5 times. Therefore, the synthesis of polyester with gem-diazo units by azidation of 

polyester is more advantageous. 

 

 

Scheme 94: The click reactions of II-33 and II-34. 

 

The next step involved studying click chemistry with these new polyesters (Scheme 

94). Polyester II-32 was reacted with phenylacetylene, CuSO4·H2O, and sodium 

ascorbate in DMF for 24 hours to synthesize a polyester with two triazole rings. 

During the reaction, the polymer transformed from a gel to a solid state, and its 

solubility significantly increased. The triazole polyester was isolated with a yield of 

71% and Mn = 3 830 g/mol, Đ = 1.4, n = 8. Additionally, polymer II-34 was also 

subjected to click chemistry, resulting in the isolation of a new triazole polyester with 

a yield of 55% and Mn = 2 550 g/mol, Đ = 1.6, n = 5. However, it remained in the 

gel form. 
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Figure 26 show the IR spectra of polyester II-33 (blue) and the two modified 

polyesters, II-35 (red) and II-36 (black). It is visible that the formation of the triazole 

ring at 2957 cm-1 and 3125 cm-1. Furthermore, the strong azide signal disappears, 

but II-36 still retains a small amount of azido groups. 

 

 

Figure 26: IR measurements of polyester II-33 (blue) and polyester with triazole ring II-35 (black) 
II-36 (red). 
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II.3. Conclusions 

In summary, two synthetic routes were employed to synthesize polyester with gem-

diazo units. The diazo malonate monomer was used to synthesize polyester, which 

resulted in a shorter polymer chain length of 0.5 time in comparison to the polymer 

synthesized by direct polyester azidation. The characterization of the polyesters was 

carried out using NMR, IR, and GPC techniques. The yields of the polyesters ranged 

from 56% till 87%, with Mn values ranging from 1 290 g/mol till 3 960 g/mol, Đ values 

ranging from 1.6 till 3.7, and nw (weight average degree of polymerization) values 

ranging from 5 till 18. Importantly, our proposed methods of synthesis and these 

polyesters have not been described in the literature before. Additionally, the newly 

synthesized polyesters were successfully subjected to click chemistry. The 

polyesters with triazole rings were isolated with 55%-71% of yield. The highly 

reactive geminal diazido units present in the new polyester could potentially make 

them interesting as energetic materials, with easily adjustable stabilities and 

sensitivities.  
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III: Experimental part 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 



108 

III.1. General methods. In the general methods section, we used heated glassware 

under an argon atmosphere and dry solvents for reactions involving substances 

sensitive to oxygen or moisture. Cryostats were used to regulate temperature for 

reactions carried out between 0 °C to -90 °C, and oil baths filled with paraffin oil 

were used for heating, with temperature monitored using a contact thermometer. 

 

III.2. Solvents. Commercially purchased reagents and solvents were used, and for 

column chromatography, ethyl acetate and cyclohexane were freshly distilled. THF 

and DCM were obtained using an MB-SPS 800 solvent purification system from 

MBraun GmbH, while all other dry solvents and deuterated solvents for NMR 

spectroscopy were commercially purchased. 

 

III.3. Chromatographic methods. Chromatographic methods involved the use of 

aluminum TLC plates with silica gel 60 F254 from Merck for thin layer 

chromatography (TLC). The substances were then stained using various methods, 

including ultraviolet detection at a wavelength of 254 nm or immersion in potassium 

permanganate solution. To make the substances visible, they were further heated 

with hot air. 

 

III.4. Apparatus. 1H nuclear magnetic resonance (NMR) and 13C NMR analyses 

were measured on Bruker 600 MHz FT-NMR, 400 MHz FT-NMR spectrometers 

using CDCl3 and DMSO-d6 as solvent. Chemical shifts are given in ppm on a scale 

δ relative to tetramethylsilane (δ = 0 ppm) and the bond constants J in Hz. Before 

evaluation, the spectra were calibrated to the remaining proton signals of the solvent 

used. 

 

High-resolution mass spectra (HRMS) were either carried out using ESI on a 

micrOTOF mass spectrometer from Bruker or FD ionization on a JEOL-TOF.  

 

IR spectra: Bruker FT-IR-Spectrometer ALPHA; attenuated total reflection (ATR) 

technique in the range of 400–4000 cm–1. 
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 Ultraviolet/visible (UV-vis) absorption spectra: Mettler Toledo spectrophotometer at 

wavelength of maximum absorption (λmax, nm).  

The molecular weights of polymers (I-108a-e, I-109a, I-122a-d, I-123a, I-201) were 

obtained by Gel Permeation Chromatography PSS/Agilent SECurity2-GPC using 

DMAc + LiBr (0.28 g/L) at 50°C as eluent. The system comprised an autoinjector, a 

precolumn (7 um), PFG columns (100 A, 1000 A and 4000 A), and a refractive-index 

detector (RID). The GPC system was calibrated with linear poly(methyl 

methacrylate) standards (Mn 800–2 200 000 Da) and the samples were injected with 

a maximum concentration of 2 g L-1.  

The molecular weights of polymers (I-204, I-205, I-208, I-212, I-214, I-216, I-218a, 

I-221a-b, I-222, I-223, II-24 – II-29, II-32 – II-34, II-35, II-36) were obtained by Gel 

Permeation Chromatography An Agilent SECcurity GPC system with a diode array 

detector (ALS G1329A) and a refractive index detector (G1362A) was used to 

determine the molar mass distributions of the polymers by GPC. A set of columns 

consisting of 2 PSS SDV Linear M (8 x 300 nm, particle size: 5µm) and one PSS 

SDV precolumn (8 x 300 nm, particle size: 5 µm) were used at room temperature 

with THF as eluents. The flow rate used was 1 ml/min and the molar masses were 

calibrated to polystyrene as an internal standard. 

Thermogravimetric analysis (TGA) and Differential scanning calorimetry (DSC) 

measurements were simultaneously carried out using a Netzsch STA 449 F5 Jupiter 

instrument. Experiments were conducted in crucibles, which were closed with lids. 

Samples were heated from 25°C to 400°C with a heating rate of 5 K min-1 in a 

nitrogen atmosphere applying a constant nitrogen flow of 25 ml min-1. 

 

III.5. Experimental methods. Transmission of polymeric dyes with hydrazono-

pyrazolones fragment was recorded on spectrophotometer Specord 200 plus 

(Analytik Jena AG) in the spectral range of 300-700 nm. Whereas, spectroscopic 

ellipsometry (SE) was used to characterize the optical properties such as refractive 

index (n) and the extinction coefficient (k) of the thin films of the methacrylic 

polymeric dyes incorporating hydrazono-pyrazolones moiety. SE measurements 

were made using a V-VASE ellipsometer (J.A. Woollam Co., Inc., Lincoln, NE, USA) 

in the range of 250-800 nm. Three angles of incidence (65, 70, 75) were used. 
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The complex dielectric functions (i.e. 𝜀̃ = 𝜀1 + 𝑖𝜀2, where 𝜀1 = 𝑛2 − 𝑘2 and 𝜀2 = 2𝑛𝑘 

are the real and imaginary parts, respectively, whereas, 𝑘 =
𝛼𝜆

4𝜋
 is the extinction 

coefficient,  is the absorption coefficient,  is wavelength) for the investigated thin 

films were determined directly from the ellipsometric data using the WVASE32 

software. The optical constants were parameterized using Gauss-shape dispersion 

relation in the absorption region 

 

III.6. Methods of synthesis  

III.6.1. Part I: Design and Synthesis of Novel Polymeric Dyes Incorporating 

Pyrazolone Units 

 

4-Hydrazineylphenol 

I-111 

 

 

 

The concentrated hydrochloric acid (3.7 ml) was added to a suspension of 4-

aminophenol I-110 (3 g, 27.4 mmol) in water (5.5 ml). The mixture cooled to -10°C 

under nitrogen. The solution of sodium nitrite (1.89 mg, 27.4 mmol) in water (5.5 ml) 

was added dropwise to the mixture. After completion of the addition, the reaction 

mixture was stirred 30 minutes at -10 °C. In additional flask was dissolved 

tin(II)chloride dehydrate (13 g, 68.7 mmol) in 6M hydrochloric acid (16 ml). Then 

fresh the diazotization mixture was added in the solution of SnCl2 and reaction 

mixture stirred additional 3.5 h at -10 °C. The formed solid I-111 was filtered and 

washed with small portion of water and drying in height vacuum. The product formed 

with 98% (4.33 g, 26.7 mmol). This hydrazine is sensitive to air.  

1H NMR (600 MHz, DMSO-d6) δ 9.6 (dd, J = 128.7, 89.5 Hz, 2H), 9.1 (s, 1H), 6.9 – 

6.8 (m, 2H), 6.7 – 6.6 (m, 2H) [ppm]. 

13C NMR (101 MHz, DMSO-d6) δ 153.0, 137.3, 121.0, 117.9, 115.8, 115.4 [ppm]. 

HRMS: ESI-mass m/z calcd. for C6H9N2O: 125.0709 and found: 125.0708 
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General procedure for synthesis of hydrazono derivatives(A): 

Diazotization of substituted anilines 

A solution of the I-102 (1 eq.) in concentrated HCl (12 eq.) was cooled to 0–5 °C 

then cold sodium nitrite solution (2.2 eq.) in water was added dropwise to the 

reaction mixture. The reaction mixture was stirred for 1 h. The diazotization process 

was confirmed by using β-naphthol solution as an indicator of diazonium salt.   

 

The preparation of I-104. 

The fresh preparate diazonium salt was added dropwise to an ice-cold mixture of 

the appropriate active methyl 3-oxoheptanoate I-103 (1 eq.) and 10% NaOH in 

ethanol and stirred 1h at 0 °C and then additional 3h at rt. The precipitation was 

filtered and washed with water, dried under high vacuum. The compound 

recrystallized from ethanol and gave the product as yellow solid.  

 

Methyl (Z)-2-(2-(4-hydroxyphenyl)hydrazineylidene)-3-oxoheptanoate 

I-104 

 

 

Following procedure, A, the aniline I-102 (1 g, 9.16 mmol) was solubilized in con. 

HCl solution (3.3 ml) and solution of NaNO2 (1.4 g, 20.16 mmol) in water (10 ml) 

was adding. The fresh preparate diazonium salt (9.16 mmol) was added dropwise 

to an ice-cold mixture of the appropriate active methyl 3-oxoheptanoate I-103 (1.36 
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ml, 19.6 mmol) and 10% NaOH (5 ml) in ethanol (19 ml). The compound 

recrystallized from ethanol and gave the product as yellow solid with yield 78% (996 

mg, 3.58 mmol). 

Rf = 0.53 (Cy/EtOAc = 3/2). 

1H NMR (600 MHz, CDCl3) δ 12.9 (s, 1H, NH), 7.3 (m, 1H), 7.2 (m, 1H), 6.9 – 6.8 

(m, 2H), 3.8 (s, 2H), 3.8 (s, 1H), 2.9 (dd, J = 7.8, 7.1 Hz, 1H), 2.9 – 2.8 (m, 1H), 1.6 

(dp, J = 20.0, 7.5 Hz, 2H), 1.3 (hd, J = 7.4, 5.4 Hz, 2H), 0.9 (td, J = 7.4, 0.8 Hz, 3H) 

[ppm]. 

HRMS: ESI-mass m/z calcd. for C14H18N2NaO2: 301.1159 and found: 301.1164. 

The analytical data are identical to the literature data [174]
. 

 

Methyl (Z)-3-oxo-2-(2-phenylhydrazineylidene)heptanoate  

I-114a 

 

 

Following procedure, A, the aniline I-112a (1 ml, 10.95 mmol) was solubilized in con. 

HCl solution (4 ml) and solution of NaNO2 (1.66 g, 24.1. mmol) in water (0.5 ml) was 

adding. The fresh preparate diazonium salt (10.95 mmol) was added dropwise to an 

ice-cold mixture of the appropriate active methyl 3-oxoheptanoate I-113 (1.59 ml, 

10.75 mmol) and 10% NaOH (12.5 ml) in ethanol (50 ml). The compound 

recrystallized from ethanol and gave the product as yellow solid with yield 45% (1.29 

g, 4.93 mmol).   

1H NMR (600 MHz, CDCl3) δ 12.7 (s, 1H), 7.4 – 7.3 (m, 3H), 7.3 (d, J = 8.0 Hz, 1H), 7.1 (q, 

J = 7.4 Hz, 1H), 3.8 (d, J = 15.3 Hz, 3H), 2.9 (t, J = 7.4 Hz, 1H), 2.9 (d, J = 7.5 Hz, 1H), 1.7 

– 1.5 (m, 2H), 1.3 (p, J = 8.0 Hz, 2H), 0.9 (td, J = 7.4, 3.0 Hz, 3H) [ppm]. 

13C NMR (151 MHz, CDCl3) δ 200.1, 197.4, 165.7, 164.7, 142.0, 129.9, 125.2, 

116.7, 115.8, 52.3, 38.6, 27.2, 22.9, 14.3 [ppm]. 

HRMS: ESI-mass m/z calcd. for C14H18N2NaO3: 285.1210 and found: 285.1209. 
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Methyl (Z)-2-(2-(4-cyanophenyl)hydrazineylidene)-3-oxoheptanoate  

I-114b 

 

 

Following procedure, A, the aniline I-112b (1 g, 8.46 mmol) was solubilized in con. 

HCl solution (3 ml) and solution of NaNO2 (1.28 g, 18.62 mmol) in water (0.4 ml) 

was adding. The fresh preparate diazonium salt (8.46 mmol) was added dropwise 

to an ice-cold mixture of the appropriate active methyl 3-oxoheptanoate I-113 (1.26 

ml, 8.46 mmol) and 10% NaOH (4.3 ml) in ethanol (17 ml). The compound 

recrystallized from ethanol and gave the product as yellow solid with yield 68% (1.64 

g, 5.72 mmol).  

1H NMR (600 MHz, CDCl3) δ 12.6 (s, 1H), 7.7 – 7.6 (m, 2H), 7.4 – 7.3 (m, 2H), 3.9 

(s, 3H), 2.9 (m, 2H), 1.7 – 1.6 (m, 2H), 1.4 (m, 2H), 0.9 (t, J = 7.4 Hz, 3H) [ppm]. 

13C NMR (101 MHz, CDCl3) δ 200.3, 196.7, 163.8, 145.2, 133.9, 129.2, 118.7, 

116.3, 115.5, 108.0, 107.4, 52.4, 42.0, 38.4, 26.5, 26.1, 22.4, 22.2, 13.9 [ppm]. 

HRMS: ESI-mass m/z calcd. for C15H17N3NaO3: 310.1162 and found 310.1163. 

 

Methyl (Z)-2-(2-(4-bromophenyl)hydrazineylidene)-3-oxoheptanoate 

I-114c 

 

 

Following procedure, A, the aniline I-112c (1 g, 5.81 mmol) was solubilized in con. 

HCl solution (2.1 ml) and solution of NaNO2 (0.882 g, 12.79 mmol) in water (0.3 ml) 

was adding. The fresh preparate diazonium salt (5.81 mmol) was added dropwise 

to an ice-cold mixture of the appropriate active methyl 3-oxoheptanoate I-113 (0.860 

ml, 5.81 mmol) and 10% NaOH (3 ml) in ethanol (12 ml). The compound 
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recrystallized from ethanol and gave the product as yellow solid with yield 52% (1 

g, 3.05 mmol). 

1H NMR (600 MHz, CDCl3) δ 12.7 (s, 1H), 7.5 (m, 2H), 7.3 (m, 1H), 7.2 (m, 1H), 3.9 

(s, 2H), 3.9 (s, 1H), 3.0 (m, 1H), 2.9 (m, 1H), 1.7 – 1.6 (m, 2H), 1.4 (dt, J = 14.5, 7.3 

Hz, 2H), 0.9 (td, J = 7.4, 2.0 Hz, 3H) [ppm]. 

13C NMR (101 MHz, CDCl3) δ 200.5, 197.4, 164.7, 141.3, 133.1, 118.2, 117.4, 

52.6, 42.3, 38.7, 27.3, 23.0, 14.4 [ppm]. 

HRMS: ESI-mass m/z calcd. for C14H17BrN2NaO3: 363.0315 and found 363.0321. 

 

Methyl (Z)-2-(2-(4-methoxyphenyl)hydrazineylidene)-3-oxoheptanoate 

 I-114d 

 

 

Following procedure, A, the aniline I-112d (1 g, 8.12 mmol) was solubilized in con. 

HCl solution (2.9 ml) and solution of NaNO2 (1.23 g, 17.86 mmol) in water (0.2 ml) 

was adding. The fresh preparate diazonium salt (8.12 mmol) was added dropwise 

to an ice-cold mixture of the appropriate active methyl 3-oxoheptanoate I-113 (1.20 

ml, 8.12 mmol) and 10% NaOH (17 ml) in ethanol (4 ml). The compound 

recrystallized from ethanol and gave the product as yellow solid with yield 55% (1.30 

g, 4.48 mmol).  

1H NMR (400 MHz, CDCl3) δ 12.9 (s, 1H), 7.4 – 7.3 (m, 1H), 7.3 – 7.2 (m, 1H), 6.9 

(m, 2H), 3.9 (s, 2H), 3.8 (s, 1H), 3.8 (d, J = 3.6 Hz, 3H), 3.0 – 2.9 (m, 1H), 2.9 – 2.8 

(m, 1H), 1.7 – 1.6 (m, 2H), 1.4 – 1.3 (m, 2H), 0.9 (m, 3H) [ppm]. 

