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ABSTRACT 

Tuberculosis (TB) is to this day a disease that threatens public health, being the second 

major cause of infectious disease related deaths. Only in 2020, caused the death of 1.5 million 

people in highly populated or developing countries. The treatment of this disease involves 

multi-drug formulations including rifampicin as one of the prominent drugs used. This drug 

has a low bioavailability, and it is also hepatotoxic. However, rifampicin can be ionized, being 

an excellent target for the development of organic salts and ionic liquids (OSILs) based on this 

active pharmaceutical ingredient (Rif-OSIL). The ionization of this drug as well as the combi-

nation with highly polar counter-ions considerably increased its water solubility at least 450 

times compared to the neutral API reported value. In parallel, it is observed a reducing in the 

octanol/water partition coefficient as a clear indication about the improvement of the API 

permeability. All Rif-OSILs based on cationic or anionic approaches were characterized by 1H 

and 13C NMR, FTIR and elemental analysis to prove the desired chemical structures. In vivo 

toxicity assays were performed in zebrafish (Danio rerio) to evaluate the impacts in toxicity of 

the drug (Rif and Rif-OSILs) when bioavailability is increased. From these assays, both catalase 

and glutathione-S-transferase were inhibited by the rifampicin organic salt, but no statistically 

relevant oxidative damage  in the form of lipid peroxidation was observed. Another problem 

of rifampicin involves the low action local concentration for effective treatment. Dry powders 

for inhalation from both original rifampicin and the most promissory Rif-OSIL were produced 

through Supercritical CO2-assisted Spray Drying and then they were tested in Andersen-Cas-

cade Impactor to assess aerodynamic properties. Two protocols were used, one of which pro-

duced powders capable of reaching the alveoli, in which infection by Mycobacterium tuber-

culosis occurs. This work opens good perspectives to use Rif-OSILs as a sustainable and more 

effective therapeutic strategy for the treatment of tuberculosis. 

 

Keywords: Rifampicin, organic salt and ionic liquid, tuberculosis, bioavailability, in vivo tox-

icity, dry powders. 
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RESUMO 

Tuberculose (TB) é até hoje uma doença que ameaça a saúde pública, sendo a segunda 

maior causa de mortes relacionadas com doenças infeciosas. Só em 2020, causou a morte de 

1,5 milhões de pessoas em países em desenvolvimento ou com alta densidade populacional. 

O tratamento desta doença envolve múltiplos fármacos, sendo um dos principais a rifampi-

cina. Este fármaco tem uma biodisponibilidade baixa, e é também hepatotóxico. No entanto, 

pode ser ionizado, sendo um excelente alvo para o desenvolvimento de sais orgânicos e líqui-

dos iónicos (OSIL) baseados neste ingrediente farmacêutico ativo (Rif-OSIL). A ionização da 

rifampicina, bem como a combinação com contra-iões altamente polares, aumentou conside-

ravelmente a sua solubilidade em água pelo menos 450 vezes em comparação com o valor do 

API neutro reportado. Em paralelo, observa-se uma redução no coeficiente de partição oc-

tanol/água que dá uma clara indicação sobre a melhoria da permeabilidade do API. Todos os 

Rif-OSILs foram caracterizados por RMN 1H e 13C, IV e análise elementar para provar as es-

truturas químicas desejadas. Foram realizados ensaios de toxicidade in vivo em peixes zebra 

(Danio rerio) para avaliar os impactos na toxicidade do fármaco (Rif e Rif-OSILs) quando a 

biodisponibilidade é aumentada. A partir destes ensaios, tanto a catalase como a glutationa-S-

transferase foram inibidas pelo Rif-OSIL testado, mas não foi observado qualquer dano oxida-

tivo estatisticamente relevante sob a forma de peroxidação lipídica. Outro problema da rifam-

picina envolve a baixa concentração local de ação para um tratamento eficaz. O dry powders 

para inalação tanto da rifampicina original como do Rif-OSIL mais promissor foram produzi-

dos através de Supercritical CO2-assisted Spray Drying e depois foram testados num Ander-

sen-Cascade Impactor para avaliar as propriedades aerodinâmicas. Foram utilizados dois pro-

tocolos, um dos quais produziu pós capazes de atingir os alvéolos, nos quais ocorre a infeção 

por Mycobacterium tuberculosis. Este trabalho abre boas perspetivas para a utilização de Rif-

OSILs como estratégia terapêutica sustentável e mais eficaz para o tratamento da tuberculose. 

