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Abstract 

This work investigates the rational design of novel chemosensors based on hybrid 

inorganic/organic structures for detecting H+ and CN‒. The synthesis of chemosensors 

that integrate ferrocene and pyrazolo[1,5-a]pyrimidine molecules is due to the D-A 

behavior this hybrid system exhibits. A solvatochromic study of 7-ferrocenyl-2-

methylpyrazolo[1,5-a]pyrimidine, along with a multiparametric analysis from 

Catalán’s coefficients, is made to understand better how the probe molecule interacts 

with different solvents in the determination and quantification of H+, with calculated 

LoD of 0.63 µmol L-1. The integration of an indolium moiety was used for the 

colorimetric sensing of CN‒. The chemosensor showed an intense red coloration losing 

upon the nucleophilic addition of CN‒ to the chemosensor molecule with calculated LoD 

of 0.11 µmol L-1, well below the WHO requirements (1.9 µmol L-1).  
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1. Introduction 

The following manuscript summarizes the synthesis, characterization, and study of a 

chemosensor based on a hybrid pigment made of ferrocene (Fc) and pyrazolo[1,5-

a]pyrimidine (PyPy). First, an introduction about chemosensors (molecular probes) 

and chemosensor design will be given to contextualize this issue and the importance of 

photophysical properties from optical probes. Then, the probe optical properties and 

how these properties happen in the PyPy nucleus will be explained, along with the 

importance of the donor or acceptor character of the substituents as well. Moreover, 

the description of ferrocene and its optical and electrochemical properties will be 

summarized to show the relevance of this structure in electrochemical chemosensors.  

Likewise, relevant advances in designing and synthesizing hybrid systems of ferrocene 

with N-heterocycles will be stated, along with the synthetic strategies considered in the 

obtention of these systems. For this, present works will be summarized and analyzed 

towards chemosensor design. In addition, examples of how both Fc and PyPy moieties 

are used as chemosensors will be given to contextualize how these moieties can be 

appended for synthesizing small-molecule hybrid chemosensors.  

Afterward, the objectives proposed for this work will be explained, followed by the 

analysis and results of the chemosensors synthesized. The synthesis route, strategies, 

and optimizations will be mentioned and discussed. Then, the optical study for the 

chemosensor used for H+ detection will be given starting from a solvatochromic study 

in different solvents of increasing polarity. This analysis is complemented with the 

multiparametric analysis from Catalán’s coefficients to complete and provide 

quantitative support to the qualitative observations, followed by the quantification and 

the changes in optical behavior upon protonation. 

Ultimately, the study of the chemosensor molecule used to detect CN‒ along with its 

photophysical properties, will be discussed. Then, a quantification study is made along 

with the competence of other anions. In addition, electrochemical research is made to 

characterize the electrochemical detection of CN‒ through the redox properties and the 

synthesized system’s electroactive properties ferrocene-based. 
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2. Theoretical Framework 

This section explains what chemosensors are and the importance of photophysical 

properties to characterize optical sensors, specifically molecular probes related to the 

proposed hybrid molecule of this work and the sensing mechanisms—followed by a 

concise description of the properties of both fragments of pyrazolo[1,5-a]pyrimidine 

and ferrocene. This approach will be necessary as the analysis and discussion are 

related to the general properties of both structure moieties.  

2.1. Chemosensors and molecular probes 

The use of chemical methods to detect analytes from simple to complex matrixes in a 

selective and sensible form can be referred to as chemical sensing. Therefore, molecules 

that fit the previous description can be denominated as chemosensors. Chemosensors 

are diverse in structure and functional groups and have different forms of interaction 

with the analyte; thus, plenty of sensing mechanisms have been studied and proposed 

to understand how and why an analyte can be sensed.1  

Despite the previous definition, chemosensors can be classified into reversible and 

irreversible. Moreover, reversible probes imply a form to regenerate the sensing 

chemical species; this is usually made through a chemical method that reacts with the 

analyte and restores the chemosensor. On the other hand, irreversible ones (also 

referred to as molecular probes or chemodosimeters) interact strongly with an analyte, 

resulting in a measurable change of the molecule's properties, for example, making a 

covalent bond that changes conjugation. However, nor the analyte nor the chemosensor 

can be regenerated.2 For simplicity of interpretation, the word chemosensor will refer 

to reversible and irreversible in this document.  

Sensing mechanisms occur from the interaction of the analyte with the chemosensor 

that causes a response. These responses can involve the change in coloration, 

quenching, or enhancement of fluorescence (“Turn-off” or “Turn-on”, respectively), 

modification of the structure of the fluorophore or chromophore, intra- o 

intermolecular aggregations between conjugated fragments, chelation of a metal, metal 

exchange, among others (Figure 1). Thus, the analyte will interact through bonding and 
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nonbonding interactions with the chemosensor to cause the response. Therefore, 

interactions such as hydrogen bond, ionic interactions, π-cation interactions, π-π 

interactions, and covalent bond formation result in a measurable physical property 

change.3–7 For example, the formation of covalent bonds that change the structure of 

the chemosensor and changes in electronic distribution can result in optical changes 

evident in the absorption spectrum.8,9 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

 

Figure 1. Examples of sensing modes of chemosensors due to their mechanism of interaction 

with an analyte: (a) colorimetric chemosensor10 (b) “turn-on” fluorescence11 (c) “turn-off” 

fluorescence12 (d) changes in structure13 (e) aggregation14 (f) chelation of a metal.15 

In general, the signaling process of probes can be classified between electrochemical 

and optical.1 Electrochemical sensing involves the modification in redox activity of the 

chemosensor to measure the presence and quantity of an analyte due to the change in 

the electroactive properties.16 The optical sensing depends on the change in the 

photophysical properties of the chemical species. Sensors dependent on the absorption 
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spectra are known as colorimetric. Fluorometric chemosensors depend on changes in 

the emission spectra, an increase in fluorescence or quench of it, and even by causing a 

change in structure that results in a “Turn-on” or “turn-off” chemosensor.17,18 

Chemosensors can be designed through the rational combination of functional units to 

improve upon previously known structures and create synergy and versatility.19–22 

Therefore, it is known that fluorophores, chromophores, or electroactive species can be 

appended into different scaffolds to introduce functionality to such systems.23 

Consequently, this aims to quantifiable responses from the chemosensor that improves 

sensibility and selectivity of the analyte of interest.  

Small-molecule chemosensors have become a broad research field for analytical and 

organic chemistry.24,25 Since more straightforward detection and quantification 

methods are required for in-field applications and real sample fast-testing, different 

structures have been proposed and studied to synthesize better systems. Besides, the 

combination of previously characterized scaffolds to improve the response contributes 

to understanding the specific interactions in these systems for the proper 

quantification of analytes.26–28  

2.2. Photophysical properties 

Photophysical properties result from the interaction of molecules and chemical species 

with light. These properties can be observed through the optical properties of 

substances. For example, the color of a substance is associated with the light it can 

absorb and the one it reflects.29 But also, these properties depend on the medium of the 

molecule as there might be differences in its coloration, emission, internal charge 

transfer, among others, that are influenced by intermolecular interactions.  Properties 

from a chemical species that depend on the interaction with light are known as 

photophysical properties.30 

These properties are both studied in inorganic and organic systems as the electronic 

transitions arise from the absorption of electromagnetic radiation. This phenomenon 

can be observed and measured in single atoms, molecules, and supramolecular 

structures.31 In solution, the absorption of a substance is known as a solvent-dependent 
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property since the polarity, and specific solvent effects can cause a shift in the spectra. 

This photophysical property is known as solvatochromism as it is used for polarity 

scales, in chemosensors, among other applications.32 

The solvatochromic behavior of a molecule in solution is related to the change in color 

caused by a solvent-dependent property in the excited state. Thus, different transitions 

specific to a chemical system might become affected by the solvation of the molecule 

and the interactions of the solvent. Solvatochromism can be classified depending on the 

shift that the property experiences: (i) positive solvatochromism takes place when the 

maximum wavelength of the measured property undergoes a bathochromic shift with 

increasing polarity (ii) negative solvatochromism means that the maximum wavelength 

of the measured property suffers a hypsochromic shift with increasing polarity. This 

information gives insight into the excited state’s polarity and its changes with polarity 

and solvent effects.30,32 For example, a change in the color of the solution can be 

observed in different solvents (Figure 2).  

 

Figure 2. Solvatochromism of Reichardt’s betaine dye exhibiting negative solvatochromism.33 

Another photophysical property is the molar absorptivity coefficient (ε), also known as 

the molar extinction coefficient. This coefficient directly measures how a chemical 

species absorbs or attenuates light through the optical path length and is specific and 

intrinsic to any given chemical species. It is related to the Beer-Lambert law as the 

proportionality constant between absorbance and concentration (equation 1).32,34 

Where A is the absorbance, ε is the molar absorptivity in M-1cm-1, c is the molar 

concentration of the solution, and l is the optical path length in cm.  

             (1) 
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Additionally, solvents have specific interactions as well with the chemical species. 

These properties can be understood as the acidity, basicity, and electron distribution 

changes with the interaction of the excited state. Therefore, different models have been 

proposed to rationalize and quantify the sensibility of a system to the specific solvent 

effects.32 For example, some models are based on averaged specific effects like Dimroth-

Reichardt32, Katritzky et al.,35 Kamlet-Abboud-Taft (KAT).36 But also, there is the 

Catalán model that considers four parameters (acidity (SA), basicity (SB), dipolarity 

(SdP), and polarizability (SP)) with specific value calculation from suitable dyes in 

different solvents.37 These are appropriate models to explain how solvatochromism can 

be affected beyond the change in the polarity of the medium. 

The properties described are essential as these are the basis of the characterization of 

optical chemosensors. Photophysical properties provide enough information about 

how the electronic transitions occur, whether these are from transitions of π electrons,  

charge transfer (CT) between donor-acceptor (D-A) systems, and even electronic spin 

excitation energy of unpaired electrons.38–41 But the information retrieved from 

photophysical studies is the deciding point on how the experiments are proposed to use 

these systems to quantify analytes.  

2.3. Properties of pyrazolo[1,5-a]pyrimidines 

Heterocyclic compounds are a fundamental branch of organic substances that have 

properties suitable for the design of chemosensors. From this group of compounds, N-

heterocycles have been widely used as these are versatile building blocks. Their 

synthesis facilitates the inclusion of desirable structures or functional groups that 

modify their photophysical properties. Thus, these systems can be adjusted in different 

positions to optimize the electron communication between the N-heterocyclic nucleus 

and its substituents. Consequently, chemosensors based on N-heterocycles have been 

used and reported due to their valuable and tunable optical properties.42–45 

The pyrazolo[1,5-a]pyrimidine (PyPy) is an N-heterocycle scaffold that has been used 

in the synthesis of novel chemosensors due to their synthetic versatility and tunable 
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optical properties (Figure 3). In addition, PyPy can act as a chromophore and 

fluorophore depending on the electron distribution caused by its substituents. Thus, 

chemosensors based on PyPy sense through a color change enhanced fluorescence or 

quenching.46–48 Quantification of an analyte can be made because of the changes in their 

photophysical properties. Therefore, those optical properties play an essential role in 

PyPy as a nucleus for the design of chemosensors. 