13C NMR (101 MHz, CDCl3) δ 199.5, 197.0, 164.6, 157.9, 135.4, 125.4, 117.8, 

116.8, 114.9, 55.5, 41.6, 38.2, 27.0, 22.5, 13.9 [ppm]. 

HRMS: ESI-mass m/z calcd. for C15H20N2NaO4: 315.1315 and found 315.1315. 
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General procedure for cyclisation reactions (B): 

The mixture of aromatic hydrazine derivatives I-104 or I-114 (1 eq.) and sodium 

acetate (1 eq.) was dissolved in a solvent mixture of ethanol and water (3:1). The 

mixture was stirred at room temperature for 5 minutes. Subsequently, hydrazones 

I-106 or I-115 (1 eq.) was added to the mixture. The resulting mixture was stirred 

under reflux for 3 hours. After completion of the reaction, the reaction mixture was 

extracted with ethyl acetate (EtOAc) and the organic phase was separated. The 

organic phase was then washed with water two times, followed by washing with 

brine. The organic phase was dried over sodium sulfate (Na2SO4) and concentrated 

under reduced pressure to remove the solvent. 

 

(Z)-5-butyl-4-(2-(4-hydroxyphenyl)hydrazineylidene)-2-phenyl-2,4-dihydro-3H-

pyrazol-3-one 

I-106a 

 

Following procedure, B, the sodium acetate (0.470 g, 5.72 mmol), phenyl hydrazine 

I-105a (0.560 ml, 5.72 mmol) was reacted with hydroxyphenyl hydrazone I-104 (1.59 

g, 5.72 mmol) in a mixture of EtOH (7 ml) and H2O (1.5 ml). After flash 

chromatography (EtOAc/Cy= 8/2), the product I-106a (706 mg, 2.1 mmol, 61 %) was 

obtained as a red solid. 

Rf = 0.8 (Cy/EtOAc = 8/2). 

1H NMR (600 MHz, CDCl3) δ 13.7 (s, 1H), 7.9 (m, 2H), 7.4 (m, 2H), 7.3 (m, 2H), 6.9 

– 6.8 (m, 2H), 2.7 (m, 2H), 1.8 – 1.7 (m, 2H), 1.4 (dt, J = 14.7, 7.4 Hz, 2H), 0.9 (t, J 

= 7.4 Hz, 3H) [ppm]. 

13C NMR (101 MHz, CDCl3) δ 154.1, 152.1, 138.3, 135.2, 129.0, 125.2, 118.8, 

117.5, 116.6, 29.9, 26.5, 22.7, 14.0 [ppm]. 

HRMS: ESI-mass m/z calcd. for C19H21N4O2: 337.1659 and found: 337.1662. 
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(Z)-4-(3-butyl-4-(2-(4-hydroxyphenyl)hydrazineylidene)-5-oxo-4,5-dihydro-1H-

pyrazol-1-yl)benzonitrile 

 I-106b 

 

 

Following procedure, B, the sodium acetate (0.290 g, 3.54 mmol), (4-

cyanophenyl)hydrazine hydrochloride I-105b (0.600 g, 3.54 mmol) was reacted with 

hydroxyphenyl hydrazone I-104 (0.984 g, 3.54 mmol) in a mixture of EtOH (4.5 ml) 

and H2O (0.8 ml). The crude product I-106b (0.793 g, 2.19 mmol, 62%) was obtained 

as orange solid. It was directly used for the next step without further purification. 

Rf = 0.24 (Cy/EtOAc = 3/2). 

1H NMR (600 MHz, CDCl3) δ 13.6 (s, 1H), 8.2 – 8.0 (m, 2H), 7.8 – 7.6 (m, 2H), 7.4 

– 7.3 (m, 2H), 7.0 – 6.7 (m, 2H), 2.7 – 2.6 (m, 2H), 1.7 (tt, J = 7.6, 6.6 Hz, 2H), 1.4 

(h, J = 7.4 Hz, 2H), 0.9 (t, J = 7.4 Hz, 3H) [ppm]. 

13C NMR (151 MHz, CDCl3) δ 158.9, 154.7, 142.1, 135.1, 133.4, 118.4, 118.0, 

116.9, 29.8, 26.6, 22.9, 14.1 [ppm]. 

HRMS: ESI-mass m/z calcd. for C20H20N5O2: 362.1612 and found: 362.1611. 
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(Z)-2-(4-bromophenyl)-5-butyl-4-(2-(4-hydroxyphenyl)hydrazineylidene)-2,4-

dihydro-3H-pyrazol-3-one 

I-106c 

 

 

Following procedure, B, the sodium acetate (220 mg, 2.68 mmol), 4-

bromophenylhydrazine hydrochloride I-105c (0.600 g, 2.68 mmol) was reacted with 

methyl hydroxyphenyl hydrazone I-104 (0.747 g, 2.68 mmol) in a mixture of EtOH 

(3.3 ml) and H2O (0.7 ml). The crude product I-106c (0.669 g, 1.16 mmol, 60%) was 

obtained as red solid. It was directly used for the next step without further purification 

Rf = 0.34 (Cy/EtOAc = 3/1). 

1H NMR (600 MHz, CDCl3) δ 13.6 (s, 1H), 7.9 – 7.8 (m, 2H), 7.5 (m, 2H), 7.3 (m, 

2H), 6.9– 6.8 (m, 2H), 2.7 (m, 2H), 1.8 – 1.7 (m, 2H), 1.4 (dt, J = 14.8, 7.4 Hz, 2H), 

0.9 (t, J = 7.4 Hz, 3H) [ppm]. 

13C NMR (101 MHz, CDCl3) δ 158.1, 154.3, 152.5, 137.3, 134.9, 132.0, 126.9, 

120.2, 117.6, 116.7, 29.8, 26.4, 22.7, 13.9 [ppm]. 

HRMS: ESI-mass m/z calcd. for C19H20BrN4O2: 415.0764 and found: 415.0766. 
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(Z)-5-butyl-4-(2-(4-hydroxyphenyl)hydrazineylidene)-2-(4-methoxyphenyl)-

2,4-dihydro-3H-pyrazol-3-one 

 I-106d 

 

 

Following procedure, B, the sodium acetate (0.180 g, 2.29 mmol), (4-

methoxyphenyl)hydrazine hydrochloride I-105d (0.400 g, 2.29 mmol) was reacted 

with methyl hydroxyphenyl hydrazone I-104 (0.637 g, 2.29 mmol) in a mixture of 

EtOH (2.8 ml) and H2O (0.5 ml). The crude product I-106d (0.546 g, 1.49 mmol, 

65%) was obtained as red solid. It was directly used for the next step without further 

purification. 

Rf = 0.26 (Cy/EtOAc = 3/1). 

1H NMR (600 MHz, CDCl3) δ 13.7 (s, 1H), 7.8 (m, 2H), 7.3 (m, 2H), 7.0 – 6.9 (m, 

2H), 6.9 (m, 2H), 3.8 (s, 3H), 2.7 (m, 2H), 1.8 – 1.7 (m, 2H), 1.5 (dt, J = 14.9, 7.4 

Hz, 2H), 1.0 (t, J = 7.4 Hz, 3H) [ppm]. 

13C NMR (151 MHz, CDCl3) δ 157.5, 157.1, 154.1, 151.7, 134.8, 131.4, 127.0, 

120.6, 117.3, 117.0, 116.5, 114.1, 55.5, 29.8, 26.3, 22.5, 13.8 [ppm]. 

HRMS: ESI-mass m/z calcd. for C20H23N4O3: 367.1765 and found: 367.1765. 
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(Z)-5-butyl-4-(2-(4-hydroxyphenyl)hydrazineylidene)-2-(p-tolyl)-2,4-dihydro-

3H-pyrazol-3-one 

 I-106e 

 

 

Following procedure, B, the sodium acetate (0.310 g, 3.78 mmol), p-tolylhydrazine 

hydrochloride I-105e (0.600 g, 3.78 mmol) was reacted with methyl hydroxyphenyl 

hydrazone I-104 (1.053 g, 3.78 mmol) in a mixture of EtOH (4.7 ml) and H2O (0.9 

ml). The product I-106e (0.248 g, 0.71 mmol, 18.7 %) was obtained as a red solid. 

It was directly used for the next step without further purification. 

Rf = 0.75 (Cy/EtOAc = 3/2). 

1H NMR (400 MHz, CDCl3) δ 13.7 (s, 1H), 7.8 (m, 2H), 7.3 (m, 2H), 7.2 (m, 2H), 6.9 

– 6.8 (m, 2H), 2.7 (m, 2H), 2.3 (s, 3H), 1.8 – 1.7 (m, 2H), 1.5 – 1.4 (m, 2H), 1.0 (t, J 

= 7.4 Hz, 3H) [ppm]. 

13C NMR (101 MHz, CDCl3) δ 157.8, 154.4, 152.0, 135.7, 135.0, 134.9, 129.5, 

127.1, 119.0, 118.1, 117.5, 117.2, 116.7, 116.6, 116.5, 30.0, 26.5, 22.7, 21.1, 14.0 

[ppm]. 

HRMS: ESI-mass m/z calcd. for C20H22N4O3: 351.1816 and found: 351.1815. 
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(Z)-5-butyl-2-(4-hydroxyphenyl)-4-(2-phenylhydrazineylidene)-2,4-dihydro-3H-

pyrazol-3-one 

I-115a 

 

 

Following procedure, B, the sodium acetate (0.204 g, 2.49 mmol), 4-

hydrazineylphenol I-111 (0.400 g, 2.49 mmol) was reacted with hydrazone I-114a 

(0.650 g, 2.49 mmol) in a mixture of EtOH (3 ml) and H2O (0.6 ml). After flash 

chromatography (Cy/EtOAc = 3/2), The product (0.275 g, 0.82 mmol, 33%) was 

obtained as a red solid. It was directly used for the next step without further 

purification. 

Rf = 0.2 (Pe/EtOAc = 3/1). 

1H NMR (600 MHz, CDCl3) δ 13.5 (s, 1H), 7.7 – 7.6 (m, 2H), 7.4 (d, J = 4.4 Hz, 4H), 

7.1 (hept, J = 4.3 Hz, 1H), 6.8 – 6.7 (m, 2H), 2.7 (t, J = 7.7 Hz, 2H), 1.8 (p, J = 7.6 

Hz, 2H), 1.4 (dt, J = 14.8, 7.4 Hz, 2H), 0.9 (t, J = 7.4 Hz, 3H) [ppm]. 

13C NMR (151 MHz, CDCl3) δ 157.4, 154.0, 152.2, 141.2, 130.8, 129.7, 128.08, 

125.9, 121.7, 115.9, 29.8, 26.4, 22.6, 13.9 [ppm]. 

HRMS: ESI-mass m/z calcd. for C19H21N4O2: 337.1659 and found: 337.1662. 
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(Z)-4-(2-(3-butyl-1-(4-hydroxyphenyl)-5-oxo-1,5-dihydro-4H-pyrazol-4-

ylidene)hydrazineyl)benzonitrile 

I-115b 

 

 

Following procedure, B, the sodium acetate (0.255 g, 3.1 mmol), hydrazine 

hydrochloride I-111 (0.500 g, 3.1 mmol) was reacted with hydrazone I-114b (0.850 

g, 3.1 mmol) in a mixture of EtOH (3.7 ml) and H2O (1.2 ml). After flash 

chromatography (Cy/EtOAc = 3/2), the product I-115b (0.351 g, 0.87 mmol, 28%) 

was obtained as a red solid. It was directly used for the next step without further 

purification. 

Rf = 0.05 (DCM/MeOH = 9.8/0.2). 

1H NMR (600 MHz, CDCl3) δ 13.6 (s, 1H), 8.2 – 8.1 (m, 2H), 7.7 – 7.6 (m, 2H), 7.3 

(m, 2H), 6.9 – 6.8 (m, 2H), 2.7 (t, J = 7.7 Hz, 2H), 1.7 (p, J = 7.5 Hz, 2H), 1.4 (dt, J 

= 14.8, 7.4 Hz, 2H), 0.9 (t, J = 7.4 Hz, 3H) [ppm]. 

13C NMR (151 MHz, CDCl3) δ 158.5, 154.4, 153.1, 141.7, 134.5, 133.0, 126.3, 

118.0, 117.1, 116.5, 107.4, 29.4, 26.2, 22.4, 13.7 [ppm]. 

HRMS: ESI-mass m/z calcd. for C20H19N5NaO2: 384.1431 and found 384.1433. 
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(Z)-4-(2-(4-bromophenyl)hydrazineylidene)-5-butyl-2-(4-hydroxyphenyl)-2,4-

dihydro-3H-pyrazol-3-one 

I-115c 

 

 

Following procedure, B, the sodium acetate (0.255 g, 3.1 mmol), the hydrazine I-

111 (0.500 g, 3.1 mmol) was reacted with hydrazone I-114c (1.06 g, 3.1 mmol) in a 

mixture of EtOH (3.7 ml) and H2O (1.2 ml). The product I-115c (0.248 g, 0.71 mmol, 

19%) was obtained as a red solid. It was directly used for the next step without 

further purification. 

Rf = 0.3 (DCM/MeOH = 9.5/0.5). 

1H NMR (600 MHz, CDCl3) δ 13.5 (s, 1H), 7.8 – 7.7 (m, 2H), 7.5 (m, 2H), 7.3 – 7.2 

(m, 2H), 6.9 – 6.8 (m, 2H), 2.7 – 2.6 (m, 2H), 1.8 – 1.7 (m, 2H), 1.5 – 1.4 (m, 3H), 

0.9 (t, J = 7.4 Hz, 3H) [ppm]. 

13C NMR (151 MHz, CDCl3) δ 157.0, 153.8, 151.9, 140.1, 132.6, 130.6, 128.4, 

121.3, 118.5, 117.1, 115.7, 29.5, 26.1, 22.4, 13.7 [ppm]. 

HRMS: ESI-mass m/z calcd. for C19H20BrN4O2: 415.0764 and found: 415.0763. 
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(Z)-5-butyl-2-(4-hydroxyphenyl)-4-(2-(4-methoxyphenyl)hydrazineylidene)-

2,4-dihydro-3H-pyrazol-3-one 

 I-115d 

 

 

Following procedure, B, the sodium acetate (0.255 g, 3.1 mmol), hydrazine I-111 

(0.500 g, 3.1 mmol) was reacted with hydrazone I-114d (0.910 g, 3.1 mmol) in a 

mixture of EtOH (3.7 ml) and H2O (1.2 ml). The product I-115d (0.140 g, 0.38 mmol, 

12%) was obtained as a red solid. It was directly used for the next step without 

further purification. 

Rf = 0.25 (Cy/EtOAc = 3/1). 

1H NMR (400 MHz, CDCl3) δ 13.7 (s, 1H), 7.8 – 7.7 (m, 2H), 7.4 – 7.3 (m, 2H), 7.0 

– 6.9 (m, 2H), 6.9 – 6.8 (m, 2H), 3.8 (s, 3H), 2.7(m, 2H), 1.8 – 1.7 (m, 2H), 1.4 (dt, 

J = 14.6, 7.4 Hz, 2H), 1.0 (t, J = 7.4 Hz, 3H) [ppm]. 

13C NMR (101 MHz, CDCl3) δ 158.0, 157.5, 153.1, 151.7, 134.9, 127.1, 120.9, 

117.2, 115.6, 115.0, 55.6, 29.8, 22.5, 13.8 [ppm]. 

HRMS: ESI-mass m/z calcd. for C20H23N4O3: 367.1765 and found: 367.1768. 

 

General procedure (C) for synthesis of methacrylic monomer:  

Methacrylic acid (1.0 eq.), triethylamine (2.0 eq.) and 1- ethyl-3-(3 

dimethylaminopropyl)carbodiimide hydrochloride (1.0 eq.) were added to a solution 

of appropriate hydrazono-pyrazolone derivatives I-106 (1.0 eq.) in dichloromethane 

and small amount of DMF. The mixture was stirred at room temperature for 20 h. 

Then, another portion of methacrylic acid (1.0 eq.), triethylamine (2 eq.) and 1-ethyl-

3-(3-dimethylaminopropyl)carbodiimide hydrochloride (1.0 eq.) were added and the 

mixture was stirred at room temperature for additional 20 h. The precipitate was 

filtered and the filtrate washed with a solution of 0.1N HCl (2×20 ml), saturated 



124 

solution of NaHCO3(2×20 ml), brine (20 ml) and then dried over NaSO4 followed by 

concentration under vacuo. Column chromatography on silica gel (EtOAc/Cy 1:3) 

gave compounds I-107a-e and I-116a-d. 

 

(Z)-4-(2-(3-butyl-5-oxo-1-phenyl-1,5-dihydro-4H-pyrazol-4-

ylidene)hydrazineyl) phenyl methacrylate 

 I-107a 

 

 

Following procedure, C, Methacrylic acid (102,3 µl, 1.21 mmol, 1.0 eq), triethylamine 

(0.336 ml, 2.43 mmol, 2.0 eq) and 1-ethyl-3-(3 dimethylaminopropyl)carbodiimide 

hydrochloride (0.232 g, 1.21 mmol, 1.0 eq) were added to a solution of appropriate 

I-106a (0.408 g, 1.21 mmol, 1.0 eq) in DCM (13.6 ml). After flash chromatography 

(Cy/EtOAc = 3/1), the product I-107a (0.253 g, 0.63 mmol, 51.5%) was obtained as 

orange solid. 

Rf = 0.56 (Cy/EtOAc = 3/1). 