Palavas chave: Rifampicina, sais orgânicos e líquidos iónicos, tuberculose, biodisponibilidade, 

toxicidade in vivo, dry powders. 
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1  

 

INTRODUCTION 

1.1 Tuberculosis  

Mycobacterium tuberculosis infection, which typically affects the lungs, is the primary 

cause of the deadly disease tuberculosis. Over 80% of cases are centered in Africa and Asia, 

prominently in developing countries with low capacity for medical assistance for this kind of 

infection, represented in Figure 1.1 [1]. According to the World Health Organization (WHO) 

[2], only in 2020, tuberculosis claimed the lives of 1.5 million people, being the primary cause 

of death by infectious disease before the COVID-19 Pandemic.  

This disease is spread in the form of an aerosol by patients that develop active tubercu-

losis. In a typical infection, the bacteria travels into the lungs through the aerosolized particles 

and stays dormant, being called latent tuberculosis at this stage. A patient with this condition 

has a 10% chance in a lifetime to develop active tuberculosis [3]. Depending on risk factors like 

smoking and the patient being infected with HIV/AIDS, this probability increases considera-

bly, and the disease evolves into the deadly and extremely contagious active tuberculosis [2].  

 
Figure 1.1 - Map of tuberculosis incidence in 2020 [4].  

 
Estimated new cases per 100,000 population 
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Symptoms of active tuberculosis include chronic coughing, fever, chills, night sweats, 

and fatigue, symptoms that resemble a common cold, so this disease is not only difficult to 

treat, but also difficult to diagnose from symptoms alone. Clinical diagnosis of tuberculosis 

involves an x-ray of the lungs in search of specific structures, called granulomas, and a culture 

of sputum of the infected [5]. 

 
Figure 1.2 - Symptoms of tuberculosis (image taken from [6]). 

The most optimal method to combat such a deadly disease would be a vaccine. Unfor-

tunately, the only licensed vaccine for tuberculosis is BCG (bacille Calmette-Guerin), one-hun-

dred-year vaccine administrated in infants to prevent severe forms of tuberculosis [7]. While 

a plethora of vaccines is being researched and in clinical trials, a short and effective treatment 

is still to be put in place. If the treatment is not efficient, resistant strains can emerge. These are 

called multidrug-resistant tuberculosis (MDR-TB) and extremely drug-resistant tuberculosis 

(XDR-TB).  

Nowadays, the search for new drugs for the treatment of both tuberculosis and drug-

resistant tuberculosis is extensive and usually based on screening compounds that present 

antibiotic activity without understanding the mechanism of such activity [8]. Knowing a spe-

cific mechanism in bacteria helps the development of a drug that can disrupt it effectively. In 

the case of Mycobacterium tuberculosis, three main targets are currently used: electron 

transport chain, cell wall synthesis, and transcription/translation machinery [9]. Unfortu-

nately, the mycobacterium is known to bypass disrupted mechanisms or develop resistance if 

treatment is not completed [10]. While research is being conducted to discover new drug tar-

gets, optimization of already applied pharmaceutical ingredients is imperative and necessary. 
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1.2 Treatment of tuberculosis 

The treatment of tuberculosis is a difficult and strenuous task, particularly for devel-

oping countries with limited access to health care, by involving a 6-month chemotherapy treat-

ment with four standard first-line antimicrobial drugs: rifampicin, ethambutol, pyrazinamide, 

and isoniazid, shown in figure 3 [11]. This treatment was developed gradually toward the end 

of the 20th century: ethambutol in the 1960s, rifampicin, and isoniazid in the 1970s, and pyra-

zinamide in the 1980s [11].  

 
Figure 1.3 - Chemical structures of rifampicin, ethambutol, isoniazid, and pyrazinamide. 

Although this method has been effective for decades, there are pressing issues centered 

on drug side effects and lengthy treatment courses [9][12]. Many drugs used for the treatment 

of tuberculosis entail serious side effects like headaches, lack of coordination, temporary dis-

coloration, and nausea, to name a few examples [13]. These side effects, in combination with 

lengthy treatment, combine into a high dropout rate. Incomplete therapy opens the way to 

MDR-TB and XDR-TB, which are considered serious public health threats. The reported suc-

cessful treatment rate for MDR-TB is 55% and only 30% for XDR-TB cases [9]. Even with spe-

cific care for these resistant variations, the WHO reports that cases of MDR-TB keep growing 

year by year, as shown in Figure 1.4. The decline observed in 2020 is due to the COVID-19 

pandemic's associated precautions and lack of adequate evaluations [14]. 

 
Figure 1.4 - Notified cases and enrolment in treatment of multidrug-resistant tuberculosis by WHO [15]. 
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1.3 Active pharmaceutical ingredients (API) 

An active pharmaceutical ingredient is the drug's main component that is used to pro-

duce a certain effect in the organism when administered. These compounds are the basis for 

pharmaceuticals to treat so many diseases and conditions and must be extensively studied for 

side effects and correct dosage, as well as their mechanism of action, toxicity, administration, 

bioavailability, dosage vs effect balance, among many other properties. 