 
Figure 3. Structure of pyrazolo[1,5-a]pyrimidine.  

These optical properties arise from the nonhomogeneous electronic distribution that 

the PyPy scaffold has and are modified by the substituents. Specifically, these 

properties arise from the differences from each ring from the fused system. The 

pyrimidine ring acts as an acceptor (A), while the pyrazole ring acts as a donor (D) due 

to its π-deficient and π-excessive nature.49 Furthermore, this donor-acceptor (D-A) 

behavior causes differences in the electrophilic affinity of its relative positions. For 

example, the carbon atom at position 3 has the highest electron density; positions 7 and 

5 have the lower electron densities.50,51 Therefore, the optical properties of these 

systems are enhanced with the proper substitution of donor groups at positions 7 or 5 

and acceptors at position 3 to build D-π-A systems with PyPy as a bridge.  

Besides, PyPy rings are proper scaffolds due to the synthetic versatility that makes this 

structure suitable for small molecule chemosensor design as any position can have 

different substituents. Their synthesis can be summarized as the cyclocondensation of 

3-aminopyrazoles 1 with 1,3-biselectrophilic systems such as β-enaminones 2, 1,3-

dicarbonyl compounds 3, chalcones 3’, among others.52 Therefore, substituents in 

positions 2, 3, 5, 6, and 7 can be chosen from the precursors (Scheme 1). This feature 

opens the door for the synthesis of PyPy derivatives with suitable substituents in 

positions that favor their photophysical properties and suitability as chemosensors. 

46,53,54 
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Scheme 1. General synthesis of pyrazolo[1,5-a]pyrimidines between 3-aminopyrazoles 1 and 

1,3-biselectrophilic systems. 

Furthermore, PyPy has another synthetic advantage as position 3 can be post-

functionalized if available. As previously described, position 3 has a high electrophilic 

affinity, and therefore, electrophilic substitutions can be made taking advantage of the 

electron distribution of this ring. Thus, halogenations, nitrations, and formylations can 

be made to append convenient structures to the PyPy scaffold.53,55 

2.4. Properties of ferrocene 

Ferrocene was recognized around the 1950s as a crucial organometallic scaffold due to 

its air stability and reversible redox potential. Therefore, different materials have used 

ferrocene to convey optical and electrochemical properties. Despite its stability, it can 

undergo chemical reactions in the cyclopentadienyl rings through electrophilic 

addition reactions followed by further transformations on its substituents.56,57 And 

thus, ferrocene derivatives can be introduced through different reactions in conjugated 

systems.  

Ferrocene can undergo oxidation to form the ferrocenium cation, isolated as a stable 

salt with a blue coloration. The oxidation occurs on the iron atom, where its oxidation 

state goes from 2+ to 3+, preserving the sandwich structure as there is no bond cleavage 

(Figure 4).58 However, the bond lengths between the rings and the iron atom increase. 

Consequently, the ferrocene/ferrocenium redox pair can be used as an electrochemical 

reference in voltammetric experiments since changes in the redox potential are 

measured due to perturbations caused by conjugation with other systems.59 Hence, 
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ferrocene is used in chemosensors as an internal reference for electrochemical 

detection and quantification of analytes.60 

 

Figure 4. Redox pair of ferrocene/ferricinium from the change in the oxidation state of iron. 

Conjugated systems can benefit from ferrocene as it acts as a strong donor and 

participates in the intramolecular charge transfer phenomenon. Thus, chemical species 

exhibit changes in their photophysical properties due to the communication with 

ferrocene.61,62 The ferrocenyl moiety has been used in colorimetric and fluorometric 

sensing.23,27,63 Considering that ferrocene interacts strongly with organic systems and 

is a well-studied electrochemical reference, it can be considered an important structure 

in the chemosensor design field. It offers changes in photophysical properties and the 

inclusion of enhanced electroactivity in small systems.  
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3. State of the art and problem statement 

The rational design of chemosensors considers the properties of previously reported 

molecules and their fragments. The design is made by a combinatory approach to 

synthesize new molecules that might show synergic interactions that improve previous 

properties. Besides, the use of multiple sensing modes like optical and electrochemical 

in a single system can enhance the performance of chemosensors. Specifically, merging 

inorganic and organic scaffolds like ferrocene and N-heterocycles has been an object of 

study in recent years.64 To access these systems, the synthesis of ferrocenyl-substituted 

electrophiles can be considered. For example, the use of β-enaminones is a coherent 

strategy for synthesizing N-heterocycles like PyPy. The synthesis of the ferrocenyl β-

enaminone (6) was reported recently using acetylferrocene (5) as the precursor with 

DMF-DMA, as shown in scheme 2.65,66 

 
Scheme 2. Synthesis of ferrocenyl derived enaminone 6. Reagents and conditions: (i) reflux, 

125 °C, 2.5 h in N,N-dimethylformamide (ii) reflux, 110 °C, 24 h in toluene. 

The obtained β-enaminone 6 has been used to synthesize hybrid organic/inorganic 

systems like trifluoromethyl substituted 2H-furanamines 7 through the 

cyclocondensation with N-tosilhydrazones66. Another example is the synthesis of 4-

ferrocenylpyrimidines 8 through a cyclocondensation with guanidine65. These are 

examples of how ferrocenyl-N-heterocycles can be obtained through 6 (Scheme 3). 
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Scheme 3. Use of β-enaminone 6 in the synthesis of N-heterocycles. Conditions: (i) CuCl2 (5 

mol%), tBuOK, CH2Cl2, 80 °C, Ar; (ii) reflux, NH5N3-HCl, K2CO3, CH3OCH2CH2OH, 125 °C. 

Since the design of a chemosensor depends on the electronic communication between 

systems, it is central to understand how ferrocene communicates with N-heterocycles. 

The investigation from Xiang and co-workers can evidence this. Their research focused 

on studying the electronic properties of ferrocenylpyrimidines (FcPy), where the 

ferrocenyl substituent was placed at different positions of the pyrimidine ring (Figure 

5). From the crystallographic structures obtained, it is evident that there is a convenient 

electron communication as the Dihedral angles (Da) between the pyrimidine and the 

cyclopentadienyl ring are small. This analysis displays an adequate overlap between 

the conjugated systems, reducing the Da between them. Furthermore, it can be noticed 

that the favorable positions are 2 and 4, where the Da are smaller due to the adjacent 

nitrogen atoms that improve charge transfer.66,67 

 

 
Figure 5. Single crystal X-ray diffraction (XRD) structures for 2-ferrocenylpyrimidine (2-

FcPy), 4-ferrocenylpyrimidine (4-FcPy), and 5-ferrocenylpyrimidine (5-FcPy).67  

Due to their photophysical properties and nonlinear optical behavior, ferrocene 

derivatives have recently been used in colorimetric chemosensors.62,68 Besides, their 
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electrochemical properties result in dual-mode probes with hybrid inorganic/organic 

systems for the recognition of copper (Cu2+) cations and anions like fluoride (F─), 

acetate (AcO─), and dihydrogen phosphate (H2PO4─), among others. Some of these 

probes are not only colorimetric but fluorescent mixed-mode chemosensors.23,27,69 

Hence, ferrocene plays a crucial role in the photophysical properties of these systems 

due to its strong interaction with organic acceptors.  

Accordingly, the π-conjugation of ferrocene to N-heterocyclic systems affects the cycle’s 

nitrogen atoms’ behavior. This feature is evidenced by the protonation that suffers a 

ferrocenylethenylpyrimidine 9 upon addition of trifluoroacetic acid (TFA) (Scheme 4), 

as presented in Vidal’s work co-workers. Therefore, the intramolecular charge transfer 

occurs due to the D-A behavior of 9, resulting in increased nitrogen atoms' basicity. 

Furthermore, upon protonation, a change in color was observed due to the increased 

charge transfer between ferrocene and pyrimidinium nucleus, which results from a 

facilitated charge transfer due to the formal charge (Figure 6).70 

 

 
Scheme 4. Study of the solvatochromic behavior of 9 with trifluoroacetic acid (TFA). 

 

 
Figure 6. UV-Vis spectra from solutions of 9 and its protonated form with TFA in DCM.70 

The previous information makes it possible to think of the synthesis of a ferrocenyl 

appended PyPy as these can be synthesized from the cyclocondensation of 3-
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aminopyrazole 1 with β-enaminone 2. Recent reports of the synthesis of PyPy use 

microwave-assisted synthesis (MW)53,55 and ultrasonic-assisted synthesis (US) to 

promote cyclocondensation.71,72 Although both methods show regioselectivity towards 

the PyPy isomer substituted in position 7 (4a), there is the possible formation of the 

substituted product at position 5 (4b) (Scheme 5).  

 
Scheme 5. Synthesis of pyrazolo[1,5-a]pyrimidines 4 under MW and US conditions. 

Since pyrazolo[1,5-a]pyrimidine differs in its electron distribution, it is desirable to 

have the substituents in specific positions. A study made at the Bioorganic Compounds 

Research Group (GICOBIORG) showed that this ring has differences in the electronic 

distribution and that the different D or A behavior of the PyPy substituents can improve 

its photophysical properties.49 Overall, better electron communication occurs when the 

donor substituent is at position 7, the most accepting part of the ring. If any acceptor 

moiety is appended to the PyPy ring to act as a π bridge, the position with the most 

charge increase is position 3. Thus, the optimal electron communication properties of 

the PyPy scaffold are when a donor substituent like ferrocene is positioned at 7. 

Regarding cyanide detection using ferrocene, there is a report from Jayasudha and 

coworkers where they synthesized three integrated Michael acceptors based on nitriles 

and the ferrocenyl moiety 11a-c, which were synthesized from formyl ferrocene 10. 

This study focused on the sensing mechanism upon de nucleophilic addition of cyanide 

to the proposed receptors (Scheme 6). Afterward, a color change was evidenced from a 

pink solution to a clear one. In their results, an absorption band with its maximum at 

515 nm reduces proportionally with cyanide concentration. This decrease happens due 

to an interruption of the D-A system upon the nucleophilic addition of cyanide. The 

synthesized probes were fluorescent, and the emission band at 425 nm was followed 

along with the increased fluorescence intensity. Using this data, they calculated the 
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limit of detection (LoD) for each probe with values of 490 nmol L-1 for 11a, 140 nmol 

L-1 for 11b, and 10 nmol L-1 for 11c. From the electrochemical study, it was evidenced 

that the reduction potential of Fc lowered with increasing CN─ concentration.73 

 
Scheme 6. Probes ferrocene-based for the optical and electrochemical detection of CN‒. 