1H NMR (600 MHz, CDCl3) δ 13.6 (s,1H), 8.0 – 7.9 (m, 2H), 7.5 – 7.4 (m, 4H), 7.2 

(m, 3H), 6.4 (s, 1H), 5.8 (p, J = 1.5 Hz, 1H), 2.8 – 2.7 (m, 2H), 1.8 (p, J = 7.6 Hz, 

2H), 1.5 (dt, J = 14.9, 7.4 Hz, 2H), 1.0 (t, J = 7.4 Hz, 3H) [ppm]. 

13C NMR (101 MHz, CDCl3) δ 165.7, 157.8, 152.0, 148.5, 138.8, 138.0, 135.7, 

128.9, 128.3, 127.4, 125.1, 122.9, 118.6, 116.5, 29.6, 26.3, 22.5, 18.3, 13.8 [ppm]. 

HRMS: ESI-mass m/z calcd. for C23H25N4O3: 405.1921 and found: 405.1924. 

UV-vis spectrum of monomer in THF solution: absorption shift at 396 nm. 

IR(ATR): v [cm-1] 3036, 2957, 2860, 1728, 1652. 
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(Z)-4-(2-(3-butyl-1-(4-cyanophenyl)-5-oxo-1,5-dihydro-4H-pyrazol-4-ylidene) 

hydrazineyl)phenyl methacrylate 

I-107b 

 

 

Following procedure, C, Methacrylic acid (116.7 µl, 1.38 mmol, 1.0 eq), triethylamine 

(0.384 ml, 2.77 mmol, 2.0 eq) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (0.265 g, 1.38 mmol,1.0 eq) were added to a solution of appropriate 

I-106b (0.500 g,1.38 mmol, 1.0 eq) in DCM (15.5 ml). After flash chromatography 

(Cy/EtOAc = 3/1), the product I-107b (0.344 g, 0.8 mmol, 58%) was obtained as 

orange solid. 

Rf = 0.54 (Cy/EtOAc = 3/1).  

1H NMR (400 MHz, CDCl3) δ 13.5 (s, 1H), 8.2 – 8.1 (m, 2H), 7.7 – 7.6 (m, 2H), 7.5 

– 7.4 (m, 2H), 7.2 (m, 2H), 6.3 (p, J = 1.0 Hz, 1H), 5.8 (p, J = 1.5 Hz, 1H), 2.8 – 2.7 

(m, 2H), 1.3 (p, J = 7.5 Hz, 2H), 1.5 – 1.4 (m, 2H), 1.0 (t, J = 7.4 Hz, 3H), [ppm].  

13C NMR (101 MHz, CDCl3) δ 165.8, 158.5, 153.4, 149.0, 141.7, 138.6, 135.7, 

133.2, 127.8, 123.2, 119.0, 118.2, 116.9, 107.9, 29.5, 26.4, 22.6, 18.5, 13.9 [ppm].  

HRMS: ESI-mass m/z calcd. for C24H23N5NaO3: 452.1693 and found: 452.1684.  

UV-vis spectrum of monomer in THF solution: absorption shift at 398 nm. 

IR(ATR): v [cm-1] 3115, 2954, 2873, 2224, 1730, 1657. 
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(Z)-4-(2-(1-(4-bromophenyl)-3-butyl-5-oxo-1,5-dihydro-4H-pyrazol-4-ylidene) 

hydrazineyl)phenyl methacrylate 

I-107c 

 

Following procedure, C, Methacrylic acid (101.6 µl, 1.20 mmol, 1.0 eq), triethylamine 

(0.334 ml, 2.41 mmol 2.0 eq) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (0.230 g, 1.20 mmol, 1.0 eq) were added to a solution of appropriate 

I-106c (0.500 g, 1.2 mmol, 1.0 eq) in DCM (13.5 ml). After flash chromatography 

(Cy/EtOAc = 3/1), the product I-107c (0.227 g, 0.47 mmol, 39 %) was obtained as 

orange solid.  

Rf = 0.7 (Cy/EtOAc = 3/1). 

1H NMR (400 MHz, CDCl3) δ 13.6 (s, 1H), 7.9 (m, 2H), 7.5 (m, 2H), 7.5 – 7.4 (m, 

2H), 7.2 (m, 2H), 6.3 (q, J = 1.1 Hz, 1H), 5.8 (q, J = 1.5 Hz, 1H), 2.8 – 2.7 (m, 2H), 

1.8 (p, J = 7.5 Hz, 2H), 1.4 (dd, J = 15.6, 8.2 Hz, 2H), 1.0 (t, J = 7.4 Hz, 3H) [ppm]. 

13C NMR (151 MHz, CDCl3) δ 165.7, 157.8, 152.3, 148.6, 138.7, 137.1, 135.6, 

131.8, 128.0, 127.5, 122.9, 119.9, 117.9, 116.6, 29.5, 26.3, 22.5, 18.3, 13.8 [ppm]. 

HRMS: ESI-mass m/z calcd. for C23H24BrN4O3: 483.1026 and found: 483.1016. 

UV-vis spectrum of monomer in THF soluteon: absorption shift at 396 nm. 

IR(ATR): v [cm-1] 3105, 2954, 2859, 1727, 1638. 

 

 

 

 

 

 

 

 



127 

(Z)-4-(2-(3-butyl-1-(4-methoxyphenyl)-5-oxo-1,5-dihydro-4H-pyrazol-4-

ylidene) hydrazineyl)phenyl methacrylate 

I-107d 

 

 

Following procedure, C, Methacrylic acid (120 µl, 1.43 ml, 1.0 eq), triethylamine 

(0.397 ml, 2.87 mmol, 2.0 eq) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (0.274 g, 1.43 mmol, 1.0 eq) were added to a solution of appropriate 

I-106d (0.525 g, 1,43 mmol, 1.0 eq) in DCM (16 ml). After flash chromatography 

(Cy/EtOAc = 3/1), the product I-107d (0.303 g, 0.7 mmol, 48%) was obtained as 

orange solid. 

Rf = 0.7 (Cy/EtOAc = 3/1). 

1H NMR (600 MHz, CDCl3) δ 13.6 (s, 1H), 7.9 – 7.8 (m, 2H), 7.4(m, 2H), 7.2 (m, 

2H), 7.0 – 6.9 (m, 2H), 6.4 (t, J = 1.2 Hz, 1H), 3.8 (s, 3H), 2.8 – 2.7 (m, 2H), 1.8 – 

1.7 (m, 2H), 1.5 (dt, J = 14.9, 7.4 Hz, 2H), 1.0 (t, J = 7.4 Hz, 3H) [ppm]. 

13C NMR (151 MHz, CDCl3) δ 165.7, 157.4, 157.1, 151.7, 148.4, 138.9, 135.7, 

131.4, 128.4, 127.5, 122.9, 120.5, 116.5, 114.1, 55.5, 29.7, 26.9, 26.3, 22.5, 18.3, 

14.1, 13.8 [ppm]. 

HRMS: ESI-mass m/z calcd. for C24H27N4O4:  435.2027 and found: 435.2028. 

UV-vis spectrum of monomer in THF solution: absorption shift at 397 nm. 

IR(ATR): v [cm-1] 2953, 2868, 1720, 1650. 
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(Z)-4-(2-(3-butyl-5-oxo-1-(p-tolyl)-1,5-dihydro-4H-pyrazol-4-
ylidene)hydrazineyl) phenyl methacrylate 

I-107e 

 
 

Following procedure, C, Methacrylic acid (48.1 µl, 0.57 mmol, 1.0 eq), triethylamine 

(0.158 ml, 1.14 mmol, 2.0 eq) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (0.109 g, 0.57 mmol 1.0 eq) were added to a solution of appropriate 

I-106e (0.200 g, 0.57 mmol, 1.0 eq) in DCM (6.4 ml). After flash chromatography 

(Cy/EtOAc = 3/1), the product I-107e (0.100 g, 0.24 mmol, 42 %) was obtained as 

orange solid. 

Rf = 0.71 (Cy/EtOAc = 3/1). 

1H NMR (600 MHz, CDCl3) δ 13.7 (s, 1H), 7.8 (m, 2H), 7.4 (m, 2H), 7.2 (m, 2H), 

7.2 (m, 2H), 6.4 (p, J = 1.0 Hz, 1H), 2.8 – 2.7 (m, 2H), 2.4 (s, 3H) 1.8 (m, 2H), 1.5 

– 1.4 (m, 2H), 1.0 (t, J = 7.4 Hz, 3H) [ppm]. 

13C NMR (101 MHz, CDCl3) δ 165.7, 157.6, 151.7, 148.4, 138.9, 135.7, 134.8, 

129.4, 128.4, 127.4, 122.9, 118.7, 116.5, 29.6, 26.9, 26.3, 22.5, 20.9, 18.3, 13.8 

[ppm]. 

HRMS: ESI-mass m/z calcd. for C24H26N4NaO3:  441.1897 and found: 441.1902. 

UV-vis spectrum of monomer in THF solution: absorption shift at 396 nm. 

IR(ATR): v [cm-1] 2954, 2859, 1732, 1653. 
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(Z)-4-(3-butyl-5-oxo-4-(2-phenylhydrazineylidene)-4,5-dihydro-1H-pyrazol-1-

yl) phenyl methacrylate 

I-116a 

 

 

Following procedure, C, Methacrylic acid (40.1 µl, 0.48 mmol, 1.0 eq), triethylamine 

(131.8 ml, 0.95 mmol 2.0 eq) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (91 mg, 0.48 mmol, 1.0 eq) were added to a solution of appropriate I-

115a (0.160 g, 0.48 mmol, 1.0 eq) in DCM (5.3 ml). After flash chromatography 

(Cy/EtOAc = 3/1), the product I-116a (0.105 g, 0.26 mmol, 55%) was obtained as 

orange solid.  

Rf = 0.7 (Cy/EtOAc = 3/1). 

1H NMR (600 MHz, CDCl3) δ 13.5 (s, 1H), 8.0 – 7.9 (m, 2H), 7.4 – 7.3 (m, 4H), 7.2 

– 7.1 (m, 3H), 6.3 (s, 1H), 5.7 (t, J = 1.7 Hz, 1H), 2.7 (t, J = 7.8 Hz, 2H), 2.0 (s, 3H), 

1.80 (p, J = 7.6 Hz, 2H), 1.4 (h, J = 7.4 Hz, 2H), 1.0 (t, J = 7.5 Hz, 3H) [ppm]. 

13C NMR (151 MHz, CDCl3) δ 165.7, 157.6, 152.0, 147.7, 141.1, 135.9, 129.62, 

127.1, 125.7, 121.8, 119.1, 115.7, 29.5, 26.2, 22.5, 18.3, 13.8 [ppm]. 

HRMS: ESI-mass m/z calcd. for C23H24N4NaO3: 427.1741 and found: 427.1737. 

UV-vis spectrum of monomer in THF solution: absorption shift at 398 nm. 

IR(ATR): v [cm-1] 2956, 2858, 1732, 1656. 
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(Z)-4-(3-butyl-4-(2-(4-cyanophenyl)hydrazineylidene)-5-oxo-4,5-dihydro-1H-

pyrazol-1-yl)phenyl methacrylate 

I-116b 

 

 

Following procedure, C Methacrylic acid (46.7 µl, 0.55 mmol, 1.0 eq), triethylamine 

(153.4 µl, 1.11 mmol 2.0 eq) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (0.106 g, 0.55 mmol, 1.0 eq) were added to a solution of appropriate 

I-115b (0.200 g, 0.55 mmol, 1.0 eq) in DCM (6.2 ml). After flash chromatography 

(Cy/EtOAc = 3/1), the product I-116b (0.182 g, 0.42 mmol, 76%) was obtained as 

orange solid.  

Rf = 0.7 (Cy/EtOAc = 3/1). 

1H NMR (600 MHz, CDCl3) δ 13.5 (s, 1H), 8.0 – 7.9 (m, 2H), 7.6 (d, J = 8.3 Hz, 2H), 

7.4 (d, J = 8.6 Hz, 2H), 7.2 – 7.1 (m, 2H), 6.3 (s, 1H), 5.7 (t, J = 1.7 Hz, 1H), 2.7 (t, 

J = 7.7 Hz, 2H), 2.0 (d, J = 18.7 Hz, 3H), 1.7 (p, J = 7.6 Hz, 2H), 1.4 (dt, J = 14.7, 

7.3 Hz, 2H), 1.0 (t, J = 7.4 Hz, 3H) [ppm]. 

13C NMR (151 MHz, CDCl3) δ 165.9, 157.4, 152.3, 148.2, 144.7, 134.0, 130.7, 

127.4, 122.2, 119.5, 115.9, 108.3, 29.4, 26.3, 22.6, 18.5, 13.9 [ppm]. 

HRMS: ESI-mass m/z calcd. for C24H23N5NaO3:  452.1693 and found: 452.1695. 

UV-vis spectrum of monomer in THF solution: absorption shift at 397 nm. 

IR(ATR): v [cm-1] 3380, 2960, 2870, 2118, 1727, 1665. 
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(Z)-4-(4-(2-(4-bromophenyl)hydrazineylidene)-3-butyl-5-oxo-4,5-dihydro-1H-

pyrazol-1-yl)phenyl methacrylate 

I-116c 

 

 

Following procedure, C Methacrylic acid (40.6 µl, 0.48 mmol, 1.0 eq), triethylamine 

(133.5 µl, 0.96 mmol 2.0 eq) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (92 mg, 0.48 mmol, 1.0 eq) were added to a solution of appropriate I-

115c (0.200 g, 0.48 mmol, 1.0 eq) in DCM (5.4 ml). After flash chromatography 

(Cy/EtOAc = 3/1), the product I-116c (82 mg, 0.17 mmol, 35%) was obtained as 

orange solid.  

Rf = 0.7 (Cy/EtOAc = 3/1). 

1H NMR (600 MHz, CDCl3) δ 13.5 (s, 1H), 7.9 – 7.8 (m, 2H), 7.5 (m, 2H), 7.4 (m, 

2H), 7.2 – 7.1 (m, 2H), 6.3 (s, 1H), 5.7 (t, J = 1.7 Hz, 1H), 2.7 (t, J = 7.7 Hz, 2H), 2.0 

(s, 3H), 1.7 (p, J = 7.6 Hz, 2H), 1.4 (p, J = 7.4 Hz, 2H), 0.9 (t, J = 7.4 Hz, 3H) [ppm]. 

13C NMR (151 MHz, CDCl3) δ 165.8, 158.0, 152.5, 148.8, 138.9, 137.3, 135.8, 

132.0, 127.7, 123.1, 120.0, 118.1, 116.7, 29.7, 26.4, 22.6, 18.5, 13.9 [ppm]. 

HRMS: ESI-mass m/z calcd. for C23H23BrN4NaO3: 505.0846 and found: 505.0847. 

UV-vis spectrum of monomer in THF solution: absorption shift at 399 nm. 

IR(ATR): v [cm-1] 2950, 2864, 1728, 1664. 

 

 

 



132 

(Z)-4-(3-butyl-4-(2-(4-methoxyphenyl)hydrazineylidene)-5-oxo-4,5-dihydro-1H-

pyrazol-1-yl)phenyl methacrylate 

I-116d 

 

 

Following procedure, C Methacrylic acid (30 µl, 0.35 mmol, 1.0 eq), triethylamine 

(98 µl, 0.71 mmol 2.0 eq) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (68 mg, 0.35 mmol, 1.0 eq) were added to a solution of appropriate I-

115d (0.130 g, 0.35 mmol, 1.0 eq) in DCM (4 ml). After flash chromatography 

(Cy/EtOAc = 3/1), the product I-116d (65 mg, 0.15 mmol, 42%) was obtained as 

orange solid.  

Rf = 0.7 (Cy/EtOAc = 3/1). 

1H NMR (400 MHz, CDCl3) δ 13.7 (s, 1H), 8.0 (m, 2H), 7.4 – 7.3 (m, 2H), 7.2 – 7.1 

(m, 2H), 7.0 – 6.9 (m, 2H), 6.3 (p, J = 1.0 Hz, 1H), 5.7 (p, J = 1.6 Hz, 1H), 2.8 – 2.7 

(m, 2H), 2.1 (t, J = 1.2 Hz, 3H), 1.8 – 1.7 (m, 2H), 1.4 (dt, J = 14.7, 7.4 Hz, 2H), 1.0 

(t, J = 7.4 Hz, 3H) [ppm]. 

13C NMR (151 MHz, CDCl3) δ 165.7, 157.4, 157.1, 151.7, 148.4, 138.9, 135.7, 

131.4, 128.4, 127.5, 122.9, 120.5, 116.5, 114.1, 55.5, 29.7, 26.9, 26.3, 22.5, 18.3, 

14.1, 13.8 [ppm]. 

HRMS: ESI-mass m/z calcd. for C24H23N4NaO4: 457.1846 and found: 457.1845. 

UV-vis spectrum of monomer in THF solution: absorption shift at 398 nm. 

IR(ATR): v [cm-1] 2955, 2835, 1733, 1651. 
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Polymerization 

General procedure (D) for copolymerization  

The methacrylic monomers I-107 or 115 and methylmethacrylate (MMA) was 

conducted in anhydrous N,N-dimethylformamide 10% solution with monomers initial 

mole ratios 1:3 and AIBN (1 wt% of monomer) as radical initiator at 80°C (argon 

atmosphere) for 48 h. The resulting viscous solution was added into methanol to 

precipitate polymeric materials. 

 

(Z)-4-(2-(3-butyl-5-oxo-1-phenyl-1,5-dihydro-4H-pyrazol-4-

ylidene)hydrazineyl) phenyl poly(methyl methacrylate) 

 

I-108a 

 
 

Following procedure, D, monomer I-107a (200 mg, 0.49 mmol, 1 eq) and 

methylmethacrylate (MMA) (157 µl, 1.48 mmol, 3 eq) was conducted in anhydrous 

N,N-dimethylformamide 10% solution (2 ml) with monomers initial mole ratios 1:3 

and AIBN (1 wt% of monomer, 2 mg, 0.01 mmol). The polymer was isolated with 

98% of yield (259 mg, 0.48 mmol). n:m = 1:3. 

Mn = 47 800 g/mol, Đ = 1.7 (linear poly(methyl methacrylate) standards (Mn 800–

2 200 000 g/mol);). 

Tg = 120°C, Tm = 260°C.  

1H NMR (400 MHz, CDCl3) δ 13.6, 7.9, 7.4, 7.1, 3.6, 2.7, 1.4, 1.0 [ppm]. 

IR(ATR): v [cm-1] 2980, 1728, 1659. 
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(Z)-4-(2-(3-butyl-1-(4-cyanophenyl)-5-oxo-1,5-dihydro-4H-pyrazol-4-ylidene) 

hydrazineyl)phenyl poly(methyl methacrylate) 

I-108b 

 
 

Following procedure, D, monomer I-107b (200 mg, 0.47 mmol, 1 eq) and 

methylmethacrylate (MMA) (148.7 µl, 1.40 mmol, 3 eq) was conducted in anhydrous 

N,N-dimethylformamide 10% solution (2 ml) with monomers initial moleratios 1:3 

and AIBN (1 wt% of monomer, 2 mg, 0.01 mmol). The polymer was isolated with 

99% of yield (258 mg, 0.46 mmol). n:m = 1:4, 

Mn = 97 100 g/mol, Đ = 1.5 (linear poly(methyl methacrylate) standards (Mn 800–

2 200 000 g/mol);). 

Tg = 146°C, Tm = 261°C.  

1H NMR (600 MHz, CDCl3) δ 13.4, 8.1, 7.6, 7.4, 7.1, 3.5, 2.7, 1.4, 1.2, 0.9 [ppm]. 

IR(ATR): v [cm-1] 2957, 2226, 1728, 1666. 
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(Z)-4-(2-(1-(4-bromophenyl)-3-butyl-5-oxo-1,5-dihydro-4H-pyrazol-4-ylidene) 

hydrazineyl)phenyl poly(methyl methacrylate) 

I-108c 

 

 

Following procedure, D, monomer I-107c (100 mg, 0.21 mmol, 1 eq) and 

methylmethacrylate (MMA) (66.1 µl, 0.62 mmol, 3 eq) was conducted in anhydrous 

N,N-dimethylformamide 10% solution (1 ml) with monomers initial moleratios 1:3 

and AIBN (1 wt% of monomer, 1 mg, 0.01 mmol). The polymer was isolated with 

95% of yield (120 mg, 0.2 mmol). n:m = 1:4. 

Mn = 96 900 g/mol, Đ = 1.4 (linear poly(methyl methacrylate) standards (Mn 800–

2 200 000 g/mol);). 

Tg = 124°C, Tm = 263°C. 

1H NMR (600 MHz, CDCl3) δ 13.5, 7.8, 7.4, 7.1, 3.5, 2.7, 1.7, 1.4, 1.2, 1.0, 0.9, 0.8 

[ppm]. 

IR(ATR): v [cm-1] 2950, 1728, 1660. 
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(Z)-4-(2-(3-butyl-1-(4-methoxyphenyl)-5-oxo-1,5-dihydro-4H-pyrazol-4-

ylidene) hydrazineyl)phenyl poly(methyl methacrylate) 

I-108d 

 

 

Following procedure, D, monomer I-107d (240 mg, 0.55 mmol, 1 eq) and 

methylmethacrylate (MMA) (176.5 µl, 1.66 mmol, 3 eq) was conducted in anhydrous 

N,N-dimethylformamide 10% solution (2.4 ml) with monomers initial moleratios 1:3 

and AIBN (1 wt% of monomer, 2.5 mg, 0.01 mmol). The polymer was isolated with 

98% of yield (306 mg, 0.54 mmol). n:m = 1:4. 

Mn = 100 600 g/mol, Đ = 1.6 (linear poly(methyl methacrylate) standards (Mn 800–

2 200 000 g/mol);). 

Tg = 126°C, Tm = 252°C. 

1H NMR (400 MHz, CDCl3) δ 13.6, 7.8, 7.4, 7.1, 6.9, 3.8, 3.5, 2.7, 1.9, 1.7, 1.4, 1.2, 

0.9, 0.8 [ppm]. 

IR(ATR): v [cm-1] 2950, 1728, 1665. 
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(Z)-4-(2-(3-butyl-5-oxo-1-(p-tolyl)-1,5-dihydro-4H-pyrazol-4-
ylidene)hydrazineyl) phenyl poly(methyl methacrylate) 
 

I-108e 

 

 

Following procedure, D, monomer I-107e (120 mg, 0.29 mmol, 1 eq) and 

methylmethacrylate (MMA) (91.6 µl, 0.86 mmol, 3 eq) was conducted in anhydrous 

N,N-dimethylformamide 10% solution (1.2 ml) with monomers initial mole ratios 1:3 

and AIBN (1 wt% of monomer, 1.2 mg, 0.01 mmol). The polymer was isolated with 

93% of yield (146 mg, 0.27 mmol). n:m = 1:3.  

Mn = 97 100 g/mol, Đ = 1.2 (linear poly(methyl methacrylate) standards (Mn 800–

2 200 000 g/mol);). 

Tg = 131°C, Tm = 249°C. 

1H NMR (600 MHz, CDCl3) δ 13.6, 7.8, 7.3, 7.2, 7.1, 3.5, 2.3, 1.7, 1.5, 0.9, 0.8 [ppm]. 

IR(ATR): v [cm-1] 2980, 1730,1684. 
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(Z)-4-(2-(3-butyl-5-oxo-1-phenyl-1,5-dihydro-4H-pyrazol-4-

ylidene)hydrazineyl) phenyl polymethacrylate 

I-109a  

 

 

The methacrylic monomer I-107a (150 mg, 0.37 mmol) was conducted in anhydrous 

N,N-dimethylformamide 10% solution (1.5 ml) and AIBN (1 wt% of monomer, 1.3 

mg, 0.01 mmol) as radical initiator at 80°C (argon atmosphere)for 48h. The polymer 

was isolated with 86% of yield (92 mg, 0.21 mmol). 

Mn = 83 200 g/mol, Đ = 1.3 (linear poly(methyl methacrylate) standards (Mn 800–

2 200 000 g/mol);). 

Tg = 142°C, Tm = 262°C. 

1H NMR (400 MHz, CDCl3) δ 13.5, 7.8, 7.3, 7.1, 2.5, 1.5, 1.3, 0.8 [ppm]. 

IR(ATR): v [cm-1] 2980, 2871, 1712,1658. 
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(Z)-4-(3-butyl-5-oxo-4-(2-phenylhydrazineylidene)-4,5-dihydro-1H-pyrazol-1-

yl) phenyl poly(methyl methacrylate) 

I-122a 

 

 

Following procedure, D, monomer I-116 (0.100 g, 0.25 mmol, 1 eq) and 

methylmethacrylate (MMA) (78.9 µl, 0.74 mmol, 3 eq) was conducted in anhydrous 

N,N-dimethylformamide 10% solution (1 ml) with monomers initial moleratios 1:3 

and AIBN (1 wt% of monomer, 1 mg, 0.01 mmol). The polymer was isolated with 

95% of yield (0.129 g, 0.23 mmol), n:m = 1:2. 

Mn = 94 000 g/mol, Đ = 1.4 (linear poly(methyl methacrylate) standards (Mn 800–

2 200 000 g/mol);). 

Tg = 151°C, Tm = 244°C. 

1H NMR (600 MHz, CDCl3) δ 13.5, 7.9, 7.2, 7.1, 3.6, 2.6, 2.0, 1.7, 1.4, 1.2, 1.0, 0.9 

[ppm]. 

IR(ATR): v [cm-1] 2980, 1728, 1659. 
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(Z)-4-(3-butyl-4-(2-(4-cyanophenyl)hydrazineylidene)-5-oxo-4,5-dihydro-1H-

pyrazol-1-yl)phenyl poly(methyl methacrylate) 

I-122b 

 

 

Following procedure, D, monomer I-116 (150 mg, 0.35 mmol, 1 eq) and 

methylmethacrylate (MMA) (111.5 µl, 1.05 mmol, 3 eq) was conducted in anhydrous 

N,N-dimethylformamide 10% solution (1.5 ml) with monomers initial moleratios 1:3 

and AIBN (1 wt% of monomer, 1.5 mg, 9.13 µmol). The polymer was isolated with 

98% of yield (0.196 g, 0.34 mmol), n:m = 1:4. 

 Mn = 100 000 g/mol, Đ = 1.3 (linear poly(methyl methacrylate) standards (Mn 800–

2 200 000 g/mol);). 

Tg = 142°C, Tm = 268°C. 

1H NMR (400 MHz, CDCl3) δ 13.4, 7.9, 7.6, 7.4, 7.1, 3.6, 2.7, 1.9, 1.8, 1.5, 1.0, 0.8 

[ppm]. 

IR(ATR): v [cm-1] 2957, 2226, 1728, 1666. 
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(Z)-4-(4-(2-(4-bromophenyl)hydrazineylidene)-3-butyl-5-oxo-4,5-dihydro-1H-

pyrazol-1-yl)phenyl poly(methyl methacrylate) 

I-122c 

 

 

Following procedure, D, monomer I-116 (65 mg, 0.13 mmol, 1 eq) and 

methylmethacrylate (MMA) (43 µl, 0.40 mmol, 3 eq) was conducted in anhydrous 

N,N-dimethylformamide 10% solution (0.6 ml) with monomers initial moleratios 1:3 

and AIBN (1 wt% of monomer, 0.6 mg, 3.86 µmol). The polymer was isolated with 

98% (83 mg, 0.13 mmol), n:m = 1:4. 

Mn = 35 000 g/mol, Đ = 1.7 (linear poly(methyl methacrylate) standards (Mn 800–

2 200 000 g/mol);).  

Tg = 133°C, Tm = 253°C. 

1H NMR (400 MHz, CDCl3) δ 13.4, 7.9, 7.5, 7.2, 7.1, 3.5, 2.7, 2.1, 1.7, 1.4, 1.2, 1.0, 

0.8 

[ppm]. 

IR(ATR): v [cm-1] 2950, 1728, 1660. 
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(Z)-4-(3-butyl-4-(2-(4-methoxyphenyl)hydrazineylidene)-5-oxo-4,5-dihydro-1H-

pyrazol-1-yl)phenyl poly(methyl methacrylate) 

I-122d 

 

 

Following procedure, D, monomer I-116d (50 mg, 0.12 mmol, 1 eq) and 

methylmethacrylate (MMA) (37 µl, 3.04 µmol, 3 eq) was conducted in anhydrous 

N,N-dimethylformamide 10% solution (0.5 ml) with monomers initial moleratios 1:3 

and AIBN (1 wt% of monomer, 0.5 mg, 3.04 µmol). The polymer was isolated with 

98% of yield (65 mg, 0.11 mmol), n:m = 1:3. 

Mn = 120 000 g/mol, Đ = 1.2 (linear poly(methyl methacrylate) standards (Mn 800–

2 200 000 g/mol);).  

Tg = 154°C, Tm = 238°C. 

1H NMR (400 MHz, CDCl3) δ 13.6, 7.9, 7.3, 7.1, 6.9, 3.8, 3.6, 2.6, 1.7, 1.4, 1.2, 1.0, 

0.9, 0.8 [ppm]. 

IR(ATR): v [cm-1] 2950, 1728, 1665. 
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(Z)-4-(3-butyl-5-oxo-4-(2-phenylhydrazineylidene)-4,5-dihydro-1H-pyrazol-1-

yl) phenyl polymethacrylate 

I-123a 

 

 

The methacrylic monomers I-116a (150 mg, 0.37 mmol) was conducted in 

anhydrous N,N-dimethylformamide 10% solution (1.5 ml) and AIBN (1 wt% of 

monomer, 1.3 mg, 0.01 mmol) as radical initiator at 80°C (argon atmosphere) for 

48h. The resulting viscous solution was added into methanol to precipitate polymeric 

materials. The precipitation was filtered and dried. The polymer was isolated with 

86% of yield (0.139 g, 0.32 mmol). 

Mn = 41 000 g/mol, Đ = 1.7 (linear poly(methyl methacrylate) standards (Mn 800–

2 200 000 g/mol);).  

Tg = 80°C, Tm = 251°C. 

1H NMR (600 MHz, CDCl3) δ 13.5, 7.9, 7.3, 7.1, 2.6, 1.6, 1.6, 1.4, 0.9 [ppm]. 

IR(ATR): v [cm-1] 2980, 2871, 1712, 1658. 
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III.6.2. Part I: Rubazonic acid as a promising material 

Methyl 3-oxononanoate 

I-157 

 

 

To prepare ethyl 3-oxooctanoate, a suspension of NaH (1.9 g, 81.83 mmol) in THF 

(100 ml) was first prepared at 0 °C, and then methyl acetoacetate (4.5 ml, 39.53 

mmol) was slowly added to the mixture. After stirring for 10 minutes, n-BuLi (2.5 M 

in hexane) (15.9 ml, 39.92 mmol) was added dropwise over a period of 15 minutes. 

The mixture was stirred for an additional 20 minutes at 0 °C. Next, 1-bromopentane 

(5.4 ml, 43.48 mmol) in 6 ml of THF was added dropwise, and the reaction was 

allowed to proceed for 2 hours. The reaction was then quenched with 8 ml of 

concentrated HCl in 10 ml of H2O and 40 ml of Et2O. The organic layer was washed 

with brine, dried with anhydrous MgSO4, filtered, and the solvent was removed using 

a rotary evaporator. Finally, the crude product was purified using column 

chromatography with silica gel as the stationary phase and 3/1 cyclohexane/Et2O 

as the mobile phase. The product was synthetized with 40% of yield as light-yellow 

oil (2.5 g, 12. 65 mmol). 

1H NMR (400 MHz, CDCl3) δ 3.7 (s, 2H), 3.4 (s, 2H), 2.5 (t, J = 7.4 Hz, 2H), 1.5 (t, 

J = 7.4 Hz, 2H), 1.2 (ddt, J = 7.2, 4.9, 3.0 Hz, 7H), 0.9 – 0.8 (m, 4H) [ppm]. 

The analytical data are identical to the literature data. [175] 

 

Ethyl 3-oxoundecanoate 

I-160 

 

 

In this procedure, ethyl potassium malonate (5.0 g, 29.3 mmol) was added to MeCN 

(60 ml) at 10-15 °C and under N2, followed by Et3N (6.3 ml, 45.2 mmol) and MgCl2 

(3.3 g, 35.25 mmol). The mixture was stirred at 20-25 °C for 2.5 hours, then at 0 °C 
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for 0.5 hours before the corresponding octanoyl chloride (5.0 ml, 29 mmol) was 

added dropwise over a period of 25 minutes. The mixture was further treated with 

Et3N (2.4 ml, 14.10 mmol) and stirred overnight at 20 °C. The resulting mixture was 

dissolved in toluene, concentrated, and then more toluene was added, stirred, and 

cooled to 10-15 °C before cautiously adding aq HCl (1 M, 50 ml) while keeping the 

temperature below 25 °C. The organic layer was washed with 1 M aq HCl (50 ml) 

and water. The crude oily residue was purified using flash chromatography with 

CHCl3 as the solvent, resulting in a pale-yellow oil with yield 43% (2.9 g, 12.7 mmol). 

1H NMR (600 MHz, CDCl3) δ 4.1 (q, J = 7.1 Hz, 2H), 3.4 (s, 2H), 2.5 (t, J = 7.4 Hz, 

2H), 1.6 (q, J = 7.4 Hz, 2H), 1.2 (td, J = 7.7, 7.2, 4.2 Hz, 13H), 0.8 (t, J = 7.0 Hz, 3H) 

[ppm]. 

The analytical data are identical to the literature data. [176] 

 

(2,3,5,6-tetrafluorophenyl)hydrazine 

I-162 

 

A solution of pentafluorobenzene (1 ml, 9.01 mmol, 1 eq) in EtOH (5.4 ml) was 

treated with hydrazine monohydrate (0.876 ml, 18.02 mmol, 2 eq). The reaction 

mixture was refluxed for 20 hours, then cooled to room temperature, poured into 

water (5 ml), and kept at 5 °C for 3 hours. The resulting precipitate was filtered and 

recrystallized from hexane. The product I-162 isolated as white powder with a 68% 

of yield (550 mg, 3.06 mmol). 

1H NMR (400 MHz, CDCl3) δ 6.5 (tt, J = 9.9, 7.2 Hz, 1H), 5.3 (s, 1H), 4.0 (s, 2H), 

[ppm].  

13C NMR (101 MHz, CDCl3) δ 147.3, 144.9, 138.7, 136.3, 130.8, 96.0, 24.9, 15.5 

[ppm]. 

The analytical data are identical to the literature data . [177]. 
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To synthesize pyrazolone derivatives using general procedure (A), first dissolved 

aromatic hydrazine hydrochloride derivatives (1 eq.) and sodium acetate (1 eq.) in 

a mixture of ethanol and water (5:1). After stirring the resulting mixture at room 

temperature for five minutes, then added β-ketoester (1 eq.) and heated the reaction 

mixture to reflux for three hours. The organic layer was then extracted with a mixture 

of water and ethyl acetate, followed by washing with brine, drying over Na2SO4, and 

concentration under reduced pressure. 