Another system for the colorimetric and fluorometric detection of CN‒ was developed 

at the GICOBIORG with an integrated PyPy-hemicyanine system 14. The synthesis of 14 

was achieved through the Knoevenagel condensation between the functionalized PyPy 

12 and the indolium salt 13 (Scheme 7).46 The colorimetric sensing of CN‒ was followed 

by reducing the absorption band at 456 nm, resulting in a color change from yellow to 

transparent. The calculated LoD for the colorimetric method is 600 nmol L-1. The 

fluorometric sensing was followed through fluorescence quenching as the 

concentration of CN‒ increased. This phenomenon is considered a “turn-off” 

chemosensor as fluorescence is lost with the addition of cyanide. The calculated LoD 

for the fluorometric method is 86 nmol L-1.  

 
Scheme 7. Synthesis of a pyrazolo[1,5-a]pyrimidine-based probe for the detection of CN‒.46 

Recent work from GICOBIORG reported the effect of the 4-anisyl substituents on the 

PyPy core’s periphery at positions 2, 5, and 7. The synthesized molecules were used as 

a CN‒ chemosensor with a dicyanovinylene receptor at position 3. This study evidenced 
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that with increasing donor systems on the periphery of the PyPy nucleus, the receptor 

became less reactive but more selective towards CN‒ than previous reports. However, 

the reaction time of the nucleophilic addition of CN‒ to the chemosensor increased. 

Nonetheless, this system was used as a colorimetric and fluorometric chemosensor 

with calculated LoD of 610 nmol L-1 and 170 nmol L-1, respectively. The system with 

three 4-anisyl substituents also displayed enhancement of fluorescence intensity with 

the addition of CN‒. This type of system is known as a “turn-on” florescent 

chemosensor.74 

In summary, Fc is a crucial structure as it has an electron donor character that is useful 

for adjusting the photophysical properties. In addition, it introduced electrochemical 

functionality to organic scaffolds, and it has been used in chemosensors for both anions 

and cations. In contrast, the PyPy system is used as a chromophore and fluorophore to 

detect cations and anions. Nevertheless, the inner D-A structure improves electron 

communication with its substituents. These systems can be connected by synthesizing 

a β-enaminone that can position Fc on position 7 of PyPy with the possibility of making 

a post-functionalization on the PyPy nucleus. 

Although chemosensor synthesis has been studied in detail, insufficient attention has 

been paid to the needs of chemosensors and their design. Moreover, there is a diversity 

of reported structures to sense specific analytes, but inadequate consideration has been 

taken in the characteristics that should integrate a chemosensor. For example, a probe 

should integrate enhanced properties such as better light absorption, selectivity 

towards a specific analyte without interferences, short reaction time, determination in 

green solvents, simple synthesis process, small-molecule structure, multiple detection 

modes, among other parameters. Moreover, the lack of chemosensors that integrate 

these needs has become a pivotal point in the small-molecule chemosensor field. 

Therefore, the implications of chemosensor design and synthesis deserve to be 

explored further as a combinatory approach can improve these systems. 

Therefore, the present work proposes the design of chemosensors that integrate well-

studied structures with specific properties as Fc and pyrazolo[1,5-a]pyrimidine. This 
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structure incorporates both an inorganic and organic system that combines both optical 

and electrochemical properties into a system. Thus, this work explores the synthesis of 

probes based on 7-ferrocenylpyrazolo[1,5-a]pyrimidines and their properties as 

chemosensors to detect CN‒ and H+ ions.
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4. Objectives 

The primary and specific objectives of this investigation will be described below. 

 

4.1. General objective 

Synthesize derivates of 7-ferrocenyl-2-methylpyrazolo[1,5-a]pyrimidine conveniently 

substituted in position 3 to evaluate their optical and electrochemical properties 

related to the detection of CN‒  and H+ ions. 

 

4.2. Specific objectives 

• Synthesize the β-enaminone 6 between acetylferrocene 5 and DMF-DMA. 

• Find the optimal conditions for synthesizing 7-ferrocenyl-2-methylpyrazolo[1,5-

a]pyrimidine FcPy from the β-enaminone 6 and freshly prepared 3-amino-5-

methylpyrazole (15). 

• Optimize the formylation process under Vilsmeier-Haack conditions to introduce a 

formyl group at position 3 of FcPy to obtain the aldehyde 16.  

• Study the Knoevenagel condensation reaction of freshly prepared 1-ethyl-2,3,3-

trimethylindolium iodide 13 and the aldehyde 16 to FcPyIn.  

• Characterize the obtained products by classical structural elucidation techniques, 

follow the reactions via thin-layer chromatography (TLC), and purify the products 

through column chromatography and recrystallization. 

• Study the photophysical properties (molar absorptivity and solvatochromism) 

from FcPy and FcPyIn.  

• Study of detection and quantification from the proposed analytes (CN‒ and H+) 

through optical methods. 

• Study the electrochemical behavior of the chemosensor FcPyIn and its relationship 

with cyanide additions.  
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5. Analysis and discussion of results 

5.1. Synthesis route  

The following section will briefly discuss the optimization process that led to the final 

reaction conditions of the obtained products. The proposed synthesis route for the last 

molecule is shown in Scheme 8, where the starting material is commercial acetyl 

ferrocene. The original way was proposed according to the literature revision and the 

previously reported protocols from GICOBIORG. However, these conditions had to be 

optimized, and alternative methods were required to obtain the final molecule. 

 
Scheme 8. Proposed synthesis route for the chemosensors FcPy and FcPyIn. 

 

The strategy used for the obtention of the final product resides in the use of a 1,3-

biselectrophile like the β-enaminone 6 to make the cyclocondensation of the 

pyrazolo[1,5-a]pyrimidine derivate FcPy that will be used for H+ sensing—followed by 

the formylation reaction at position 3 and subsequent Knoevenagel condensation 

reaction to yield the final molecule FcPyIn with a cyanide acceptor to make the 

molecular probe for CN‒ sensing.  

5.1.1. Synthesis and optimization of the β-enaminone (6) 

The synthesis of the enaminone was studied using different conditions and synthesis 

methods to optimize its obtention. Table 1 shows the optimization of the reaction 
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conditions. The optimization of this reaction began with the protocols proposed by the 

Bioorganic compounds research group (GICOBIORG)53,53 and then followed by other 

protocols proposed in the literature.65,66 Along with these reports, the use of large 

amounts of DMF-DMA reagent (up to 5 equiv.) and DMF as solvent is consistent. 

However, different optimization conditions were proposed to obtain the enaminone.  

Table 1. Reaction conditions optimization for the synthesis of the β-enaminone 6. 

 
Entry DMF-DMA (equiv.) Solvent t (min) T (°C) Method Yield (%) 

1 1.2 None 25 160 MWa (150 W) 0 
2 1.5 None 25 160 MW (150 W) 0 
3 3.0 DMF-DMA 25 160 MW (150 W) 17 
4 5.0 DMF-DMA 25 160 MW (110 W) 38 
5 5.0 DMF-DMA 15 160 MW (110 W) 61 
6 1.5 None 25 50 USb 0 
7 1.5 Ethanol 720 75 C.H.c 0 
8 1.5 Toluene 720 110 C.H. 35 
9 1.5 DMF 720 125 C.H. 40 

10 1.5 DMF 35 140 MW (110 W) 81 
11 1.5 DMF 25 140 MW (110 W) 85 
12 1.5 Toluene 15 140 MW (150 W) 76 
13 1.5 Toluene 35 140 MW (150 W) 79 
14 1.5 Toluene 35 160 MW (190 W) 87 
15 1.5 Toluene 50 170 MW (190 W) 96 

a MW = Microwave irradiation; b US = ultrasound; c C.H. = Conventional heating 

 

The first conditions used were reported in the literature for similar systems of the 

enaminones that used MW in neat conditions (entries 1 and 2). However, a challenging 

roadblock of this reaction was the tendency of ferrocene products to burn under 

microwave irradiation. The reaction improved with excess DMF-DMA (entries 3-5) as 

the excess acted as a solvent and reduced reaction times improved the yield. 

Conventional heating methods resulted in low yields, as showed in entries 7-8. 

Furthermore, ultrasound yielded no product, and the starting material was recovered 

(entry 6). From the obtained product so far, it was observed that the product had poor 

solubility, which might have caused it to accumulate in the reaction vessel and caused 

it to burn. Therefore, two different changes were proposed: the first one concerns the 

ratio at which the reaction was heated, and the second one is the use of a solvent that 
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can prevent overheating to promote reactivity of acetylferrocene in a well-solvated 

environment. The use of DMF as a solvent increased the reaction yield but introduced 

an issue towards the purification as burnt product was still observed (entries 10 and 

11). However, toluene improved the reaction outcome as no burnt, or decomposed 

product was observed from TLC, which improved purification (entries 12-15). Even at 

higher temperatures, the reaction proceeded smoothly with the total conversion of 

acetylferrocene from TLC monitoring. Therefore, the purification was achieved by 

letting the product precipitate in a cold bath or a fridge, then filtration and washing the 

product with cold pentane.  

5.1.2. Synthesis and optimization of FcPy 

The pyrazolo[1,5-a]pyrimidine scaffold synthesis began with the conditions reported 

in previous methods from GICOBIORG.53,55 However, these showed a poor yield, 

decomposition, burnt byproducts, among other difficulties. Therefore, a new method to 

obtain FcPy had to be studied and proposed. A literature revision determined that a 

sonochemical approach was a viable way to make the cyclocondensation of this nucleus, 

considering that there are reports of the synthesis of PyPy rings using a microtip 

ultrasonic probe.71,72 Table 2 shows the optimization conditions for the synthesis of 

pyrazolo[1,5-a]pyrimidine ring along with microwave-assisted methods as well as 

reflux. The pyrazole 15  was prepared according to the protocols from literature, 

purified, and then used as obtained in the reaction.75   

The first entries of the optimization process correspond to conditions related to the 

previous report of the synthesis of pyrazolo[1,5-a]pyrimidines.53,55 However, the 

proposed method to obtain this molecule with the appended ferrocene moiety was 

unsuccessful. The reactions had poor yields and plenty of burnt side products, as 

observed by TLC (entries 1-6). Thus, reflux methods through conventional heating were 

tried to obtain this molecule. However, the reaction times were high with poor yields 

(entries 7-9). Fortunately, US-assisted reactions (entries 10-17) successful obtained 

FcPy in good yields (60-82 %); however, one of the issues of using another method was 

to confirm if it was going to be regioselective to the pyrazolopyrimidine with the 

ferrocenyl substituent at position 7 or 5.  As previously mentioned, the substitution at 
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position 7 is ideal as it communicates better with the molecule. Fortunately, only one 

product was observed in TLC, proving that the synthesis is regioselective, which was 

confirmed by single-crystal XRD analysis for the structure of FcPy (Figure 7).  