 

5-butyl-2-(2,3,5,6-tetrafluorophenyl)-2,4-dihydro-3H-pyrazol-3-one 

I-166b 

 

In accordance with procedure A, in a mixture of 3 ml of ethanol and 0.6 ml of water 

were dissolved of 2,3,5,6-tetrafluorophenylhydrazine (0.440 g, 2.43 mmol), methyl 

3-oxoheptanoate (0.4 ml, 2.43 mmol), and anhydrous sodium acetate (0.200 g, 2.43 

mmol) and refluxed the mixture for 3 hours. The product was obtained as a yellow 

solid with a yield of 51% (0.356 g, 1.24 mmol). 

1H NMR (400 MHz, CDCl3) δ 7.1 (tt, J = 9.8, 7.1 Hz, 1H), 3.4 (d, J = 0.7 Hz, 2H), 

2.5 – 2.4 (m, 2H), 1.6 – 1.5 (m, 2H), 1.4 – 1.3 (m, 2H), 0.9 (t, J = 7.3 Hz, 3H) 

[ppm]. 

13C NMR (151 MHz, CDCl3) δ 171.1, 161.8, 147.0, 145.4, 143.9, 142.3, 117.0, 

106.1, 39.3, 31.0, 28.4, 22.3, 13.7 [ppm]. 

19F NMR (376 MHz, CDCl3) δ -138.0 (m), -143.6 (m) [ppm]. 
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5-butyl-2-(4-chlorophenyl)-2,4-dihydro-3H-pyrazol-3-one 

I-167b 

 

In accordance with procedure A, in a mixture of 4 ml of ethanol and 1 ml of water 

were dissolved of 4-(clorophenyl)hydrazine hydrochloride (0.700 g, 3.91 mmol), 

methyl 3-oxoheptanoate (0.6 ml, 3.91 mmol), and anhydrous sodium acetate (0.320 

g, 3.91 mmol) and refluxed the mixture for 3 hours. The product was obtained as a 

yellow solid with a yield of 59% (0.578 g, 2.31 mmol). 

1H NMR (600 MHz, CDCl3) δ 7.8 (m, 2H), 7.3 (m, 2H), 3.4 (d, J = 0.7 Hz, 2H), 2.5 – 

2.4 (m, 2H), 1.6 (ddt, J = 8.8, 7.7, 6.5 Hz, 2H), 1.4 (m, 2H), 0.9 (t, J = 7.4 Hz, 3H) 

[ppm] 

13C NMR (101 MHz, DMSO) δ 170.2, 160.1, 136.5, 129.7, 128.6, 119.6, 41.5, 30.7, 

28.4, 22.1, 13.5 [ppm]. 

HRMS: ESI-mass m/z calcd. for C13H17ClN2O:  251.0946 and found: 251.0946. 
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2-(4-bromophenyl)-5-methyl-2,4-dihydro-3H-pyrazol-3-one 

I-168a 

 

In accordance with procedure A, In a mixture of 2.8 ml of ethanol and 0.6 ml of water 

were dissolved of (4-bromophenyl)hydrazine hydrochloride (0.500 g, 2.24 mmol),  

ethyl acetoacetate (0.3 ml, 2.24 mmol), and anhydrous sodium acetate (0.184 g, 

2.24 mmol) and refluxed the mixture for 3 hours. The product was obtained as a 

yellow solid with a yield of 42% (0.240 g, 0.94 mmol). 

1H NMR (400 MHz, DMSO-d6) δ 7.7 – 7.6 (m, 2H), 7.6 – 7.5 (m, 2H), 2.1 (d, J = 3.2 

Hz, 3H) [ppm]. 

13C NMR (151 MHz, CDCl3) δ 170.4, 160.3, 137.2, 131.7, 120.1, 117.7, 41.7, 14.0 

[ppm]. 

The analytical data are identical to the literature data [178]. 

 

2-(4-bromophenyl)-5-hexyl-2,4-dihydro-3H-pyrazol-3-one 

I-168c 

 

In accordance with procedure A, In a mixture of 3.3 ml of ethanol and 0.7 ml of water 

were dissolved of (4-bromophenyl)hydrazine hydrochloride (0.600 g, 2.68 mmol),  

ethyl 3-oxononanoate (0.56 ml, 2.68 mmol), and anhydrous sodium acetate (0.220 

g, 2.68 mmol) and refluxed the mixture for 3 hours. The product was obtained as a 

yellow solid with a yield of 41% (0.356 g, 1.1 mmol). 
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1H NMR (600 MHz, CDCl3) δ 7.8 – 7.7 (m, 2H), 7.5 – 7.4 (m, 2H), 3.4 (s, 2H), 2.4 (t, 

J = 7.7 Hz, 2H), 1.6 (p, J = 7.6 Hz, 2H), 1.4 – 1.3 (m, 2H), 1.3 (tdd, J = 7.2, 4.5, 1.8 

Hz, 4H), 0.9 – 0.8 (m, 3H) [ppm]. 

13C NMR (151 MHz, CDCl3) δ 170.3, 160.3, 137.2, 131.7, 120.1, 117.6, 41.6, 31.1, 

28.8, 26.4, 22.4, 13.9 [ppm]. 

HRMS: ESI-mass m/z calcd. for C15H20BrN2O:  323.0754 and found: 323.0753. 

 

2-(4-bromophenyl)-5-octyl-2,4-dihydro-3H-pyrazol-3-one  

I-168d 

 

In accordance with procedure A, In a mixture of 4 ml of ethanol and 0.8 ml of water 

were dissolved of (4-bromophenyl)hydrazine hydrochloride (0.700 g, 3.13 mmol), 

ethyl 3-oxoundecanoate (0.75 ml, 3.13 mmol), and anhydrous sodium acetate 

(0.256 g, 3.13 mmol) and refluxed the mixture for 3 hours. The product was obtained 

as a yellow solid with a yield of 40% (0.440 g, 1.25 mmol). 

1H NMR (400 MHz CDCl3) δ 7.8 – 7.7 (m, 2H), 7.5 – 7.4 (m, 2H), 3.4 (s, 2H), 2.5 – 

2.4 (m, 2H), 1.7 – 1.5 (m, 2H), 1.4 – 1.2 (m, 10H), 0.9 – 0.8 (m, 3H) [ppm]. 

13C NMR (151 MHz, CDCl3) δ 170.8, 160.7, 137.6, 132.1, 120.5, 118.0, 42.1, 32.0, 

31.5, 29.5, 29.2, 26.9, 22.9, 14.4 [ppm]. 

HRMS: no data. 
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5-butyl-2-phenyl-2,4-dihydro-3H-pyrazol-3-one  

I-169b 

 

In accordance with procedure A, in a mixture of 4 ml of ethanol and 0.8 ml of water 

were dissolved of phenylhydrazine (1 ml, 10.17 mmol), ethyl 3-oxoundecanoate (1.6 

ml, 10.17 mmol), and anhydrous sodium acetate (834 mg, 10.17 mmol) and refluxed 

the mixture for 3 hours. The product was obtained as a yellow solid with a yield of 

82% (1.8 g, 8.32 mmol). 

1H NMR (600 MHz, CDCl3) δ 7.8 (m, 2H), 7.4 – 7.3 (m, 2H), 7.1 (tt, J = 7.4, 1.2 Hz, 

1H), 3.4 (d, J = 0.7 Hz, 2H), 2.5 (dd, J = 8.3, 7.1 Hz, 2H), 1.6 (m, 2H), 1.4 – 1.3 (m, 

3H), 0.9 (t, J = 7.4 Hz, 3H) [ppm]. 

The analytical data are identical to the literature data [179]. 

 

5-butyl-2-(4-hydroxyphenyl)-2,4-dihydro-3H-pyrazol-3-one  

I-170b 

 

In accordance with procedure A, in a mixture of 4 ml of ethanol and 1 ml of water 

were dissolved of 4-hydrazineylphenol hydrochloride (0.650 g, 4 mmol), methyl 3-

oxoheptanoate (0.68 ml, 4 mmol), and anhydrous sodium acetate (0.332 g, 4 mmol) 

and refluxed the mixture for 3 hours. The rection was under inert atmosphere. After 

solvent evaporation product lived for overnight to crystallization. The formed solid 
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wash with DCM and filtrated and dried.  The product was obtained as a white solid 

(0.310 g, 1.37 mmol, 33%). 

Microwave method. The 4-hydrazinylphenol hydrochloride (0.500 g, 3.1 mmol) and 

methyl 3-oxoheptanoate (0.483 ml 3.1 mmol) was transferred to a microwave vial 

with a magnetic stir bar and maintained an inert atmosphere at 50 °C for 5 minutes. 

After reaction the EtOAc was added and filtered the resulting precipitation, which 

was then dried and used for the next step. The product was obtained as white solid 

without purification (0.122 g, 0.53 mmol, 17%). 

1H NMR (400 MHz, DMSO) δ 11.1 (s, 1H), 7.4 – 7.3 (m, 2H), 6.8 – 6.7 (m, 2H), 2.4 

– 2.3 (m, 2H), 1.5 – 1.4 (m, 2H), 1.3 (dt, J = 14.8, 7.3 Hz, 2H), 0.8 (t, J = 7.3 Hz, 3H) 

[ppm]. 

13C NMR (101 MHz, DMSO) δ 170.5, 161.0, 155.0, 130.1, 122.7, 120.4, 115.1, 30.1, 

27.8, 21.9, 13.8 [ppm]. 

HRMS: ESI-mass m/z calcd. for C13H17N2O2: 233.1285 and found: 233.1280. 

 

2-(4-hydroxyphenyl)-5-octyl-2,4-dihydro-3H-pyrazol-3-one  

I-170d 

 

In accordance with procedure A, in a mixture of 48 ml of ethanol and 9.5 ml of water 

were dissolved of 4-hydrazineylphenol hydrochloride (6 g, 38.36 mmol), ethyl 3-

oxoundecanoate (8.7 g, 38.36 mmol), and anhydrous sodium acetate (3.1 g, 38.36 

mmol) and refluxed the mixture for 3 hours. The rection was under inert atmosphere. 

After solvent evaporation product lived for overnight to crystallization. The formed 

solid wash with DCM and filtrated and dried.  The product was obtained as a white 

solid (1.4 g, 4.85 mmol, 12%). 

1H NMR (400 MHz, CDCl3) δ 7.86 – 7.78 (m, 2H), 7.5 – 7.4 (m, 2H), 3.4 (s, 2H), 2.5 – 2.4 

(m, 2H), 1.6 (m, 2H), 1.4 – 1.2 (m, 10H), 0.9 – 0.8 (m, 3H) [ppm]. 
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13C NMR (151 MHz, CDCl3) δ 137.2, 131.7, 120.1, 117.7, 60.3, 41.7, 31.6, 31.2, 

29.1, 28.9, 26.5, 22.5, 14.0 [ppm]. 

HRMS: no data. 

4-(3-butyl-5-oxo-4,5-dihydro-1H-pyrazol-1-yl)benzonitrile  

I-171b 

 

In accordance with procedure A, in a mixture of 2.2 ml of ethanol and 0.4 ml of water 

were dissolved of 4-cyanophenylhydrazine hydrochloride (300 mg, 1.77 mmol), 

methyl 3-oxoheptanoate (0.3 ml, 1.77 mmol), and anhydrous sodium acetate (145 

mg, 1.77 mmol) and refluxed the mixture for 3 hours. The product was obtained as 

a yellow solid with a yield of 60% (860 mg, 3.56 mmol). 

1H NMR (600 MHz, CDCl3) δ 8.1 – 8.0 (m, 2H), 7.6 – 7.6 (m, 2H), 3.4 (s, 2H), 2.5 – 

2.4 (m, 2H), 1.7 – 1.5 (m, 2H), 1.4 (h, J = 7.4 Hz, 2H), 0.9 (t, J = 7.4 Hz, 3H) [ppm]. 

13C NMR (151 MHz, CDCl3) δ 171.1, 161.4, 141.9, 133.3, 119.2, 118.5, 107.9, 

42.1, 31.2, 28.7, 22.6, 14.0 [ppm]. 

HRMS: ESI-mass m/z calcd. for C14H16N3O: 242.1288 and found: 242.1283. 
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The synthesis of rubazonic acid derivatives was achieved using a general procedure 

(B). Pyrazolone or HP 2 (1 eq.) was dissolved in DMSO (0.15 M), followed by the 

addition of sodium azide (6 eq.) and iodine (2.2 eq.). The reaction mixture was 

stirred at room temperature for 90 minutes. Then, an excess of saturated aqueous 

sodium thiosulfate solution was added and stirred for an additional 60 minutes. 

Distilled water was then added and the mixture was extracted twice with 

dichloromethane. The combined organic phases were extracted with brine, dried 

over Na2SO4, and purified by flash chromatography on silica gel (using DCM/MeOH 

9:1). 
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(Z)-5-butyl-4-((3-butyl-5-hydroxy-1-(2,3,5,6-tetrafluorophenyl)-1H-pyrazol-4-yl) 

imino)-2-(2,3,5,6-tetrafluorophenyl)-2,4-dihydro-3H-pyrazol-3-one 

I-175b 

 

In accordance with procedure B, the pyrazolone I-166b (0.300 g, 1.04 mmol) was 

dissolved in DMSO (7 ml), followed by the addition of sodium azide (0.400 g, 6.24 

mmol) and iodine (0. 581 g, 2.29 mmol). The rubazonic acid was obtained as read 

solid (250 mg, 0.43 mmol, 41%). 

1H NMR (400 MHz, CDCl3) δ 7.2 – 7.1 (m, 2H), 2.7 (t, J = 7.7 Hz, 2H), 2.6 (q, J = 

8.0, 7.3 Hz, 2H), 1.7 – 1.6 (m, 4H), 1.4 (h, J = 7.4 Hz, 4H), 0.9 (t, J = 7.3 Hz, 6H) 

[ppm]. 

19F NMR (376 MHz, CDCl3) δ -137.45, -143.53 [ppm]. 

HRMS: no data. 
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(Z)-5-butyl-4-((3-butyl-1-(4-chlorophenyl)-5-hydroxy-1H-pyrazol-4-yl)imino)-2-

(4-chlorophenyl)-2,4-dihydro-3H-pyrazol-3-one  

I-176b 

 

In accordance with procedure B, the pyrazolone I-167b (0.195 g, 0.78 mmol) was 

dissolved in DMSO (5 ml), followed by the addition of sodium azide (0.300 g, 4.67 

mmol) and iodine (0.434 g, 1.71 mmol). The rubazonic acid was obtained as read 

solid (0.203 g, 0.4 mmol, 51%). 

1H NMR (600 MHz, CDCl3) δ 7.9 – 7.8 (m, 4H), 7.4 (m, 4H), 2.8 – 2.7 (m, 2H), 2.4 

(t, J = 7.6 Hz, 2H), 1.8 – 1.7 (m, 4H), 1.4 (dq, J = 9.1, 7.3 Hz, 5H), 1.0 (t, J = 7.4 Hz, 

6H) [ppm]. 

13C NMR (151 MHz, CDCl3) δ 163.8, 158.8, 157.9, 152.3, 135.3, 131.2, 129.1, 

125.3, 121.8, 119.8, 118.8, 30.1, 26.9, 22.2, 13.6 [ppm]. 

HRMS: ESI-mass m/z calcd. for C26H28N5O2: 512.1615 and found: 512.1613. 
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(Z)-2-(4-bromophenyl)-4-((1-(4-bromophenyl)-5-hydroxy-3-methyl-1H-pyrazol-

4-yl)imino)-5-methyl-2,4-dihydro-3H-pyrazol-3-one 

II-177a 

 

In accordance with procedure B, the pyrazolone I-168a (56 mg, 0.22 mmol was 

dissolved in DMSO (1.5 ml), followed by the addition of sodium azide (86 mg, 1.33 

mmol) and iodine (124 mg, 0.49 mmol). Te product was purified by flash 

chromatography on silica gel (using DCM/MeOH 9:1). The rubazonic acid was 

obtained as read solid (64 mg, 0.12 mmol, 56%). 

1H NMR (600 MHz, DMSO-d6) δ 7.9 – 7.4 (m, 8H), 2.1 (s, 6H) [ppm]. 

13C NMR (151 MHz, DMSO) δ 132.0, 120.5, 12.6 [ppm]. 

HRMS: no data. 
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(Z)-2-(4-bromophenyl)-4-((1-(4-bromophenyl)-3-hexyl-5-hydroxy-1H-pyrazol-

4-yl)imino)-5-hexyl-2,4-dihydro-3H-pyrazol-3-one 

I-177c 

 

 

In accordance with procedure B, the pyrazolone I-168c (0.200 g, 0.62 mmol was 

dissolved in DMSO (4 ml), followed by the addition of sodium azide (0.241 g, 3.71 

mmol) and iodine (0.346 g, 1.36 mmol). The product was purified by flash 

chromatography on silica gel (using DCM/MeOH 9:1). The rubazonic acid was 

obtained as read solid (0.165 g, 0.25 mmol, 40%). 

1H NMR (400 MHz, CDCl3) δ 7.8 (m, 2H), 7.8 – 7.7 (m, 2H), 7.6 – 7.5 (m, 4H), 2.7 

(m, 2H), 2.4 (d, J = 7.5 Hz, 1H), 1.8 – 1.7 (m, 4H), 1.3 (h, J = 4.0 Hz, 8H), 0.9 (td, J 

= 7.1, 5.6, 3.8 Hz, 6H) [ppm]. 

13C NMR (151 MHz, CDCl3) δ 158.1, 152.5, 136.8, 128.7, 127.4, 125.5, 122.2, 

120.3, 31.7, 29.4, 28.2, 26.9, 22.7, 14.2 [ppm]. 