Table 2. Reaction conditions optimization in the synthesis of FcPy. 

 
Entry Pyrazole (equiv) Solvent t (min) T (°C) Method Yield (%) 

1 1.2 DMF 5 180 MWa (150 W) 0 
2 1.2 DMF 5 160 MW (150 W) 0 
3 1.2 DMF 5 140 MW (150 W) 0 
4 1.2 Toluene 5 180 MW (150 W) 0 
5 1.2 Toluene 5 160 MW (150 W) 12 
6 1.2 Toluene 5 140 MW (150 W) 14 
7 1.2 EtOH 720 75 C.H.b 0 
8 1.2 AcOH 720 110 C.H. 35 
9 1.2 DMF 720 125 C.H. 40 

10 1.2 AcOH 10 50 USc (probe) 63 
11 1.2 AcOH 15 50 US (probe) 69 
12 1.2 AcOH 25 50 US (probe) 76 
13 1.2 AcOH 40 50 US (probe) 60 
14 1.2 AcOH 15 50 US (bath) 67 
15 1.2 AcOH 20 50 US (bath) 76 
16 1.2 AcOH 25 50 US (bath) 82 
17 1.2 AcOH 30 50 US (bath) 80 

a MW = Microwave irradiation; b C.H. = Conventional heating; c US = ultrasound 

 

 
Figure 7. ORTEP diagram of the FcPy molecule with ellipsoids drawn at 50% probability.   

5.1.3. Synthesis and optimization of 3-formylpyrazolo[1,5-a]pyrimidine (16) 

The formylation reaction was proposed like previous works that use the Vilsmeier-

Haack reaction conditions.53 This method used phosphoryl chloride (POCl3) and 

dimethylformamide (DMF) as reagents. The reaction was studied through the usual 
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procedure, but low yields and the decomposition of the precursor were observed 

(Table 3). Furthermore, burnt products were seen in the first trials. Therefore, some 

variations were proposed as it was noticed that FcPy decomposed in the acidic 

conditions that the Vilsmeier-Haack reaction has (entries 1-4). One consideration along 

the reaction was the possibility to formylate the cyclopentadienyl ring from ferrocene, 

but this product was not observed. 

Table 3. Reaction conditions optimization for the formylation of FcPy. 

 
Entry DMF Solvent t (min) T (°C) Method Yield (%) 

1 3.0 Neat 10 80 MWa (150 W) 7 
2 3.0 Neat 20 80 MW (150 W) 0 
3 3.0 Neat 10 100 MW (150 W) 0 
4 3.0 Neat 2 180 MW (150 W) 9 
5 15.0 DMF 10 120 MW (150 W) 15 
6 30.0 DMF 20 120 MW (150 W) 42 
7 30.0 DMF 20 80 MW (150 W) 58 
8 15.0 DCE 15 80 MW (150 W) 62 
9 3.0 DCE 10 100 MW (150 W) 54 

10 3.0 DCE 10 80 MW (150 W) 76 
a MW = Microwave irradiation 

 

The use of a solvent was proposed at first with an excess addition of DMF (entries 5-7) 

that improved the reaction yields. However, to simplify the purification of 16, 1,2-

dichloroethane (DCE) was proposed as a solvent for the reaction. This test improved 

the yield (76 %) due to the fast neutralization with sodium bicarbonate. The use of DCE 

improved purification as it helped to keep the product from the aqueous phase during 

purification and neutralization. Furthermore, this solvent was also used to extract the 

reaction crude for further purification. Fortunately, the starting material FcPy was fully 

consumed as observed by TLC. 

5.1.4. Synthesis and optimization for preparing FcPyIn 

The final product was prepared through a Knoevenagel condensation to attach the 

acceptor that was a freshly prepared indolium salt 13. The strategy is to use an excess 
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of carbaldehyde 16 to promote the consumption of indolium salt. The optimization of 

the reaction conditions started with previously reported conditions of the Knoevenagel 

condensation (entries 1-4).46 These conditions are shown in Table 4.  

Table 4. Reaction conditions optimization for the Knoevenagel condensation. 

 
Entry AcONa (equiv) Solvent t (min) T (°C) Method Yield (%) 

1 - AcOH 10 120 MWa (150 W) 0 
2 - AcOH 15 120 MW (150 W) 0 
3 - AcOH 15 100 MW (150 W) 8 
4 - AcOH 20 100 MW (150 W) 17 
5 1.5 Ac2O 20 120 MW (150 W) 24 
6 1.5 Ac2O 20 95 MW (150 W) 30 
7 1.5 Ac2O 20 80 MW (150 W) 35 
8 1.5 Ac2O 30 80 MW (150 W) 42 

a MW = Microwave irradiation 

 

It was observed that the carbaldehyde 16 was relatively unreactive, and plenty of the 

chemical reactions made to obtain the final product was unsuccessful. Therefore, 

different conditions were proposed according to some methods in the literature.76–78 

Thus, a dehydrating environment with acetic anhydride and sodium acetate were used 

for the reaction to promote the condensation (entries 5-8). The conditions mentioned 

were successful as the product obtained an acceptable yield (42%) at lower 

temperatures.  

5.2. Solvatochromic studies of FcPy and its use as a chemosensor of H+ 

Solvatochromic studies for the compound FcPy were made in different solvents to 

determine their photophysical properties in solution. For this, a list of 14 solvents of 

increasing polarity was chosen to study the UV-Vis spectra of the molecule. Then, a total 

protonation of the molecule was made using trifluoroacetic acid (TFA), along with the 

titration needed to quantify H+ in solution. Due to the electronic communication 

between Fc and PyPy fragments (D-A structure), quantitative support for the analysis 

was made through the multiparametric regression of Catalán’s parameters.  
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5.2.1. UV-Vis absorption of FcPy 

The UV-Vis spectrum of FcPy was measured in a series of solvents. However, the 

reference spectrum for further measurements was made in DCE at 5×10-5 mol L-1 

concentration. The absorption spectrum shows two bands (Figure 8), the first band 

corresponds to the π→π* transitions of the molecule at 362 nm. The second band is the 

charge transfer (CT) between Fc → PyPy at 469 nm. These bands take place due to the 

D-A behavior that the molecule exhibits since ferrocene is known as a donor group. The 

calculated molar absorptivity coefficient is calculated from equation 1, the Beer-

Lambert law, with a value of ε = 6229 L mol-1cm-1 in DCE at 20 °C. Fluorescence was not 

observed from this compound as no emission was observed using light from 250 nm to 

450 nm to excite it. 

 
Figure 8. Absorption (5×10-5 mol L-1) spectrum of FcPy in DCE at 20 °C. 

5.2.2. Solvatochromism of FcPy in different solvents  

The study evaluated the solvatochromism regarding the energy associated with the 

charge transfer band between ferrocene and the pyrazolopyrimidine structure. For 

this, 2×10-5 mol L-1 solutions from the compound FcPy were prepared, and their 

absorption spectra were analyzed. The graph in Figure 9a shows the absorption spectra 

of each solution in different solvents of increasing polarity. The maximum absorption 

was used to determine the solvatochromic behavior of FcPy. Experimental evidence of 

the electronic communication between these two structures in FcPy is found in the XRD 



31 
 

structure, as the dihedral angle (1.82°) is relatively small. Thus, there is an effective 

overlap between the conjugated systems from these structures that consequence the 

D-A process.  

                    
Figure 9. Absorption (2×10-5 mol L-1) UV-Vis spectra of FcPy (a) in different solvents from 

300 nm to 600 nm and (b) normalized in different solvents from 425 to 575 nm. 
 

The normalization of the CT bands was made to find the wavelength of the absorption 

maximums (Δλmax) (Figure 9b). Table 5 shows the maximum wavelengths organized 

along with the increasing polarity of the solvents. From these, the CT energies are 

calculated through the relationship between wavenumber and energy, as shown in 

equation 2. Where h is the Planck’s constant, c is the speed of light in m s-1, ῦ is the 

wavenumber in cm-1, and NA is Avogadro’s number to calculate the energy per mole.  

 (2) 

 
The energies related to the CT describe the stabilization from excitation with absorbed 

light that the molecule experiences in different solvents. Thus, the increased energy in 

low polarity solvents indicates a poor stabilization of the excited state. In other words, 

there is a positive solvatochromism which indicates a bathochromic shift with 

increasing polarity. Despite the slight change in the maximum wavelength among 

solvents (Δλmax=24 nm), there is a good correlation between the charge CT energies 

(ET) with increasing normalized polarity (Figure 10). This result indicates that with 

increasing polarity, there is a better stabilization of the CT excited state of the molecule.  
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Table 5. Solvatochromic properties and charge transfer energies of FcPy.a 

Solvent 𝑬𝐓
𝐍 λmax (nm) ῦmax (cm-1) ET (kJ/mol) ET (kcal/mol) 

Hexane 0.009 458 21 834 262.0 62.38 

Toluene 0.099 465 21 505 258.1 61.44 

tBuOMe 0.124 462 21 645 259.7 61.84 

Dioxane 0.164 463 21 598 259.2 61.71 

THF 0.207 466 21 459 257.5 61.31 

Chloroform 0.259 469 21 322 255.9 60.92 

DCM 0.309 469 21 322 255.9 60.92 

DCE 0.327 472 21 186 254.2 60.53 

Acetone 0.355 471 21 231 254.8 60.66 

tBuOH 0.389 473 21 142 253.7 60.40 

nBuOH 0.586 477 20 964 251.6 59.90 

PrOH 0.617 478 20 921 251.0 59.77 

AcOH 0.648 479 20 877 250.5 59.65 

MeOH 0.762 482 20 747 249.0 59.28 
a These results were retrieved and determined from UV-Vis spectroscopy data 

 

 
Figure 10. Linear trend from the CT energies vs. normalized polarity values by Reichardt.79 

5.2.3. Catalán’s multiparametric regression analysis for FcPy 

Since FcPy aims to detect H+ in different solvents, it was necessary to study the specific 

solvent effects on the molecule.  This information is necessary to compare these specific 

solvent effects with the changes in solvatochromic properties caused by the 

protonation of FcPy with TFA. In addition, it is essential to consider that such effects as 

the protonation and quantification of acid can be affected by parameters like the acidity 
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or basicity of the solvent due to the strong CT that will result from the solvent-

dependent chemical process that is protonation. 

Therefore, Catalán’s multiparametric regression analysis is made since it considers four 

specific solvent parameters: acidity (SA), basicity (SB), dipolarity (SdP), and 

polarizability (SP).37 Although there are other models used, these consider nonspecific 

solvent or averaged specific effects such as the Dimroth-Reichardt,32 Katritzky, et al.,35 

Kamlet-Abboud-Taft (KAT),36 among others, these have proved to be insufficient in the 

interpretation of the solvent effects due to low predictability and fitting with the 

measured properties.80 In contrast, Catalán’s model successfully interprets solvent 

effects in hybrid inorganic/organic pigments such as FcPy.70 Moreover, it is important 

to comprehend the specific solvent effects as solvents are the source of interferences 

for detecting H+.  

The solvent contribution parameters proposed by Catalán were retrieved from his 

work and used in the multiparametric regression analysis (Table 6). The model needs 

a physical solvent-dependent property to be evaluated; the CT energies previously 

determined from FcPy were used. The multiparametric regression equation follows the 

form of equation 3, where the coefficients b, c, d, and e are the regression coefficients, 

which denote the effect of the specific solvent parameter on the solute. Therefore, the 

model calculates the incidence of each parameter and offers an approximate value  of 

the CT energy  in the gas phase (E𝑇
0).  

Table 6. Catalán’s parameters of acidity (SA), basicity (SB), polarizability (SP), and dipolarity 

(SdP) for the chosen solvents.37 

Solvent ETN SA SB SP SdP 

Hexane 0.009 0.000 0.056 0.616 0.000 

Toluene 0.099 0.000 0.128 0.782 0.284 

tBUOMe 0.124 0.000 0.567 0.622 0.422 

Dioxane 0.164 0.000 0.444 0.737 0.312 

THF 0.207 0.000 0.591 0.714 0.634 

Chloroform 0.259 0.047 0.071 0.783 0.614 

DCM 0.309 0.040 0.178 0.761 0.769 

DCE 0.327 0.030 0.126 0.771 0.742 

Acetone 0.355 0.000 0.475 0.651 0.907 

tBuOH 0.389 0.145 0.928 0.632 0.732 
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nBuOH 0.586 0.341 0.809 0.674 0.655 

PrOH 0.617 0.367 0.782 0.658 0.748 

AcOH 0.648 0.689 0.390 0.651 0.676 

MeOH 0.762 0.605 0.545 0.608 0.904 

 

 
(3) 

 
The regression coefficients calculated are shown in equation 4. As mentioned, these 

coefficients show the CT energies sensitivity to the solute-solvent interaction. Since all 

the coefficients have a negative value, there is an additive stabilization of the molecule’s 

excited state with increasing polarity by each of Catalán’s parameters. The obtained 

data shows that acidity (SA) and polarizability (SP) contribute the most to the decrease 

in energy. This result aims to a highly polarized excited state as there is a strong CT due 

to the D-A behavior, better stabilized by these specific interactions. Furthermore, the 

SA parameter has a higher incidence in the CT stabilization that corresponds to the 

interaction of the nitrogen atom at position 4 with the solvent. This interaction can be 

understood as a hydrogen bond between the PyPy nitrogen and acidic protons from the 

solvent that facilitates CT from Fc to PyPy (Scheme 9). 

 

 

       

(4) 

 

 
Scheme 9. Interaction of FcPy with acidic protic solvents (H-Slv)  

A plot of the CT energies determined experimentally vs. the calculated energies was 

made to show the quality of the multiparametric regression analysis and its 

predictability of the main effects of the solvent on FcPy (Figure 11). As the data matches 

closely with a significant correlation (R2 value of 0.955), it can be said that there is good 
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predictability of the specific solvent effects of the solute. Thus, these interactions can 

explain the solvatochromic behavior of FcPy. These analyses are necessary as this is a 

semiempirical model that can differ from the measured properties. 

 
Figure 11. The plot of the calculated energies from the multiparametric equation in function of 

Catalán’s parameters vs. the determined CT energies from UV-Vis data.  

5.2.4. Solvatochromism of FcPy with protonation with trifluoroacetic acid (TFA) 

A solvatochromic study was made to evaluate stability and interactions with the 

solvents to study the characteristics of FcPy upon acid addition. The molecule reacts 

with acids is via the protonation of the pyrimidine ring (FcPyH+), which results in the 

change in coloration. This phenomenon can be inferred from a facilitated charge 

transfer from Fc to the pyrazolopyrimidinium core, evidenced by the shift in the 

absorption band from the protonated form. Visually, there is an evident color change 

from a reddish solution (λMAX= 469 nm in DCE) to a deep blue one (λMAX= 580 nm) 

(Figure 12). 
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Figure 12. Absorption spectra and appearance from FcPy and the protonated form FcPyH+ in 

DCE at 5×10-5 mol L-1 with 1x10-5 L of TFA added. 

The solvatochromic study showed that the protonation of the molecule does not 

happen in all the proposed solvents. This result happens due to the competition 

between these solvents and the molecule with the acid. Some solvents' basicity (SB) 

causes interference, and protonation is not observed. As a result, there was no change 

in the absorption spectrum or just a small shift in the maximum absorption wavelength. 

Likewise, the hydrogen bond capacity of such solvents interfered in the full protonation 

of the solute at low concentrations and was not considered for further analysis.70,80 

Thus, the CT energy change between the neutral (FcPy) and protonated forms 

(FcPyH+) in the function of the solvent polarity can be determined.  

The CT energies are calculated using equation 1 from the UV-Vis data shown in Figure 

13, and the calculated values of CT energies are presented in Table 7. There is also an 

interesting property from these values as there is an inversion in solvatochromism. 

This phenomenon is observed in the solvents AcOH, EtOH, and MeOH, where the 

energies increase compared to the previous trend from FcPy that exhibited a positive 

solvatochromic behavior. Therefore, a specific solvent contribution causes this 

phenomenon and will be discussed next. 
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Figure 13. Normalized UV-Vis absorption (2×10-5 mol L-1) from the CT bands of FcPyH+ in 

different solvents. 

 

The CT energies are lower in FcPyH+ compared to the FcPy values. This observation is 

coherent with the idea that there is protonation in the molecule as the acceptor 

character of the pyrazolopyrimidine ring will increase. For example, in DCE, there is a 

reduction in CT energy of ΔET = -10.50 kcal mol-1, which shows better communication 

in the molecule that reduces the CT energy in the excited state. Therefore, the change 

in coloration of the compound is used for the colorimetric quantification of H+ ions in 

the medium. The proposed protonation of FcPy is shown in Scheme 10.  

Table 7. Solvatochromic properties and charge transfer energies of FcPyH+.a 

Solvent 𝑬𝐓
𝐍 λmax (nm) ET (kcal/mol) 

Hexane 0.009 504 56.69 

Toluene 0.099 549 52.04 

Chloroform 0.259 548 52.14 

DCM 0.309 571 50.04 

DCE 0.327 571 50.04 

Acetone 0.355 576 49.60 

ACN 0.460 580 49.26 

AcOH 0.648 515 55.48 

EtOH 0.654 569 50.21 

MeOH 0.762 573 49.86 
a These results were retrieved and determined from UV-Vis spectroscopy data 
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Scheme 10. Reaction between FcPy and TFA. 

 

To determine whether the protonation happened in the pyridinic nitrogen from the 

pyrimidine ring or the pyrazole ring, a 1H-NMR titration with TFA. Although the 

hydrogen signal from the protonation FcPyH+ was not seen even at higher 

concentrations, this was followed by tracking signals from adjacent protons of the 

pyrimidine ring. The signal that showed the bigger perturbation in its shape upon the 

addition of 0.4 equivalents of TFA and beyond was from the hydrogen at position 5 

(Figure 15). But also, the signals from protons 5 and 6 had the greatest chemical shifts 

(5: Δδ = 0.10 for 1 equiv. and Δδ = 0.17 ppm for 2 equiv.; 6: Δδ = 0.12 for 1 equiv. and 

Δδ = 0.18 ppm for 2 equiv.) compared to the change in 3 (Δδ = 0.06 ppm for 1 equiv. and 

Δδ = 0.12 ppm for 2 equiv.). The protons in 5 and 6 are close to the nitrogen atom.  This 

experiment shows that the sensing mechanism for PyPy is through a nucleophilic attack 

of the pyrimidine nitrogen on the proton as well.  

 
Figure 14. 1H-NMR titration with TFA in CDCl3. 
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5.2.5. Catalán’s multiparametric regression analysis for FcPyH+ 

A regression analysis was made to evaluate the differences in solvatochromic behavior 

with FcPy due to the inversion in solvatochromism that FcPyH+ presented with 

increasing polarity. Also, considering that there is a significant decrease in the CT 

energy due to the protonation of the PyPy core, Catalán’s parameters provide 

information about how this process takes place, along with information related to how 

the influence of solvents causes a change in the CT energy.  

As mentioned above, there is an inversion in the solvatochromism evidenced by the CT 

energies increasing with polarity. As a result, using Catalán’s parameters can be 

explained how this inversion takes place (equation 5). The correlation between the data 

and Catalán’s parameters differs moderately due to the inversion. Nonetheless, these 

show how one of the parameters contributes to this phenomenon. The reduced value 

of R2 comes from the inversion of the solvatochromic behavior that increases data 

dispersion; nonetheless, the model can still be applied in systems that exhibit inversion 

of solvatochromism.80 

 

                                               

     

(5) 

 

Comparing both coefficients from FcPy and FcPyH+, as shown in Figure 15, there is a 

notable difference with the SA parameter with a positive value. Therefore, increased 

acidity and polarity from solvents increase the molecule’s CT energy. To compare, in 

the neutral form FcPy, there are hydrogen bond interactions with the nitrogen of the 

pyrimidine ring which resulted in the lower CT energies. In contrast, the pyrimidine 

nitrogen is protonated in FcPyH+ and cannot make hydrogen bond interactions with 

the solvent. Thus, an interaction between the solvent and the cyclopentadienyl moiety 

should reduce the donor capacity from ferrocene as this will be an electron-rich part of 

the molecule. This behavior has been previously observed in other molecules where the 

solvent interactions increase CT energy.42,67,70,80 Moreover, the magnitude of the 
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Catalan’s coefficients increases in FcPyH+, which is related to the solvent interaction is 

a charged complex that forms from the protonation. Although the most relevant 

contributions depend on SA and SP systems, the solvents' basicity (SB) has an 

increasingly significant contribution to FcPyH+, consistent with the interaction from a 

charged species.  

 

 

Figure 15. Contribution of Catalán’s solvent acidity (red, SA), basicity (green, SB), dipolarity 

(orange, SdP), and polarizability (blue, SP) to the solvatochromism of FcPy and FcPyH+. 

5.2.6. Detection and quantification of H+ with TFA 

To quantify H+ ions, DCE was the chosen solvent for the analysis. As it has low acidity 

and basicity, it will not directly impact interactions with the molecule and the analyte. 

Furthermore, there is a significant separation between the absorption bands in this 

solvent and good stability from the protonated form FcPyH+. Thus, the band from the 

protonated form can be followed as it begins to increase along with an increased 

concentration of acid (Figure 16a).  