HRMS: no data. 
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(Z)-2-(4-bromophenyl)-4-((1-(4-bromophenyl)-3-butyl-5-hydroxy-1H-pyrazol-4-

yl)imino)-5-butyl-2,4-dihydro-3H-pyrazol-3-one 

I-181a 

 

In accordance with procedure B, the hydrazono-pyrazolone I-106c (0.150 g, 0.36 

mmol) was dissolved in DMSO (2.5 ml), followed by the addition of sodium azide 

(0.141 g, 2.17 mmol) and iodine (0.202 g, 0.79 mmol). The rubazonic acid was 

obtained as read solid (0.137 g, 0.23 mmol, 63%). 

1H NMR (400 MHz, CDCl3) δ 7.9 – 7.8 (m, 2H), 7.8 – 7.7 (m, 2H), 7.6 – 7.5 (m, 4H), 

2.8 – 2.7 (m, 2H), 2.5 – 2.4 (m, 1H), 1.8 – 1.7 (m, 4H), 1.5 – 1.4 (m, 4H), 1.0 (t, J = 

7.4 Hz, 6H) [ppm]. 

13C NMR (101 MHz, CDCl3) δ 158.0, 152.3, 138.4, 132.0, 122.1, 120.1, 30.1, 26.4, 

22.7, 13.8 [ppm]. 

HRMS: ESI-mass m/z calcd. for C26H28Br2N5O2: 600.0604 and found: 600.0602. 
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(Z)-5-butyl-4-((3-butyl-5-hydroxy-1-phenyl-1H-pyrazol-4-yl)imino)-2-phenyl-

2,4-dihydro-3H-pyrazol-3-one 

I-178b 

 

In accordance with procedure B, the pyrazolone I-163b (0.565 g, 2.61 mmol was 

dissolved in DMSO (18 ml), followed by the addition of sodium azide (1 g, 15.67 

mmol) and iodine (1.46 g, 5.75 mmol). The product was purified by flash 

chromatography on silica gel (using DCM/MeOH 9:1). The rubazonic acid was 

obtained as read solid (0.498 g, 1.12 mmol, 43%). 

1H NMR (400 MHz, CDCl3) δ 7.9 – 7.8 (m, 4H), 7.5 – 7.4 (m, 4H), 7.3 – 7.2 (m, 2H), 

2.7 (m, 4H), 1.8 – 1.6 (m, 4H), 1.4 (dt, J = 14.8, 7.4 Hz, 4H), 0.9 (t, J = 7.4 Hz, 6H) 

[ppm]. 

13C NMR (101 MHz, CDCl3) δ 157.8, 152.1, 138.2, 131.8, 121.9, 120.0, 29.9, 26.2, 

22.5, 13.6 [ppm]. 

HRMS: ESI-mass m/z calcd. for C26H28N5O2: 442.2248 and found: 442.2240. 
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(Z)-4-(3-butyl-4-((3-butyl-1-(4-cyanophenyl)-5-hydroxy-1H-pyrazol-4-yl)imino)-

5-oxo-4,5-dihydro-1H-pyrazol-1-yl)benzonitrile 

I-179b 

 

In accordance with procedure B, the pyrazolone I-171b (0.800 g, 3.32 mmol was 

dissolved in DMSO (22 ml), followed by the addition of sodium azide (1.3 g, 19.89 

mmol) and iodine (1.851 g, 7.29 mmol). The product was purified by flash 

chromatography on silica gel (using DCM/MeOH 9:1). The rubazonic acid was 

obtained as read solid (0.573 g, 1.16 mmol, 35%). 

1H NMR (600 MHz, CDCl3) δ 8.1 (d, J = 8.6 Hz, 4H), 7.7 (d, J = 8.6 Hz, 4H), 2.7 (t, 

J = 7.8 Hz, 4H), 1.7 (p, J = 7.7 Hz, 4H), 1.4 (dt, J = 14.9, 7.5 Hz, 4H), 0.9 (t, J = 7.4 

Hz, 6H) [ppm]. 

13C NMR (151 MHz, CDCl3) δ 158.9, 153.3, 141.2, 133.4, 125.8, 120.7, 118.7, 

110.2, 30.2, 26.7, 22.9, 14.1 [ppm]. 

HRMS: ESI-mass m/z calcd. for C28H28N7O2: 494.2299 and found: 494.2298. 
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(Z)-4-(3-butyl-4-((3-butyl-1-(4-cyanophenyl)-5-hydroxy-1H-pyrazol-4-yl)imino)-

5-oxo-4,5-dihydro-1H-pyrazol-1-yl)benzonitrile 

I-181b 

 

In accordance with procedure B, the hydrazono-pyrazolone I-106b (0.100 g, 0.28 

mmol was dissolved in DMSO (2 ml), followed by the addition of sodium azide (0.100 

g, 1.66 mmol) and iodine (0.155 g, 0.61 mmol). The rubazonic acid was obtained as 

read solid (72 mg, 0.15 mmol, 53%). 

1H NMR (600 MHz, CDCl3) δ 8.1 (d, J = 8.6 Hz, 4H), 7.7 (d, J = 8.6 Hz, 4H), 2.7 (t, 

J = 7.8 Hz, 4H), 1.7 (p, J = 7.7 Hz, 4H), 1.4 (dt, J = 14.9, 7.5 Hz, 4H), 0.9 (t, J = 

7.4 Hz, 6H) [ppm]. 

13C NMR (151 MHz, CDCl3) δ 158.9, 153.3, 141.2, 133.4, 125.8, 120.7, 118.7, 

110.2, 30.2, 26.7, 22.9, 14.1 [ppm]. 

HRMS: ESI-mass m/z calcd. for C28H28N7O2: 494.2299 and found: 494.2298. 
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(Z)-5-butyl-4-((3-butyl-5-hydroxy-1-(4-hydroxyphenyl)-1H-pyrazol-4-yl)imino)-

2-(4-hydroxyphenyl)-2,4-dihydro-3H-pyrazol-3-one 

I-180b 

 

In accordance with procedure B, the pyrazolone I-170b (0.166 g, 0.71 mmol) was 

dissolved in DMSO (5 ml), followed by the addition of sodium azide (0.278 g, 4.29 

mmol) and iodine (0.399 g, 1.57 mmol). The rubazonic acid was obtained as read 

solid (0.210 g, 0.44 mmol, 62%). 

1H NMR (400 MHz, DMSO-d6) δ 9.7 (s, 2H), 7.5 (m, 4H), 6.85 (m, 4H), 2.6 – 2.5 (m, 

4H), 1.6 (p, J = 7.4 Hz, 4H), 1.4 – 1.3 (m, 4H), 0.8 (t, J = 7.3 Hz, 6H) [ppm]. 

13C NMR (101 MHz, DMSO) δ 156.3, 128.7, 124.5, 122.6, 115.4, 99.4, 29.5, 25.7, 

22.0, 13.5 [ppm]. 

HRMS: ESI-mass m/z calcd. for C26H28N5O4: 474.2147 and found: 474.2147. 
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(Z)-4-((5-hydroxy-1-(4-hydroxyphenyl)-3-octyl-1H-pyrazol-4-yl)imino)-2-(4-

hydroxyphenyl)-5-octyl-2,4-dihydro-3H-pyrazol-3-one 

I-180d 

 

In accordance with procedure B, the pyrazolone I-170d (0.800 g, 2.7 mmol) was 

dissolved in DMSO (18.5 ml), followed by the addition of sodium azide (1 g, 16.64 

mmol) and iodine (1.5 mg, 6.1 mmol). The rubazonic acid was obtained as read 

solid (0.283 g, 0.48 mmol, 17%). 

1H NMR (600 MHz, DMSO-d6) δ 7.6 – 7.4 (m, 4H), 6.9 – 6.7 (m, 4H), 4.3 (s, 2H), 

1.6 (tdd, J = 17.0, 13.0, 7.4 Hz, 4H), 1.3 (q, J = 7.6 Hz, 4H), 1.2 (m, 20H), 0.8 (dt, J 

= 10.0, 4.1 Hz, 6H) [ppm]. 

13C NMR (151 MHz, DMSO) δ 120.4, 115.3, 94.4, 57.3, 55.9, 31.2, 28.6, 22.0, 18.5, 

13.9 [ppm]. 

HRMS: no data. 
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(Z)-5-butyl-4-((3-butyl-5-hydroxy-1-(4-(prop-2-yn-1-yloxy)phenyl)-1H-pyrazol-

4-yl)imino)-2-(4-(prop-2-yn-1-yloxy)phenyl)-2,4-dihydro-3H-pyrazol-3-one  

I-183 

 

In accordance with procedure B, the rubazonic acid I-180b (95 mg, 0.2 mmol), 

potassium carbonate (140 mg, 1 mmol) and propargyl bromide solution (80 wt.% in 

toluene) (89 μl, 0.8 mmol) dissolve in Ethanol (8.5 ml). The mixture refluxing during 

6h under inert atmosphere. The product was extracted by CH2Cl2 and brine three 

times and dried with Na2SO4. The product was purified by column chromatography 

(Pe/EtOAc 3:2) Rf = 0.8. the product was obtained as orange solid (96 mg, 0.17 

mmol, 87%). 

1H NMR (600 MHz, DMSO) δ 7.7 (d, J = 8.9 Hz, 4H), 7.1 – 7.0 (m, 4H), 4.8 (d, J = 

2.4 Hz, 4H), 2.6 (t, J = 7.7 Hz, 4H), 1.6 (p, J = 7.5 Hz, 4H), 1.4 (dd, J = 9.1, 5.7 Hz, 

4H), 0.9 (t, J = 7.4 Hz, 6H) [ppm]. 

13C NMR (151 MHz, DMSO) δ 155.7, 130.8, 122.2, 115.2, 78.9, 78.3, 55.6, 29.5, 

26.2, 25.7, 22.0, 13.5 [ppm]. 

HRMS: ESI-mass m/z calcd. for C32H34N5O4: 552.2605 and found: 552.2616. 
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2,7-dibromo-9,9-dioctyl-9H-fluorene 

I-190 

 

The 2,7-Dibromofluorene (1 g, 3.09 mmol) dissolve in DMSO (20 ml) and NaOH 

aqueous (50 wt%, 1 ml), 1-bromooctane (1.126 ml, 7.41 mmol) was added to the 

mixture and stirred 2h at rt. After heated the mixture at 80 °C and stirred 24h. MTBE 

(7 ml) and 2M HCl (60 ml) was added to the mixture and stirred 20 min (mixture 

should be colorless or light yellow), and after extracted the product with MTBE. 

Wash the organic phase three times with brine and drayed with sodium sulfate. 

Solvent was removed under reduced pressure and the crude product was purified 

via recrystallize product from hexane. (1.219 g, 2.22 mmol, 72%) 

1H-NMR (400 MHz, CDCl3): δ 7.5 (d, J = 7.9 Hz, 2H), 7.4 (d, J = 8.0 Hz, 4H), 1.9 - 

1.8 (m, 4H), 1.2 - 1.0 (m, 20H), 0.8 (m, 6H), 0.6 - 0.5 (m, 4H) [ppm]. 

13C NMR (151 MHz, CDCl3) δ 152.9, 139.4, 130.5, 126.5, 121.4, 56.0, 40.5, 32.1, 

30.2, 29.5, 27.3, 23.9, 22.9, 14.4 [ppm]. 

The analytical data are identical to the literature data [180]. 

(9,9-dioctyl-9H-fluorene-2,7-diyl)bis(trimethylstannane)  

I-191 

 

The solution of n-BuLi (1.64 M in hexane, 0,72 ml, 1.81 mmol) was added slowly to 

a solution of 2,7-dibromo-9,9-didodecylfluorene (0.450 g, 0.82 mmol) in THF (8 ml) 

at -78. Then was added trimethyltin chloride (0.409 g, 2.05 mmol) in THF (4 ml) at -

78 °C after 1 hour. This mixture was stirred for 12 hours at room temperature. The 
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saturated aqueous NH4Cl was added to the reaction mixture. The organic layer was 

extracted with EtOAc. Then the combined organic phase was washed with brine, 

dried over Na2SO4 and concentrated under reduced pressure. The crude product 

(0.588 g, 0.78 mmol, 95%) was obtained as colorless oil. It was directly used for the 

next step without further purification 

1H NMR (400 MHz, CDCl3) δ 7.6 (d, J = 7.6 Hz, 2H), 7.4 (m, 3H), 7.3 – 7.2 (m, 

1H), 2.00 – 1.91 (m, 4H), 1.26 – 1.03 (m, 24H), 0.87 – 0.82 (m, 6H), 0.69 (s, 6H), 

0.34 (d, J = 1.1 Hz, 11H) [ppm]. 

The analytical data are identical to the literature data [181]. 

2,7-dibromo-9,9-bis(7-bromoheptyl)-9H-fluorene  

I-198 

 

The reaction was under inert atmosphere. The potassium hydroxide (15.4 g) 

dissolve in 30 ml of water and heat to 75-80 °C. The 2,7-dibromofluorene (0.500 g, 

1.54 mmol), dibromo octane (4.198 g, 15.43 mmol), and tetrabutylammonium 

bromide (49.746 mg, 0.15 mmol) adding to hot water base solution.  Reaction 

mixture sire during 1h and then extract with CHCl3. The organic layer wash with 

dilute HCl (30 ml), brine (30 ml), and H2O (30 ml) and drying over Na2SO4 and 

concentrating in vacuo. The yellow oil distils under vacuum to remove excess 

dibromohexane (about 100 °C). Then product purified by column 

chloroform/cyclohexane (1:9). The product isolated with 41% of yield (0.450 g, 0.64 

mmol). 

1H NMR (400 MHz, CDCl3) δ 7.5 (dd, J = 8.0, 0.6 Hz, 2H), 7.4 (d, J = 1.8 Hz, 1H), 

7.4 (m, 3H), 3.3 (t, J = 6.9 Hz, 4H), 1.9 – 1.8 (m, 4H), 1.8 – 1.7 (m, 4H), 1.3 – 1.2 

(m, 4H), 1.1 – 1.0 (m, 12H) [ppm]. 

The analytical data are identical to the literature data [182]. 
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(2,7-dibromo-9H-fluorene-9,9-diyl)bis(heptane-7,1-diyl) diacetate  
I-199 

 

To a 10-ml RBF containing a stir bar and an argon atmosphere was added Reactant 

I-198 (0.250 g, 0.35 mmol), anhydrous DMF (2.3 ml), anhydrous THF (1.15 ml), 

anhydrous potassium carbonate (0.250 g, 1.81 mmol), and Acetic acid (0.145 ml, 

1.77 mmol). The reaction was stirred at 90 °C overnight. After cooling to room 

temperature, the reaction was poured into water (10 ml) and extracted with 2 x 20 

ml of Et2O. After filtering through a pad of silica gel (Cy/EtOAc, 9:1) and 

concentrating in vacuo, the product was isolated with 79% of yield (0.186 g, 0.28 

mmol) as clear oil.   

Rf = 0.29 (Cy/EtOAc 9:1).  

1H NMR (400 MHz, CDCl3) δ 7.5 – 7.4 (m, 2H), 7.4 – 7.3 (m, 4H), 4.0 (t, J = 6.8 Hz, 

4H), 2.0 (s, 6H), 1.9 – 1.8 (m, 4H), 1.5 – 1.4 (m, 5H), 1.2 (dq, J = 13.6, 7.1, 6.6 Hz, 

5H), 1.1 – 1.0 (m, 12H) [ppm]. 

13C NMR (151 MHz, CDCl3) δ 171.2, 150.7, 141.2, 127.0, 122.9, 119.7, 64.7, 55.1, 

40.4, 30.1, 29.2, 28.6, 25.9, 23.8, 21.0 [ppm]. 

HRMS: no data. 
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Homopolymers of Rubazonic acid: 

I-201 

 

 

 

The reaction produces under inert atmosphere in a Schlenk flask in standard 

Schlenk procedure, the rubazonic acid monomer (240 mg, 0.44 mmol, 1 eq.) were 

successively introduced to Schlenk round bottom flask. Then, dry toluene (20 ml) 

and diisopropylamine (DIPA) or triethylamine (Et3N) (5 ml) was added and degassed 

by bubbling argon under sonications for 20 min. Pd(PPh3)4 (20 mg, 17.55 μmol, 0.04 

eq.) and CuI (1.3 mg 6.99 μmol, 0.2 eq.) was quickly added and the reaction mixture 

was stirred under argon at  70°C for 48 h. The reaction mixture was allowed to cool 

down at room temperature and concentrating in vacuo. The dark red solid dissolved 

in THF and filtered through cotton filter. The filtrate was concentrated to 3 ml and 

precipitated into 150 ml of cold methanol. The precipitation filtrate and dried. The 

polymer purified by Soxhlet extraction with diethyl ether and then with methanol. 

1H NMR (600 MHz, CDCl3) δ 7.6, 7.2, 6.8, 4.9, 2.6, 1.5, 1.4, 1.2, 0.9 [ppm]. 
 

Table 17: The Glaser polycondensation of I-183 in different base (* (linear poly(methyl methacrylate) 

standards (Mn 800–2 200 000 g/mol); in DMAc).  