Due to the width of the absorption band, the wavelength λ=565 nm was arbitrarily 

chosen to follow the optical behavior. There is a significant slope of the points at this 

wavelength with the increasing H+ concentration. To clarify, the concentrations of acid 

handled do not correspond to the fully protonated form. It requires several acid 

equivalents to completely protonate FcPy since there is an equilibrium established 

between FcPy and FcPyH+ (Scheme 10). However, there is a linear dynamic range 
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where quantification might be made (Figure 16b). In kinetic terms, the change in the 

absorption band happens immediately, and there is no further change or deformation 

of the spectrum after five minutes. 

             

Figure 16. (a) Increase in the protonated band with increasing equivalents of TFA. Solutions 

from FcPy used at 5×10-5 M in DCE at 20 °C. (b) plot of the absorptions of the different curves 

from the spectroscopic data vs. the concentration of TFA. 

 

The standard deviation and the data gathered from the curves calculated both the limit 

of detection (LoD) and the limit of quantification (LoQ) from equations 6 and 7.81 

Where S corresponds to the standard deviation from the blank and m is the slope from 

the calibration curve. Thus, the LoD and LoQ were 0.63 µmol L-1 and 2.09 µmol L-1, 

respectively.  

 
(6) 

 
(7) 

Considering that FcPy can act as an organic base, it is expected to be a weak base. Thus, 

a mixture with FcPy with different organic acids showed that chloroacetic acid 

(pKa=2.82) is the limit at which the change in coloration occurs (Figure 17a). Thus, 

acids with a pKa<2.82 will cause the change in coloration from the FcPy, including 

inorganic acids. Finally, the change in coloration is also observed in solid-phase as 

grinding FcPy with p-Toluenesulfonic acid in a mortar result in the color change (Figure 

17b).  



42 
 

 

 
Figure 17. (a) Acid test made with different acids of increasing strength to see the change 

from FcPy to FcPyH+ (b) Evolution of the reaction between FcPy with p-toluenesulfonic acid 

to cause the solid-phase protonation by grinding. 

5.3. Use of  FcPyIn as an optical and electrochemical chemosensor of CN‒ 

In the following section, the use of FcPyIn as a probe for the detection of CN‒ in two 

different modes will be explained.  First, the optical behavior of the chemosensor and 

the optimizations made for the quantification of CN‒ in solution will be presented, 

followed by the calibration curve and the corresponding calculation of its LoD and LoQ. 

Then, the electrochemical behavior of the molecule will be described along with the 

analysis of CN‒ sensing through differential pulse voltammetry.  

5.3.1. UV-Vis absorption of FcPyIn 

The UV-Vis spectra of FcPy were measured in ethanol at 2×10-5 mol L-1 concentration. 

The absorption spectrum shows two overlapped bands (Figure 19) that might 

correspond to the π→π* transitions of the molecule that suffered a bathochromic shift 

due to the extended conjugation and the intramolecular charge transfer (CT) with the 
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maximum at 484 nm. These bands take place due to the D-π-A structure from the 

molecule as it connects ferrocene (donor) with an indolium (acceptor) through the 

PyPy core. Conveniently, the donor group is substituted at position 7 and the acceptor 

at position 3 of the PyPy core. The calculated molar absorptivity coefficient is calculated 

from equation 1, the Beer-Lambert law, with a value of ε=33 800 L mol-1cm-1 in ethanol 

at 20 °C. That increased absorptivity results from the extended conjugation and the 

influence of the D-A behavior. Fluorescence was not observed from this compound as 

no emission was observed using light from 250 nm to 450 nm as excitation sources. 

 
Figure 18. UV-Vis absorption (2×10-5 mol L-1) spectrum of FcPyIn in ethanol at 20 °C. 

5.3.2. Study of the colorimetric sensing of CN‒ with FcPyIn 

The optical properties from the compound FcPyIn were evaluated to use as a probe for 

cyanide due to the structure that is it has. As previously explained, the presence of 

ferrocene causes the pyrazolo[1,5-a]pyrimidine core to be not fluorescent, and this is 

preserved with the introduction of the hemicyanine system. However, the intensity in 

coloration drastically changes as the synthesized pigment has a dark-red coloration. 

Preliminary studies of the colorimetric behavior were made by adding cyanide into a 

5×10-5 M solution in absolute ethanol, which resulted in the loss of the intense red 

coloration from the pigment, with a yellow coloration from the solution (Figure 19).  
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Figure 19. Change in the coloration of a 5×10-5 mol L-1 solution of FcPyIn upon addition of 

20×10-4 L of a 0.25 mol L-1cyanide solution in ethanol 

 

One of the challenges that this receptor presented was the reaction time. Considering 

that there is a strong donating effect from ferrocene to the acceptor, the electrophilicity 

of this receptor is reduced (scheme 11a). This behavior is consistent with previous 

work on how the donating capacity of the substituents in the periphery of the 

pyrazolo[1,5-a]pyrimidine core causes it to be less reactive.  In contrast, that resulted 

in higher selectivity towards CN‒ detection.74 Therefore, a kinetic optimization was 

made using different methods to improve the reaction time while following the 

absorption band (Table 8). This optimization determined that 5 minutes of US 

irradiation in a bath using a sealed flask from the prepared solution reduced the 

absorption band to a minimum (entry 15). 

In contrast, mixing the solution and letting it react resulted in inconsistent results with 

time (entries 1-3), and heating was not consistent as it could cause partial evaporation, 

which changed the concentration of the solution despite sealing the flask (entries 4-6). 

During preliminary studies, it was determined that the addition of nitrate anion 

accelerated the reaction (entries 10-12). This addition should be reasonable as an ion 

exchange between the iodide and the nitrate, causing an inseparable pair that facilitates 

CN‒ addition on the acceptor (Scheme 11b). Furthermore, the charge concentration of 

nitrate compared to the dispersion of iodide should also facilitate the approach of CN‒ 

to make the nucleophilic attack.9 Despite its usefulness in reducing reaction time, this 

method was not used for the final measurement.  
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Table 8. Optimization from CN‒ measurements in the UV-Vis spectra.a 

Entry Method Time (min) T (°C) Absorbance 

1 

Mixing 

5 r.t.* 0.47816 

2 30 r.t. 0.31378 

3 60 r.t. 0.27848 

4 

Heating 

1 60 °C 0.31634 

5 5 60 °C 0.29144 

6 10 60 °C 0.24699 

7 

Stirring 

5 r.t. 0.38589 

8 20 r.t. 0.32833 

9 40 r.t. 0.31186 

10 
Mixing – Nitrate 

(2 eq.) 

5 r.t. 0.27216 

11 15 r.t. 0.25979 

12 30 r.t. 0.19876 

13 

US bath 

1 20 °C 0.26943 

14 3 20-22 °C 0.14430 

15 5 20-25 °C 0.12757 
a The equivalent of CN‒ correspond to 1.0 in relation to FcPyIn *r.t. stands for room temperature 

 

 

 

Scheme 11. (a) ICT process from ferrocene to indolium in FcPyIn (b) ion exchange between 

iodide (I─) and nitrate (NO3
─) that facilitates CN‒ nucleophilic addition in FcPyIn. 

 

The spectra from the change in the absorption bands with increasing CN‒ concentration 

are presented in Figure 20a. A reduction in the absorption band at 484 nm follows a 

linear trend from this spectrum. Furthermore, there is an isosbestic point at 397 nm 

where there is an increase in absorption. However, the point is lost when there is an 

excess of CN‒ in the medium.  
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Figure 20. (a) UV-Vis titration spectra of FcPyIn (2×10-5 mol L-1) with increasing 

concentrations of KCN in ethanol at 20 °C (b) plot of the absorptions of the different curves 

from the spectroscopic data vs. the concentration of CN‒. 

Then, considering the maximums of each spectrum and the concentration of CN‒ used 

in each of the points, a linear fitting was made for the spectroscopic data (Figure 20b). 

This fitting shows a linear range between the absorbance and cyanide concentration for 

quantification. The LoD and LoQ were calculated using equations 6 and 7, respectively. 

It was determined that LoD = 0.11 µmol L-1 and LoQ = 0.38 µmol L-1. This result shows 

that FcPyIn has good sensitivity towards detecting and quantifying CN‒.  

Although the colorimetric quantification of CN‒ with FcPyIn displays high sensibility, 

there must also be selectivity towards this anion to avoid competence and false 

positives. This result is another essential property as a chemosensor must exhibit both 

sensibility and selectivity towards the analyte. Thus, competitive analysis of the probe 

with different anions was made (Figure 21). Furthermore, this study was made to 

differentiate between nucleophilic and electrostatic interactions between FcPyIn and 

anions. Finally, the chemosensor FcPyIn was able to sense both inorganic (NaCN, KCN) 

and organic (TBACN) forms of cyanide (Figure 22) using a Naked-eye approach by the 

evident color change of the solutions. 
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Figure 21. Selectivity from FcPyIn towards CN‒ compared to other anions at 10-fold 

concentration. FcPyIn solutions at 2×10-5 M in ethanol at 20 °C. 

 

 
Figure 22. Naked-eye detection of three forms of CN‒ with FcPyIn (2×10-5 mol L-1) in 

ethanol at 20 °C. Inorganic forms: (a) 1.0 equiv of potassium cyanide (KCN) (b) 1.0 equiv of 

sodium cyanide (NaCN). Organic form: 1.0 equiv of tetrabutylammonium cyanide (TBACN). 
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5.3.3. Electrochemical sensing of CN‒ with FcPyIn 

The proposed design of the chemosensor FcPyIn involved a ferrocene moiety in its 

structure due to its electroactive properties. Therefore, this electrochemical standard 

in the molecule structure will be helpful for the electrochemical sensing of CN‒ as it acts 

as an internal standard for the measurement. Therefore, the study was made to sense 

this analyte with the change in electroactive properties of the molecule.  

The measurements were made in a nitrogen (N2) saturated three-electrode 

electrochemical cell. For electrochemical detection, a well-polished and 

electrochemically cleaned glassy-carbon electrode (GCE) was used. Since the molecule 

is an organic cation, 0.1M solutions of tetrabutylammonium hexafluorophosphate in 

acetonitrile were used as supporting electrolyte and solvent.73 In this solution, 0.1 

mmol L-1 solutions of FcPyIn were made. To find an appropriate redox peak to follow 

CN‒ sensing, cyclic voltammetry (CV) was created to know the electroactive profile of 

the molecule. From the cathodic currents of the CV, it was determined that the 

reduction peak associated with ferrocene at E=-0.77 V was an appropriate peak to 

follow. This peak is both intense and thin compared to other signals in the CV (Figure 

23). Therefore, the reduction in the faradic current upon CN‒ addition to the receptor 

will cause a change in electroactive properties that could be measured.  

 
Figure 23. CV from FcPyIn to identify a redox peak to follow for electrochemical CN‒ sensing. 