Entry Base Mn* 

[g/mol] 

MW
* 

[g/mol] 

Đ* Yield 

[%] 

1 Et3N 70 000 122 000 1.7 35 

2 DIPA 15 500 33 300 2.1 38 
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MW method  

In a 5 ml microwave reactor, rubazonic acid monomer (20 mg, 0.04 mmol, 1 eq.), 

Pd(PPh3)4 (8 mg, 7.25 μmol, 0.2 eq.), CuI (1.38 mg, 0.01 mmol, 0.2 eq.)  were 

placed. The tube was pumped and filled with Aagon and a mixture of degassed 

toluene 1.5 ml and Et3N (1.5 ml) was added. To increasing yield, I2 (0.5 eq.) was 

add as oxidizer agent ( 

Table 18). The resulting solution was degassed under argon using ultrasonication 

for 20 min. The reaction was stirred at 40 °C for 1h under MW irradiation. The 

reaction mixture was allowed to cool down at room temperature and concentrating 

in vacuo. The dark red solid dissolved in THF and filtered through cotton filter. The 

filtrate was concentrated to 0.5 ml and precipitated into 50 ml of cold methanol. The 

precipitation filtrate and dried. The polymer purified by Soxhlet extraction with 

methanol.   

1H NMR (600 MHz, CDCl3) δ 7.6, 7.2, 6.8, 4.9, 2.6, 1.5, 1.4, 1.2, 0.9 [ppm]. 

 

Table 18: The conditions polycondensation of I-183 by microwave activation. 

Pd(PPh3)2Cl2 

[eq.] 

Pd(PPh3)4 

[eq.] 

I2 

[eq.] 

T 

[°C] 

Time 

[h] 

Yield 

[%] 

0.2   100 2 3 

 0.2  40 1 11 

 0.2 0.5 40 1 24 
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Polymerization under oxidative conditions: 

I-202 

 

To a mixture of rubazonic acid monomer (105 mg, 0.19 mmol, 1 eq.), Pd(PPh3)2CI2 

(1.8 mg, 2.63 μmol, 0.01 eq.), CuI (1.8 mg, 0.01 mmol, 0.05 eq.), I2 ( 24 mg, 0.1 

mmol, 0.5 eq.) in THF (1 ml) and diisopropyl amine (0.3 ml). The mixture was stirred 

at room temperature for 15 hours. The solution was filtrate with cotton filter and 

precipitated in cold MtOH. The product was perfide by Soxhlet. The oligomer was 

obtained as red solid (43 mg, 0.07 mmol, 39%) with Mn of 2 300 g/mol and Đ of 3 

(* measured by GPC in THF and the molar masses were calibrated to polystyrene 

as an internal standard). 

MW method of polymerization under oxidative condition described above. 

1H NMR (600 MHz, DMSO) δ 7.8, 6.9, 4.9, 4.7, 2.6, 1.3, 1.3, 1.3, 0.8 [ppm]. 
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I-205 

 

The rubazonic acid monomer (75 mg, 0.11 mmol, 1 eq.), CuI (13 mg, 0.07 mmol, 

0.63 eq.), Pd(PPh3)4 (6.3 mg, 5.42 μmol, 0.05 eq.) and benzoquinone (30 mg, 0.27 

mmol, 2.5 eq.) were combined under argon in a sealable Schlenk tube fitted with 

septum. To this were added 4 ml of toluene and 0.7 ml of diisopropylamine. The 

solution was heated to 60 °C under argon; then, the septum was replaced with a 

threaded Teflon stopper under a positive pressure of argon. The tube was sealed, 

and the reaction mixture was stirred at 60 °C for 72 h. The reaction mixture was 

allowed to cool down at room temperature and concentrating in vacuo. The dark red 

solid dissolved in THF and filtered through cotton filter. The filtrate was concentrated 

to 2 ml of THF and precipitated into 200 ml of cold methanol. The precipitation filtrate 

and dried. The polymer purified by Soxhlet extraction with methanol. After Soxhlet 

extraction this product was difficult to completely redissolve into THF or other 

organic solvents after it had been precipitated. 

 

Table 19: The oxidative conditions and results of Glaser polycondensation of I-183. 

I-205 RA 

C8H18 

Eq. 

RA 

C4H9 

Eq. 

Pd° 

Eq. 

CuI 

Eq. 

Benzoquinone 

Eq. 

Yield 

%  

d 1  0.05 0.6 2.5 56 

c  1 0.05 0.6 2.5 42 

 

I-205d: 1H NMR (400 MHz, DMSO) δ 7.6, 7.5, 1.1, 0.8 [ppm]. 

I-205c: 1H NMR (400 MHz, DMSO) δ 8.1, 7.6, 7.1, 4.9, 1.5, 1.1, 0.8 [ppm]. 
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I-204 

 

To a mixture of rubazonic acid monomer (70 mg, 0.13 mmol, 1 eq.), 1-ethynyl-4-

methoxybenzene (33 mg, 0.25 mmol, 2 eq.) Pd(PPh3)2CI2 (1.2 mg, 1.75 μmol, 0.01 

eq.), CuI (1.2 mg, 0.01 mmol, 0.05 eq.), I2 ( 15.7 mg, 0.6 mmol, 0.5 eq.) in THF (0.9 

ml) and diisopropyl amine (0.2 ml). The mixture was stirred at room temperature for 

15 hours. The solution was filtrate with cotton filter and precipitated in cold MtOH. 

The product was perfide by Soxhlet. The oligomer was obtained as red solid (13 

mg, 0.02 mmol, 14%) with Mn of 2 400 g/mol g/mol and Đ of 3.4 and n=4 (measured 

by GPC in THF and the molar masses were calibrated to polystyrene as an internal 

standard). 

1H NMR (600 MHz, DMSO) δ 9.7, 7.7, 7.5, 7.1, 6.9, 5.0, 4.8, 3.7, 1.6, 1.4, 0.9 
[ppm]. 
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Poly rubazonic acid 1,4-bis((Z)-2-chloroprop-1-en-1-yl)benzene 

I-208 

 

The reaction produces under inert atmosphere in a Schlenk flask in standard 

Schlenk procedure. To a 5 ml Schlenk tube was placed of Rh(cod)Cl2 (6.1 mg, 0.01 

mmol), PPh3 (6.6 mg, 0.03 mmol), rubazonic acid monomer (115 mg, 0.21 mmol) 

and terephthaloyl dichloride (42.3 mg, 0.21 mmol). Freshly dried o-xylene (2 mL) 

was then injected into the tube using a hypodermic syringe. The resultant mixture 

was stirred at 140 °C under nitrogen for 12 h. The polymerisation was quenched by 

the addition of a small amount of methanol. The solution was then added dropwise 

to 500 mL of hexane via a cotton filter under stirring. The precipitate was allowed to 

stand overnight and then collected by filtration. The polymer was washed with 

hexane and dried under vacuum at room temperature to a constant weight. The 

product was obtained as a red powder with 31% yield (47 mg, 0.06 mmol). 

Mn= 1370 g/mol, Đ =1.4, n=2 (measured by GPC in THF and the molar masses 

were calibrated to polystyrene as an internal standard). 

1H NMR (400 MHz, CDCl3) δ 8.1, 8.0, 7.8, 7.7, 7.3, 7.0, 6.9, 6.8, 4.7, 2.7, 1.7, 1.4, 

1.2, 0.9 [ppm]. 
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Rubazonic acid polyether ether ketone:   

I-128 

 

The enol rubazonic acid (120 mg, 0.19 mmol) and 4,4`-difluorobenzophenone 

(DFBP) (42.5 mg, 0.19 mmol), and K2CO3 (40 mg, 0.29 mmol) were added to a 

three-necked flask equipped with a water separator under nitrogen protection. 

DMAc (0.5 ml) was used as the reaction solvent, and toluene (0.1 ml) was used as 

the water-carrying agent. The mixture was stirred at 160 °C for 6 h until the viscosity 

of the reaction solution no longer increased and stopped heating. After the reaction 

was complete, it was poured it into the water while it was still hot and the polymer 

was reversely precipitated. Then precipitation wash with cold MeOH. The polymer 

purified under Soxhlet extraction with MeOH.  

I-212b 1H NMR (600 MHz, DMSO) δ 8.10, 7.76, 7.16, 7.08, 1.70, 1.38, 0.93. [ppm]. 

I-212d 1H NMR (400 MHz, DMSO) δ 7.7, 7.1, 2.5, 1.1, 0.7 [ppm]. 

Table 20:The conditions and results of synthesis of I-212 by nucleophilic aromatic substitution 

reaction(measured by GPC in THF and the molar masses were calibrated to polystyrene as an 

internal standard). 

I-212 Solvent T 

[°C] 

Time 

[h] 

Yield 

[%] 

Mn 

[g/mol] 

Mw 

[g/mol] 

Đ n 

b DMAc/Toluene 170 10 38 1 860  2 730 1.4 2 

b DMAc/Toluene 180 12 82     

b DMAc/Toluene 160 48 87     

b DMAc  160 16 80     

b DMAc/Toluene  160 6 84 2 600  3 270 1.2 4 

d DMAc/Toluene 160 6 41 3 470 9 610 2.7 4 
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I-214 

 

To a stirred solution of rubazonic acid polymer (45 mg, 0.05 mmol) in a 

dichloromethane (1.3 ml) was added 1,2-ethanedithiol (18.6 µl, 0.22 mmol) followed 

by boron trifluoride diethyl etherate (7.8 µl, 0.06 mmol) under an atmosphere of 

nitrogen. After three days at room temperature the deep red solution was poured 

into methanol (100 ml). The polymer I-214 was isolated as red solid with 95% of 

yield (48 mg, 0.05 mmol). Mn is 6 030 g/mol and Đ is 3, n = 7 (measured by GPC in 

THF and the molar masses were calibrated to polystyrene as an internal standard). 

 

1H NMR (600 MHz, CDCl3) δ 7.8, 7.4, 7.1, 7.0, 2.8, 2.5, 1.5, 1.2, 0.8 [ppm]. 
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Polyurethanes: 

The synthesis of rubazonic acid polyurethane was achieved using a general 

procedure (C). Firstly, rubazonic acid I-180b (1 eq.) and DABCO (0.04 eq.) were 

dissolved in anhydrous THF. Next, diisocyanate (1 eq.) was added to the solution, 

and the reaction mixture was mixed at 75 °C for 7 hours under a nitrogen 

atmosphere until the clear solution became significantly viscous, indicating 

polymerization. The resulting mixture was then cooled to room temperature and 

precipitated from cold Et2O. Finally, the product was dried under vacuum at room 

temperature for 24 hours to obtain the resulting polymer. 

Polyurethane RA1.1 

I-216 

 
 

In accordance with procedure C, the rubazonic acid I-180b (100 mg, 0.21 mmol) 

and DABCO (1 mg, 8.91 µmol) were dissolved in 3 ml of anhydrous THF. Next, 

hexamethylene diisocyanate (48.7 mg, 0.29 mmol) was added to the solution, and 

the reaction mixture was mixed at 75 °C for 7 hours under a nitrogen atmosphere 

until. The polymer I-216 isolated as red solid with 51% of yield (75 mg, 0.11 mmol). 

Mn= 3 300 g/mol, Đ = 1.5, n = 5 (measured by GPC in THF and the molar masses 

were calibrated to polystyrene as an internal standard). 

1H NMR (400 MHz, DMSO) δ 7.7, 7.2, 7.2, 3.0, 3.0, 2.6, 1.6, 1.5, 1.3, 0.9 [ppm]. 
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Polyurethane RA1.2: 

I-218a 

 
 

In accordance with procedure C, the rubazonic acid I-180b (102 mg, 0.21 mmol) 

and DABCO (1 mg, 8.91 µmol) were dissolved in 3.2 ml of anhydrous THF. Next, 

hexamethylene diisocyanate (49.7 mg, 0.3 mmol), bisphenol A (49 mg, 0.21 mmol) 

was added to the solution, and the reaction mixture was mixed at 75 °C for 7 hours 

under a nitrogen atmosphere until. The polymer I-218 isolated as red solid with 17% 

of yield (33 mg, 0.04 mmol), Mn= 3 370 g/mol, Đ = 1.4, n = 4 (measured by GPC in 

THF and the molar masses were calibrated to polystyrene as an internal standard). 

1H NMR (400 MHz, DMSO) δ 9.7, 7.8, 7.6, 7.1, 6.9, 6.8, 6.6, 2.6, 1.6, 1.5, 1.6, 0.9 
[ppm]. 
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I-218b 

 
 

In accordance with procedure C, the rubazonic acid I-180b (73 mg, 0.15 mmol) and 

DABCO (1 mg, 8.91 µmol) were dissolved in 2.2 ml of anhydrous THF. Next, 

hexamethylene diisocyanate (63.9 µl, 0.4 mmol), bisphenol A (35 mg, 0.15 mmol) 

was added to the solution, and the reaction mixture was mixed at 75 °C for 7 hours 

under a nitrogen atmosphere until. The polymer I-218b isolated as red solid with 

97% of yield (134 mg, 0.15 mmol). 

1H NMR (400 MHz, DMSO) δ 7.8, 7.6, 7.2, 7.1, 7.0, 5.8, 5.7, 3.1, 3.0, 2.9, 2.1, 1.6, 

1.4, 1.3. 1.2, 0.9 [ppm]. 
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Polyurethane RA2.1: 
 I-220 

 
 

In accordance with procedure C, the rubazonic acid I-180b (160 mg, 0.34 mmol) 

and DABCO (1.6 mg, 14.8 µmol) were dissolved in 5 ml of anhydrous THF. Next, 

4,4′-methylenebis(phenyl isocyanate) (116 mg, 0.4 mmol) was added to the 

solution, and the reaction mixture was mixed at 75 °C for 7 hours under a nitrogen 

atmosphere until. The polymer I-220 isolated as red solid with 68% of yield (175 mg, 

0.23 mmol). 

1H NMR (400 MHz, DMSO) δ 10.2, 8.5, 7.9, 7.4, 7.3, 7.1, 7.0, 3.8, 2.6, 1.6, 1.4, 0.9 

[ppm]. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



180 

Polyurethane RA2.2: 
 

I-221a 
 

 
 
 

In accordance with procedure C, the rubazonic acid I-180b (120 mg, 0.25 mmol) 

and DABCO (1.2 mg, 11.1 µmol) were dissolved in 3.7 ml of anhydrous THF. Next, 

4,4′-methylenebis(phenyl isocyanate) (87 mg, 0.35 mmol), bisphenol A (56 mg, 0.25 

mmol)  was added to the solution, and the reaction mixture was mixed at 75 °C for 

7 hours under a nitrogen atmosphere until. The polymer I-221 isolated as red solid 

with 64% of yield (160 mg, 0.16 mmol) Mn= 4 220 g/mol, Đ = 1.7, n = 4 (measured 

by GPC in THF and the molar masses were calibrated to polystyrene as an internal 

standard). 

1H NMR (400 MHz, DMSO) δ 10.1, 9.7, 7.8, 7.4, 7.3, 7.1, 3.8, 2.6, 1.7, 1.6, 1.3, 0.9 
[ppm]. 
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I-221b 
 

 
 

In accordance with procedure C, the rubazonic acid I-180b (88 mg, 0.19 mmol) and 

DABCO (1 mg, 8.17 µmol) were dissolved in 2.7 ml of anhydrous THF. Next, 4,4′-

methylenebis(phenyl isocyanate) (120.4 mg, 0.48 mmol), bisphenol A (41.5 mg, 

0.19 mmol)  was added to the solution, and the reaction mixture was mixed at 75 °C 

for 7 hours under a nitrogen atmosphere until. The polymer I-221 isolated as red 

solid with 98% of yield (178 mg, 0.18 mmol) Mn= 7 260 g/mol, Đ = 2.1, n = 8 

(measured by GPC in THF and the molar masses were calibrated to polystyrene as 

an internal standard). 

1H NMR (400 MHz, DMSO) δ 10.1, 8.5, 7.8, 7.4, 7.3, 7.2, 7.1, 7.0, 3.8, 2.6, 1.6, 1.3, 

0.9 [ppm]. 
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Polyurethane RA1.3: 

I-222 

 

In accordance with procedure C, the rubazonic acid I-180b (96 mg, 0.2 mmol) and 

DABCO (1 mg, 8.17 µmol) were dissolved in 3 ml of anhydrous THF. Next, 

hexamethylene diisocyanate (45.5 µl, 0.28 mmol), methoxypolyethylene glycol 350 

(12.5 mg, 0.16 mmol)  was added to the solution, and the reaction mixture was 

mixed at 75 °C for 7 hours under a nitrogen atmosphere until. The polymer I-222 

isolated as red solid with 45% of yield (70 mg, 0.09 mmol) Mn = 2 860 g/mol, Đ = 

1.4, n = 3, m = 5 (measured by GPC in THF and the molar masses were calibrated 

to polystyrene as an internal standard). 

1H NMR (400 MHz, DMSO) δ 7.7, 7.2, 5.7, 3.5, 3.3, 3.0, 2.6, 1.6, 1.5, 1.3, 0.9 
[ppm]. 
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Polyurethane RA2.3: 
I-223 

 

In accordance with procedure C, the rubazonic acid I-180b (97 mg, 0.2 mmol) and 

DABCO (1 mg, 8.17 µmol) were dissolved in 3 ml of anhydrous THF. Next, 4,4′-

methylenebis(phenyl isocyanate) (70 mg, 0.28 mmol), methoxypolyethylene glycol 

350 (11.7 mg, 0.15 mmol)  was added to the solution, and the reaction mixture was 

mixed at 75 °C for 7 hours under a nitrogen atmosphere until. The polymer I-223 

isolated as red solid with 71% of yield (122 mg, 0.14 mmol) Mn = 4 150 g/mol, Đ = 

1.4, n = 5, m = 5 (measured by GPC in THF and the molar masses were calibrated 

to polystyrene as an internal standard). 