 

A differential pulse voltammetry (DPV) was used to make the measurements, following 

the reduction peak, and an appropriate potential window was used to follow it (Figure 
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24a). In addition, a preconcentration of FcPyIn on the surface of the electrode (E=-0.83 

V for 120 seconds) to avoid stabilization cycles. As a result, with the increasing 

concentration of CN‒ in solution, there is a decrease in the reduction current 

proportional to the CN- concentration.   

        
Figure 24. (a) DPV of FcPyIn upon additions of CN‒ and the reduction of the faradic current 

(b) plot that displays the linear trend of the reduction in the reduction current of FcPyIn upon 

increasing concentration of CN‒. 

A linear trend can be determined by taking the currents from the reduction potential of 

ferrocene. However, the quantification of CN‒ was not possible electrochemically due to 

the low reproducibility from the blank (Figure 24b). This observation is attributed to 

the GCE affinity of organic molecules to form films on the surface. Besides, optimizing 

the parameters from DPV requires several runs with varying pulses and scanning 

speeds. Furthermore, the fast saturation of the GCE surface causes increased variability 

and high dispersion of data which difficulties CN‒ quantification. Still, the 

electrochemical detection is due to the change in the electroactive properties and the 

apparent reduction of the current in the reduction potential, which is proportional to 

the CN‒ concentration.  

The lower reduction current can be associated with the mechanism involved in the 

nucleophilic attack of CN‒ on the receptor. The addition of cyanide results in the loss of 

the positive charge of the molecule (Scheme 12). Therefore, the molecule loses ionic 

mobility and cannot preconcentrate on the interphase of the electrode as the chosen 

potential (E=-0.81 V) attracts FcPyIn and measures the reduction current. Thus, the 

residual current from the unreacted chemosensor is measured.  
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Scheme 12. Proposed sensing mechanism of the addition of CN‒ to the receptor of FcPyIn. 

Finally, a comparison between different colorimetric chemosensors and their structure 

is shown in Table 9 to compare the results of FcPyIn. The substitution of Fc and the 

indolium receptor in a favorable position of the PyPy core enhanced its optical 

properties and showed lower detection limits. Other chemosensors reported based on 

pyrazolo[1,5-a]pyrimidine have higher colorimetric LoD than the synthesized 

molecule. The closest report comes from ferrocene in the acceptor section of 

thiobarbituric acid that showed low LoD.  

Table 9. Comparison of the obtained probe among other reported chemosensors. 

Chemosensor LoD (µmol L-1) Reference 

Ferrocene-pyrylium 57.6 82 

Thiazole-2-imine 19.4 83 

Benzothiazolium 3.6 84 

Benzo[1,2-c:4,5-c’]bis[1,2,5]thiadiazole 1.0 85 

4-anisyl-pyrazolo[1,5-a]pyrimidine 0.65 74 

Pyrazolo[1,5-a]pyrimidine 0.60 46 

Pyrazolo[1,5-a]pyrimidium 0.30 48 

Ferrocene-thiobarbituric acid 0.20 86 

Ferrocene-pyrazolo[1,5-a]pyrimidine 0.11 This work 
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6. Conclusions and perspectives 

The synthesis, characterization, and study of hybrid organic/inorganic pigments for 

sensing H+ and CN‒ is reported. The design considers the optical and electronic 

properties of the pyrazolo[1,5-a]pyrimidine nucleus to decide the position of the 

substituents in the design of a chemosensor. Thus, the synthesis of 7-ferrocenyl-2-

methylpyrazolo[1,5-a]pyrimidine and its derivatives were studied to evaluate the 

additive effects from both fragments. Although the PyPy ring is well-known as a 

fluorophore, the ferrocene substituted structure is not fluorescent. Nonetheless, it has 

a clear, intense red coloration that can be used for optical applications.  

Considering the properties of the synthesized molecules FcPy and FcPyIn, these were 

studied as chemosensors for detecting and quantifying H+ and CN‒, respectively. Both 

acted as colorimetric pigments due to the optical or absorption changes after these 

interactions with the corresponding analyte. On the one hand, FcPy sensed H+ upon the 

PyPy protonation through a nucleophilic attack and the formation of a salt with intense 

blue coloration. On the other hand, FcPyIn to detect CN‒ upon the nucleophilic attack of 

cyanide to the indolium moiety resulted in a yellow solution.  

The quantification of H+ with FcPy was made with TFA. The linear range displayed by 

FcPy was up to 2.8 equivalents of TFA. From this study, it was calculated both the LoD 

= 0.63 µM and LoQ = 2.09 µM. The reaction was followed through the change in the CT 

energies that result from FcPyH+ as there is a facilitated charge transfer phenomenon 

between Fc and the PyPy ring. Additionally, the multiparametric regression analysis of 

Catalán’s coefficients determined the differences in properties and how solvents are the 

primary source of interference. Nonetheless, it provided quantitative evidence from the 

difference in solvatochromic behavior between FcPy and FcPyH+.  

The chemosensor FcPyIn was used for the colorimetric and electrochemical detection 

of CN‒. The optical measurement was made by reducing the maximum absorption band 

at 485 nm, resulting from the indolium receptor's nucleophilic attack. Measurements 

were made at ethanol as the kinetics of the addition are relatively slow. Also, the 

method proved to be both sensible and selective. From a competition study made with 
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other anions at 10-fold concentration, it was seen that there is CN‒ selectivity, and even 

in the pool of anions, there was a substantial reduction in absorption after cyanide was 

added. This study calculated the LoD = 0.11 µmol L-1 and LoQ = 0.38 µmol L-1 that 

comply with the limit imposed by the WHO. The established limit of CN‒ in drinking 

water is at 1.9 µmol L-1.87 A summary of the results of the probes made in the present 

work is shown in Table 10. 

Table 10. Summary of the results from the study of chemosensors FcPy and FcPyIn. 

Compound Analyte Source Solvent LoD/LoQ (µmol L-1) 

FcPy H+ 

TFA, p-toluenesulfonic acid, 

chloroacetic acid, 

trichloroacetic acid 

DCE 0.63/2.09 

FcPyIn CN‒ NaCN, KCN, TBACN MeOH 0.11/0.38 

 
Therefore, the proposed design considers the electronic, optical, and electrochemical 

properties of two essential scaffolds for chemosensor design to improve their 

properties. Furthermore, the synthesis route resulted in two chemosensors used for 

different applications. In the case of FcPyIn, its photophysical properties improved as 

the increased absorbance and drastic reduction of the absorption band resulted in an 

enhanced LoD that is better than other colorimetric systems. 

Regarding perspectives, these chemosensors are planned to be studied with real 

samples to test their properties and optimizations to determine or quantify analytes. 

For FcPy, a reversibility study can be made as equilibrium is established with FcPyH+, 

and thus, FcPyH+ could also be a base sensor. The isolation of the salt can be studied 

then with a titration with base, and these molecule pairs should act as an acid/base 

sensor.  

In the case of FcPyIn, electrochemical quantification and validation can be studied to 

quantify CN‒ through a sensible technique.  However, for this is better to use a platinum 

disk electrode with less affinity with organic matter and could be used to quantify CN‒ 

electrochemically due to the electroactive properties from the molecule. Furthermore, 

although electrochemical sensing was made by following the reduction band of 

ferrocene with promising preliminary results, other techniques such as square wave 
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voltammetry, another form of DPV, can improve analysis speed with increased 

sensibility. Therefore, further studies will complement. 
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7. Methods 

7.1. Experimental 

The reagents used for this project were purchased from commercial sources and used 

without further purification. All starting materials were weighed and handled in the air 

at room temperature. The reactions were followed by thin-layer chromatography (TLC) 

and visualized with a UV lamp (254 or 365 nm). Flash chromatography was performed 

on silica gel (230-400 mesh). The microwave irradiation of the reactions was 

performed using a sealed reaction vessel (10.0 mL and 35.0 mL; max pressure = 

300 psi) containing a Teflon-coated stir bar (obtained from CEM) and a CEM Discover 

SP focused microwave (ν = 2.45 GHz) reactor equipped with a built-in pressure 

measurement sensor and a vertically focused IR temperature sensor. US-assisted 

reactions were performed using an ultrasonic Sonics Vibra-Cell™ VCX 750 probe 

equipped with both a tapered microtip of 1⁄4″ and a thermocouple. Reactions under 

US were performed using a 10.0 mL flat-bottomed flask. The US bath reactions were 

made with a BRANSONIC 2510 ultrasonic bath that operates at 42 kHz with capped tube 

provided with a polystyrene floater. Controlled temperature, power, and time settings 

were used for all reactions. The NMR spectra were recorded at 400 MHz (1H) and 

101 MHz (13C) at 298 K using tetramethylsilane (0 ppm) as the internal reference. . The 

NMR spectroscopic data were recorded in CDCl3 with the residual non–deuterated 

signal for 1H NMR and the deuterated solvent signal for 13C NMR as internal standards. 

The DEPT spectra were used to assign the carbon signals. The chemical shifts (δ) are 

reported in ppm, and the coupling constants (J) are reported in Hz. The following 

abbreviations are used for multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, 

dd = doublet of doublets, and m = multiplet. Melting points were collected using a 

capillary melting point apparatus and are uncorrected. The electronic absorption 

spectra were recorded in quartz cuvettes with a path length of 1 cm. UV–vis 

measurements were performed at room temperature (20 °C) on Varian Cary 100 

spectrophotometer. Electrochemical measurements were performed in a three-

electrode cell using PGSTAT 302 N (Autolab Metrohm) potentiostat/galvanostat. A 

glassy carbon (GC) electrode (3 mm diameter, BASi MF-2012) was used as working 



55 
 

electrode, a Pt wire as counter electrode, and a double junction reference electrode 

(Ag/AgCl, 3.0 M NaCl). The electrochemical measurements were made in acetonitrile, 

and tetrabutylammonium hexafluorophosphate at 0.1 mol L-1 was used as supporting 

electrolyte.  

7.2. Synthesis and characterization of (E)-3-(dimethylamino)-1-ferrocenylprop-

2-en-1-one (6) 

 

In a 35 mL sealable (Teflon cap) oven-dried tubular reaction vessel was charged with 

acetylferrocene 5 (0.50 g, 2.2 mmol) and N,N-dimethylformamide dimethyl acetal 

(DMF-DMA) (0.40 g, 3.3 mmol). This mixture was dissolved in toluene (5 mL). The 

resulting mixture was subjected to microwave (MW) irradiation at 170 °C (190 W 

monitored by an IR temperature sensor) for 50 min containing a Teflon-coated stir bar. 

The resulting mixture was cooled to 50 °C by airflow. Then, the reaction vessel was put 

for 30 min in a 0°C cold bath until the formation of the precipitate. The product was 

filtered under vacuum, washed with pentane to remove toluene and excess, and 

vacuum dried overnight to obtain the pure product as a pale-brown solid (0.60 g, 96%). 

Mp. 171-173 °C. 1H NMR (400 MHz, CDCl3): δ= 3.00 (s, 6H, (CH3)2-N), 4.16 (s, 5H, C5H5-

Cp), 4.38 (t, J = 1.9 Hz, 2H, CH-1), 4.78 (t, J = 1.9 Hz, 2H, CH-2), 5.36 (d, J = 12.5 Hz, 1H, 

=CH-4), 7.71 (d, J = 12.5 Hz, 1H, =CH-5) ppm. 13C NMR (101 MHz, CDCl3): δ= 69.0 (CH-

C5H5), 69.8 (CH-3), 70.9 (CH-2), 82.6 (C-C=O), 93.2 (CH-4), 151.6 (CH-5), 191.7 (C-3) 

ppm. FT-IR: 3078, 2912, 1635, 1546, 1419, 1253, 1076, 765, 501, 482 cm-1. HRMS (ESI+) 

calcd. for [C15H18FeNO]+ 284.0732 [M+H]+; found 284.0735. 
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7.3. Synthesis and characterization of 3-methyl-1H-pyrazole-5-amine (15) 

In a 35 mL sealable (Teflon screw cap) oven-dried tubular reaction vessel was charged 

with 3-aminocrotononitrile (1.53 g, 18.6 mmol) and hydrazine hydrate (1.90 g, 37.3 

mmol). The resulting mixture was subjected to microwave (MW) irradiation at 120 °C 

(150 W monitored by an IR temperature sensor) for 45 min containing a Teflon-coated 

stir bar. The resulting mixture was cooled to 50 °C by airflow. Then, the excess 

hydrazine was evaporated by heating it at 80 °C for 30 minutes. The residue was 

purified by flash chromatography on silica gel (eluent: MeOH/CH2Cl2, 1:30) to afford 

the pure product as a pale brown oil. (1.57 g, 87%). 1H NMR (400 MHz, CDCl3): δ=2.14 

(s, 3H), 5.36 (s, 1H), 5.92 (br s, 2H) ppm. 13C NMR (101 MHz, CDCl3): δ= 153.9 (C), 141.8 

(C),  ppm.  

7.4. Synthesis and characterization of 7-ferrocenyl-2-methylpyrazolo[1,5-

a]pyrimidine (FcPy) 

 

A 10 mL round-bottom tube with a screw cap was charged with 6 (0.30 g, 1.06 mmol) 

along with the pyrazole (0.12, g, 1.2 mmol) and dissolved in glacial acetic acid (2 mL). 

The resulting mixture was homogenized using a heat gun and then floated in an US bath 

at 50°C for 25 min. The reaction workup was made to neutralize acetic acid with 

saturated sodium bicarbonate (NaHCO3) solution, followed by extraction with DCM. 

The organic layer was concentrated under reduced pressure, followed by flash 

chromatography on silica gel purification (eluent: DCM) to afford the pure product as a 

bright red solid (0.28 g, 82%). Mp. 122-123 °C. 1H NMR (400 MHz, CDCl3): δ= 2.51 (s, 
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3H, CH3), 4.02 (s, 5H, C5H5), 4.52 (t, J = 1.9 Hz, 2H, CH-1), 5.39 (t, J = 1.9 Hz, 2H, CH-2), 

6.41 (s, 1H, CH-8), 6.79 (d, J = 4.6 Hz, 1H, CH-5), 8.20 (d, J = 4.6 Hz, 1H, CH-6) ppm. 13C 

NMR (101 MHz, CDCl3): δ= 13.9 (CH3) 69.2 (CH-C5H5), 69.6 (CH-1), 70.2 (CH-2), 72.7 (C-

3), 94.2 (CH-8), 102.5 (CH-5), 146.5 (CH-6), 147.0 (C-7), 149.7 (C-4), 153.3 (C-9) ppm. 

FT-IR: 3097, 2924, 1597, 1531, 1350, 1257, 999, 813, 478 cm-1. HRMS (ESI+) calcd. for 

[C17H16FeN3]+ 318.0688 [M+H]+; found 318.0699. 

7.5. Synthesis and characterization of 7-ferrocenyl-2-methylpyrazolo[1,5-

a]pyrimidine-3-carbaldehyde (16) 

 

A10 mL round-bottom tube with screw cap charged with DMF (0.25 g, 260 µL, 3.31 

mmol) with a magnetic stirrer and cooled down at 0 °C with an ice bath. Then, 520 µL 

(5.52 mmol) of phosphoryl chloride was added dropwise to make the formylating 

mixture and left stirring for 10 minutes at 0°C. A solution of 0.35 g (1.1 mmol) of FcPy 

in 4 mL of DCE was prepared in a separate flask. This solution was added to the 

formylating mixture and then sealed. Then the solution was irradiated with 

microwaves at 80°C (150W, monitored by an IR temperature sensor) and maintained 

at this temperature for 10 min, and the resulting reaction mixture was cooled to 50 °C 

by airflow. The reaction was quenched with 20 mL of distilled water and then 

neutralized using a saturated solution of aqueous sodium bicarbonate. The DCE phase 

was decanted, and the residual aqueous phase was extracted with 15 mL of DCE. The 

organic layers were combined, washed with brine, and treated with anhydrous sodium 

sulfate. The organic layer was concentrated under reduced pressure, followed by flash 
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chromatography on silica gel purification (eluent: MeOH/DCM 1:30) to afford the pure 

product as an intense red solid (0.29 g, 76%). Mp. 192-193 °C. 1H NMR (400 MHz, 

CDCl3): δ= 2.81 (s, 3H, CH3), 4.12 (s, 5H, C5H5), 4.69 (t, J = 2.0 Hz, 2H, CH-1), 5.48 (t, J = 

2.0 Hz, 2H, CH-2), 7.09 (d, J = 4.8 Hz, 1H, CH-5), 8.50 (d, J = 4.8 Hz, 1H, CH-6), 10.41 (s, 

1H, -CHO) ppm. 13C NMR (101 MHz, CDCl3): δ= 14.8 (-CH3), 70.5 (CH-C5H5), 71.0 (CH-

1), 72.1 (C-3), 72.3 (CH-2), 106.6 (CH-5), 108.2 (C-8), 150.5 (C-4), 150.9 (CH-6), 152.4 

(C-7), 156.8 (C-9), 184.0 (CH-CHO) ppm. FT-IR: 3086, 2827, 1667, 1601, 1539, 1492, 

1292, 817, 779, 497, 482 cm-1. HRMS (ESI+) calcd. for [C18H16FeN3O]+ 346.0637 [M+H]+; 

found 346.0639. 

7.6. Synthesis and characterization 1-ethyl-2,2,3-trimethyl-3H-indol-1-ium 

iodide (13) 

In a 35 mL sealable (Teflon screw cap) oven-dried tubular reaction vessel was charged 

with 2,2,3-trimethylindolenine (1.60 g, 1.0 mmol) and iodomethane (2.35 g, 15 mmol). 

The resulting mixture was subjected to microwave (MW) irradiation at 120 °C (150 W 

monitored by an IR temperature sensor) for 20 min containing a Teflon-coated stir bar. 

The resulting mixture was cooled to 50 °C by airflow. The remaining solid was washed 

with cold pentane, filtered, and rewashed with cold pentane to afford the pure product 

as a pink solid. (2.92 g, 92%). Mp. 215-216 °C.  1H NMR (400 MHz, DMSO-d6): δ=1.48 (t, 

3H, J=7.4 Hz), 1.58 (s, 6H), 2.86 (s, 3H), 4.54 (q, 2H, J=7.4) 5.92 (br s, 2H) ppm. 13C NMR 

(101 MHz, DMSO-d6): δ= 12.7 (CH3), 13.9 (CH3), 21.9 (CH3), 43.1 (C), 54.1 (CH2), 115.2 

(CH), 123.5 (CH), 128.9 (CH), 129.4 (CH), 140.7 (C), 141.8 (C), 195.9 (C) ppm.  
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7.7. Synthesis and characterization of (E)-1-ethyl-2-(2-(7-ferrocenyl-2-

methylpyrazolo[1,5-a]pyrimidin-3-yl)vinyl)-3,3-dimethyl-3H-indol-1-ium 

iodide (FcPyIn) 

 

In a 10 mL sealable (Teflon screw cap) oven dried tubular reaction vessel was charged 

with 7-ferrocenyl-2-methylpyrazolo[1,5-a]pyrimidine-3-carbaldehyde (0.100 g, 0.29 

mmol), 1-ethyl-2,2,3-trimethyl-3H-indol-1-ium iodide (0.083 g, 0.26 mmol) and 

anhydrous sodium acetate (0.033 g, 0.4 mmol) in 2 mL of acetic anhydride. The 

resulting mixture was subjected to microwave (MW) irradiation at 80 °C (150 W 

monitored by an IR temperature sensor) for 30 min containing a Teflon-coated stir bar. 

The resulting mixture was cooled to 50 °C by airflow. The reaction was quenched with 

distilled water and then neutralized with the addition of a saturated aqueous solution 

of sodium bicarbonate (NaHCO3) followed by an extraction with DCM. The organic layer 

was concentrated under reduced pressure, followed by a flash chromatography on 

silica gel purification (eluent: MeOH/DCM 1:25) to afford the pure product as a dark 

red solid. (0.071 g, 42%). Mp. 167-169 °C. 1H NMR (400 MHz, CD3OD): δ= 1.49 (t, 3H, J= 

7.3 Hz, CH3CH2-N), 1.77 (s, 6H, -CH3), 2.69 (s, 3H, -CH3), 4.04 (s, 5H, C5H5), 4.42 (q, 2H, 

J= 7.3 Hz, CH3CH2-N), 4.71 (t, 2H, J= 2.0 Hz, CH-1), 5.54 (t, 2H, J= 2.0 Hz, CH-2), 7.45 (m, 

3H, CH, 5, Ar), 7.62 (t, 2H, J= 8.2 Hz, CH-Ar), 7.99 (d, 1H, J=15.3, =CH), 8.34 (d, 1H, J=15.3, 

=CH), 8.57 (d, 1H, J= 5.0, CH-6) 13C NMR (101 MHz, CD3OD): δ= 11.7 (CH3), 12.2 (CH3), 

26.4 (CH3), 41.2 (CH2), 51.3 (C), 70.4 (CH), 71.1 (C), 71.4 (CH), 72.9 (CH), 106.3 (CH), 

106.5 (C), 113.2 (CH), 122.6 (CH), 128.1 (CH), 129.0 (CH), 140.8 (C), 142.9 (C), 144.6 

(CH), 150.4 (C), 151.9 (CH), 152.4 (C), 158.4 (C), 180.3 (C) ppm.   HRMS (ESI+) calcd. for 

[C31H32FeN4]2+ 516.1965 [M+H]+; found 516.1948.
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