1H NMR (400 MHz, DMSO) δ 10.1, 8.5, 7.8, 7.4, 7.3, 7.1, 7.0, 3.8, 3.4, 3.3, 2.6, 1.6, 

1.3, 0.9 [ppm]. 
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II.6.3. Part II: Synthesis of new functional linear aliphatic polyester with gem-

diazo units  

 

 

 

The azidation of malonate derivatives was performed using a general procedure (A). 

First, malonate derivatives (1 eq.) were dissolved in a mixture of DMSO/H2O or THF 

(2:1). Sodium azide (6 eq.) was added to the solution, followed by the addition of 

iodine (2.2 eq.) after cooling the reaction mixture to 0 °C. The reaction mixture was 

then stirred at 50 °C for 2 hours. Finally, a Na2S2O3 solution was added to the 

mixture. The water was added and extracted with EtOAc (3 x 200 ml). The combined 

organic phases were dried over sodium sulfate and the solvent removed under 

reduced pressure. 

 

Diethyl 2,2-diazidomalonate  

II-17 

 

Following to general procedure A. Diethyl malonate (1 g, 6.24 mmol) was dissolved 

in DMSO (28 ml) and water (14 ml) or THF (for polymer). Sodium azide (2.43 g, 

37.46 mmol), iodine (3.48 g, 13.74 mmol) was added, the reaction mixture reaction 

was stirred at 50 °C for 2 h. Na2S2O3 solution (200 ml) was added. The crude product 

is purified by column chromatography (PE:EA 95:5-80:20). The product was 

obtained as yellow oil (1.25 g, 5.16 mmol, 83%) 

1H NMR (600 MHz, CDCl3) δ 4.3 (q, J = 7.1 Hz, 4H), 1.3 (t, J = 7.2 Hz, 6H) [ppm]. 

The analytical data are identical to the literature data [183]. 
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Poly-4-methoxybutyl 2,2-diazido-3-oxobutanoate 
 

II-32 

 

Following to general procedure A. Polyester II-24 (0.380 g, 2.02 mmol) was 

dissolved in a mixture of DMSO (8.9 ml) and THF (7.6 ml). Sodium azide (0.787 g, 

12.1 mmol) and iodine (1.12 mg, 4.4 mmol). Next, a solution of Na2S2O3 (80 ml) was 

added. The product was obtained as a yellow oil (0.342 g, 1.27 mmol, 63% yield). 

Mn = 2 660 g/mol, Đ = 2.4, n = 10 (measured by GPC in THF and the molar masses 

were calibrated to polystyrene as an internal standard). 

 Tdecomp. = 149 °C. 

1H NMR (600 MHz, CDCl3) δ 4.3 (dt, J = 6.6, 4.0 Hz, 4H), 1.8 – 1.7 (m, 4H) [ppm]. 

13C NMR (151 MHz, CDCl3) δ 171.2, 163.6, 80.1, 67.2, 24.9 [ppm]. 

IR(ATR): v [cm-1] 3335, 2962, 2117, 1753. 

 

Poly-6-methoxyhexyl 2,2-diazido-3-oxobutanoate 

II-33 

 

Following to general procedure A. Polyester II-26 (0.150 g, 0.69 mmol) was 

dissolved in a mixture of DMSO (3 ml) and THF (2.6 ml). Sodium azide (0.270 g, 

4.16 mmol) and iodine (0.390 g, 1.53 mmol). Next, a solution of Na2S2O3 (25 ml) 

was added. The product was obtained as a yellow oil (0.141 g, 0.47 mmol, 68% 

yield). Mn = 3 600 g/mol, Đ = 2, n = 12 (measured by GPC in THF and the molar 

masses were calibrated to polystyrene as an internal standard). 

Tg = 93 °C, Tdecomp. = 147 °C. 

1H NMR (600 MHz, CDCl3) d) δ 4.3 (t, J = 6.6 Hz, 4H), 1.7 (p, J = 7.1 Hz, 4H), 1.4 

(ddd, J = 15.4, 7.7, 3.7 Hz, 4H). 

13C NMR (101 MHz, CDCl3) δ 171.2, 163.7, 119.1, 80.1, 67.9, 60.5, 28.2, 25.2 [ppm]. 

IR(ATR): v [cm-1] 3346, 2939, 2104, 1753.  
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Poly-2-(2-(2-methoxyethoxy)ethoxy)ethyl 2,2-diazido-3-oxobutanoate 

II-34 

 

Following to general procedure A. Polyester II-28 (0.545 g, 2.2 mmol) was dissolved 

in a mixture of DMSO (10 ml) and THF (8 ml). Sodium azide (0.860 g, 13.22 mmol) 

and iodine (1.23 mg, 4.85 mmol). Next, a solution of Na2S2O3 (110 ml) was added. 

The product was obtained as a yellow oil (0.632 g, 1.91 mmol, 87% yield). Mn = 3 

730 g/mol, Đ = 1.6, n = 11(measured by GPC in THF and the molar masses were 

calibrated to polystyrene as an internal standard). 

Tg = 134 °C, Tdecomp. = 160 °C. 

1H NMR (600 MHz, CDCl3) δ 4.4 (m, 4H), 3.78 (m, 4H), 3.6 (d, J = 13.3 Hz, 4H) 

[ppm]. 

13C NMR (151 MHz, CDCl3) δ 163.5, 70.8, 68.6, 66.9, 60.5, 41.1, 29.7, 14.3 [ppm]. 

IR(ATR): v [cm-1] 3338, 2970, 2119, 1753. 

 

 

The polymerization of malonate derivatives was carried out using a general 

procedure (B). First, malonate derivatives (1 eq.) were added to diol derivatives (1 

eq.). Titanium (IV) isopropoxide (0.01 eq., 1 mol%) in THF was then added to the 

reaction mixture, which was stirred under a nitrogen atmosphere at 120 °C for 1 

hour, and then at reduced pressure (600 mbar) for 3 hours, followed by further 

reduction to 19 mbar for 71 hours. The reaction mixture was then cooled and 

dissolved in THF before addition to cold methanol, then cooled to -20 °C. Methanol 

is poured off, and the frozen polymer is washed with CHCl3 and dried. 
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Poly-4-methoxybutyl 3-oxobutanoate 

II-24 

 

Following to general procedure B. The dimethyl malonate (0.5 ml, 4.37 mmol) was 

added to 1,4-butandiol (0.4 ml, 4.37 mmol), Titanium (IV) isopropoxide (13 µl, 43.75 

µmol) in THF (4.7 ml). The product was obtained as a yellow oil (0.463 g, 2.46 mmol, 

56%). Mn = 2 960 g/mol, Đ = 2.8, n = 16 (measured by GPC in THF and the molar 

masses were calibrated to polystyrene as an internal standard). 

1H NMR (600 MHz, CDCl3) δ 4.1 (th, J = 6.6, 3.2 Hz, 4H), 3.3 (s, 2H), 1.7 (hept, J = 

3.8 Hz, 4H) [ppm]. 

13C NMR (101 MHz, CDCl3) δ 166.6, 67.8, 65.0, 29.6, 25.1[ppm]. 

IR(ATR): v [cm-1] 3418, 2958, 1753. 

 

Poly-4-methoxybutyl 2,2-diazido-3-oxobutanoate 

II-25 

 

Following to general procedure B. The diethyl 2,2-diazidomalonate (0.180 g, 0.84 

mmol) were added to 1,4-butandiol (74.2 µl, 0.84 mmol), Titanium (IV) isopropoxide 

(2.5 µl, 0.01 mmol) in THF (68 µl). The product was obtained as a yellow oil (0.140 

g, 0.51 mmol, 61% yield). Mn = 1 290 g/mol, Đ = 2.8, n = 5 (measured by GPC in 

THF and the molar masses were calibrated to polystyrene as an internal standard). 

1H NMR (600 MHz, CDCl3) δ 4.3 (dt, J = 6.6, 4.0 Hz, 4H), 1.8 – 1.7 (m, 4H) [ppm]. 

13C NMR (151 MHz, CDCl3) δ 171.2, 163.6, 80.1, 67.2, 24.9 [ppm]. 

IR(ATR): v [cm-1] 3335, 2962, 2117, 1753. 
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Poly-6-methoxyhexyl 3-oxobutanoate 

II-26 

 

Following to general procedure B. The dimethyl malonate (0.250 g, 1.56 mmol) was 

added to 1,6-hexandiol (0.185 g, 1.56 mmol), Titanium (IV) isopropoxide (4.6 µl, 

0.02 mmol) in THF (127 µl). The product was obtained as a yellow oil (0.170 g, 0.79 

mmol, 50% yield). Mn 3 960 g/mol, Đ = 3.7 n = 18 (measured by GPC in THF and 

the molar masses were calibrated to polystyrene as an internal standard). 

1H NMR (600 MHz, CDCl3) δ 4.6 – 3.8 (m, 4H), 3.3 (s, 2H), 2.1 – 1.5 (m, 4H) 1.3 (s, 

4H) [ppm].  

13C NMR (151 MHz, CDCl3) δ 166.7, 65.5, 41.7, 28.5, 25.5 [ppm]. 

IR(ATR): v [cm-1] 3379, 2937, 1728. 

 

Poly-6-methoxyhexyl 2,2-diazido-3-oxobutanoate 

II-27 

 

Following to general procedure B. The diethyl 2,2-diazidomalonate (0.200 g, 0.83 

mmol) were added to 1,6-hexandiol (97 mg, 0.83 mmol), Titanium (IV) isopropoxide 

(2.5 µl, 0.01 mmol) in THF (68 µl). The product was obtained as a yellow oil (0.128 

g, 0.43 mmol, 52% yield). Mn 2 100 g/mol, Đ = 3.5, n = 7 (measured by GPC in THF 

and the molar masses were calibrated to polystyrene as an internal standard). 

1H NMR (600 MHz, CDCl3) δ 4.3 (t, J = 6.6 Hz, 4H), 1.7 (p, J = 7.1 Hz, 4H), 1.4 

(ddd, J = 15.4, 7.7, 3.7 Hz, 4H). 

13C NMR (101 MHz, CDCl3) δ 163.5, 71.5, 67.9, 28.1, 25.1 [ppm]. 

IR(ATR): v [cm-1] 3346, 2939, 2104, 1753.  
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Poly-2-(2-(2-methoxyethoxy)ethoxy)ethyl 3-oxobutanoate 

II-28 

 

Following to general procedure B. The dimethyl malonate (0.300 g, 1.87 mmol) was 

added to triethylene glycol (256 µl, 1.87 mmol), Titanium (IV) isopropoxide (5.5 µl, 

0.02 mmol) in THF (152 µl). The product was obtained as a yellow oil (0.344 g, 1.39 

mmol, 74% yield). Mn = 3 730 g/mol, Đ = 1.6, n = 15 (measured by GPC in THF and 

the molar masses were calibrated to polystyrene as an internal standard). 

1H NMR (600 MHz, CDCl3) δ 4.3 (dt, J = 22.2, 4.5 Hz, 4H), 3.7 – 3.6 (m, 4H), 3.6 

(m, 4H), 3.4 (d, J = 7.0 Hz, 2H) [ppm]. 

13C NMR (151 MHz, CDCl3) δ 166.4, 166.1, 107.9, 70.5, 69.4, 68.8, 64.5, 42.4, 41.2, 

29.1, 23.9 [ppm] 

IR(ATR): v [cm-1] 3406, 2916, 1726. 

 

Poly-2-(2-(2-methoxyethoxy)ethoxy)ethyl 2,2-diazido-3-oxobutanoate 

II-29 

 

Following to general procedure B. The diethyl 2,2-diazidomalonate (0.200 g, 0.83 

mmol) were added to triethylene glycol (114 µg, 0.83 mmol), Titanium (IV) 

isopropoxide (2.5 µl, 0.01 mmol) in THF (68 µl). The product was obtained as a 

yellow oil (0.201 g, 0.61 mmol, 73% yield). Mn = 2 430 g/mol, Đ = 2.1, n = 7 

(measured by GPC in THF and the molar masses were calibrated to polystyrene as 

an internal standard). 

1H NMR (600 MHz, CDCl3) δ 4.4 (m, 4H), 3.7 (m, 4H), 3.61 (d, J = 13.3 Hz, 4H) 

[ppm]. 

13C NMR (101 MHz, CDCl3) δ 163.4, 108.0, 72.7, 69.8, 68.5, 66.6, 61.8, 29.2, 24.0 

[ppm]. 

IR(ATR): v [cm-1] 3338, 2970, 2119, 1753. 
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The click reaction carried out using a general procedure (C). Phenylacetylene (2.15 

eq.) and polyester with diazo units (1 eq.) were dissolved in N,N-dimethylformamide 

(DMF). To this solution, copper(II) sulfate pentahydrate (0.15 eq.) and sodium 

ascorbate (0.3 equivalents) were added. The reaction mixture was stirred at room 

temperature for 24 hours. After the reaction, the crude polymer was dissolved in a 

5% ethylenediaminetetraacetic acid (EDTA) aqueous solution to chelate any 

residual metal ions. The solid precipitate formed was filtered off and washed with 

water (3 X 100 ml) and diethyl ether (3 x 100 ml portions). 

 

Poly-6-methoxyhexyl 3-oxo-2,2-bis(4-phenyl-1H-1,2,3-triazol-1-yl)butanoate 

 

II-35 

 

Following to general procedure C. Phenylacetylene (37.5 µl, 0.34 mmol) and 

polyester with diazo units II-33 (45 mg, 0.16 mmol) were dissolved in DMF (1.6 ml). 

To this solution, copper(II) sulfate pentahydrate (5.9 mg , 23.8 µmol) and sodium 

ascorbate (9.4, 47.6 µmol) were added. The reaction mixture was stirred at room 

temperature for 24 hours. The polymer was isolated as yellow solid with 71% of yield 

(55 mg, 0.11 mmol), Mn = 3 830 g/mol, Đ = 1.4, n = 8 (measured by GPC in THF 

and the molar masses were calibrated to polystyrene as an internal standard). 

1H NMR (400 MHz, CDCl3) δ 8.4 (s, 2H), 7.8 (m, 4H), 7.4 – 7.3 (m, 6H), 4.5 (t, J = 

6.8 Hz, 4H), 1.7 (s, 4H), 1.4 (s, 4H) [ppm]. 

IR(ATR): v [cm-1] 3165, 2936, 2857, 1762. 
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Poly-2-(2-(2-methoxyethoxy)ethoxy)ethyl 3-oxo-2,2-bis(4-phenyl-1H-1,2,3-

triazol-1-yl)butanoate 

II-36 

 

Following to general procedure C. Phenylacetylene (49.4 µl, 0.45 mmol) and polyester with 

diazo units II-34 (66 mg, 0.21 mmol) were dissolved in DMF (2 ml). To this solution, 

copper(II) sulfate pentahydrate (7.8 mg , 31.4 µmol) and sodium ascorbate (12.4, 62.8 µmol) 

were added. The reaction mixture was stirred at room temperature for 24 hours. The 

polymer was isolated as yellow solid with 55% of yield (60 mg, 0.12 mmol), Mn = 2 

550 g/mol, Đ = 1.6, n = 5 (measured by GPC in THF and the molar masses were 

calibrated to polystyrene as an internal standard). 

1H NMR (400 MHz, CDCl3) δ 8.5 (dd, J = 4.8, 2.4 Hz, 2H), 7.8 – 7.7 (m, 4H), 7.4 – 

7.3 (m, 6H), 4.5 (d, J = 18.6 Hz, 5H), 3.7 (s, 6H), 3.6 – 3.4 (m, 7H) [ppm]. 

IR(ATR): v [cm-1] 3151, 2957, 2870, 1766. 
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IV. List of abbreviations and symbols 
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Å angstrom 

AFM atomic force microscopy 

AIBN azobisisobutyronitrile 

α absorption coefficients 

AMP adenosine monophosphateadp 

ATP adenosine triphosphate 

ATRP atom transfer radical polymerization 

CDCl3 deuterated chloroform 

CPs conjugated polymers 

°C degree Celsius 

DABCO 1,4-diazabicyclo[2.2.2]octane 

DAD diode array detector 

DCM dichloromethane 

DMSO dimethyl sulfoxide 

DSC differential scanning calorimetry 

Δ Delta 

DFBP 4,4'-difluorobenzophenone 

DMAc dimethylacetamid 

DMF dimethylformamide 

Đ index of polydispersity 

EDTA ethylenediaminetetraacetic acid 

EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

eq. equivalent 

FWHM full width at half maximum 

g gram 

GPC size-exclusion chromatography/gel permeation chromatography 

HQ bisphenol hydroquinone 

HRMS high-resolution mass spectrometry 
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Hz Hertz 

IR infrared spectroscopy 

LDA lithium diisopropylamide 

l liter 

λ wavelength 

λmax maximum intensity wavelength 

MHz megahertz 

min minute 

mol amount of substance 

MMA methyl methacrylate 

Mn number-average molar mass 

M molarity 

Mw weight-average molar mass 

MW microwave 

mg milligram 

NMR nuclear magnetic resonance 

n refractive indices 

PET polyethylene terephthalate 

PEEK poly(ether ether ketone) 

PEK poly(ether ketones) 

pH potential of hydrogen 

PMMA polymethyl methacrylate 

Rf retention factor 

RA rubazonic acids 

RID refractive index detector 

RMS root-mean-square 

rt room temperature 

T temperature 
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Tg glass transition temperature 

THF tetrahydrofuran 

Tm melting point 

TGA thermogravimetric analysis 

μ micro 

m/z mass to charge ratio 

Mw weight average degree of polymerization 

et al. and others 

UV-vis ultraviolet–visible spectroscopy 
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