Bioavailability can be described as the capacity of an API to reach systemic circulation 

and to be available in its site of action. The Biopharmaceutics Categorization System (BCS) is 

a classification system that emphasizes bioavailability and is intended to help and expedite 

pharmacological development. It considers the API's aqueous solubility and intestinal perme-

ability, being divided in four classes, as represented in Figure 1.5 [16].  

 
Figure 1.5 - Different classes within the Biopharmaceutics Classification System [16]. 

A prevalent problem in drug development is polymorphism, where the same compound 

presents different crystalline forms that can have different characteristics like bioavailability 

[17]. Changes in synthetic methodology or production can be implemented to reduce physi-

cochemical differences or prevent the formation of different polymorphs but this can be a 

strenuous and expensive process for pharmaceutical industry. 

1.3.1 Antibacterial drugs 

Antibacterial drugs or antibiotics are active pharmaceutical ingredients that are used 

to impeach or retard the growth and spread of bacteria [18]. These can be specific for certain 

strains of microorganisms, or of broad spectrum and for application against diverse  strains. 

There are varied mechanisms antibacterial drugs can be used against bacteria, depicted in Fig-

ure 1.6. For example, the first isolated antibacterial drugs, known as penicillins, inhibit the 

completion of the synthesis of peptidoglycans, responsible for cell wall assembly. This way, 

this cell wall weakens, and the osmotic balance of the cell is hampered [19]. Furthermore, 
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water flows inside the cell without a mechanism to stop it, causing lysis and death [19]. This 

is a mechanism of one class but many others affecting other parts of the cell's survival mecha-

nisms such as protein synthesis, fatty acid metabolism or DNA and RNA transcription have 

been reported [20]. In this thesis, we will focus on rifampicin, an ansamycin with the latter 

mechanism of action. 

 
Figure 1.6 - Classes of antibiotics and respective mechanisms of action [20].   

1.3.2 Ansamycins  

Ansamycin was a name given in 1973 by Prelog and Oppolzer to a series of coloured 

compounds that had both a chromophore, in the form of an aromatic ring, and an aliphatic 

chain that connected opposing positions of this aromatic ring [21]. This group can be subdi-

vided in two, separating the compounds with a benzene ring and those with a naphthalene 

one. This difference in aromatic ring also changes the type of activity associated with each 

compound. Ansamycins with benzene rings are mainly associated with anti-tumoral activity, 

while the naphthalene ones are associated with antimicrobial or antiviral activities [20](Figure 

1.7). The most known compounds from the latter group are the rifamycins, in where rifampicin 

is included. 

 
Figure 1.7 - Types of ansamycins and corresponding activities [20]. 

 

Benzene type 
ansamycin 

 

Anti-tumoral  
activity 

Naphthalene type 
ansamycin 

 

Antimicrobial and  
antiviral activity 



 6 

1.3.3 Rifampicin 

Rifampicin is a commonly used drug in the treatment of bacterial infections discovered 

in 1957 and later produced and distributed in 1968. This drug was isolated from Amycolatop-

sis rifamycinica, and since its discovery it has been used in the treatment of tuberculosis as a 

first line drug.   

 
Figure 1.8 - Chemical structure of rifampicin. 

Rifampicin is classified as a class II drug in the BCS system (low solubility, high intestinal 

permeability) but reported data suggests it can be classified as a class IV drug (low solubility, 

low intestinal permeability)[22]. Its solubility depends on the local pH and it’s a typical zwit-

terionic drug. A zwitterionic compound is a compound with equal number of positive and 

negative charges that in total equates to formal charge zero. At pH lower than 2, anionic 

alkoxyl group (pKa=1.7 [23]) protonates into an alcohol group, obtaining a formal positive 

charge which significantly raises rifampicin’s solubility. This also applies to pH higher than 8 

when the protonated piperazine ring deprotonates (pKa = 7.9 [23]) to obtain a formal negative 

charge [23]. Unfortunately, this means that rifampicin possesses good solubility in the stomach 

and intestines, but very low solubility in the serum. However, if an approach could allow ri-

fampicin to be ionized in these conditions, bioavailability of this API would increase consid-

erably. 

1.3.4 Mechanism of action of rifampicin 

This drug inhibits the transcription of RNA by bonding to the RNA polymerase. It binds 

directly to the exit of RNA on the polymerase and prevents elongation beyond three nucleo-

tides [24]. This interaction is centred in multiple hydrogen bonds between alcohol and ester 

groups of rifampicin and diverse groups from the amino acids, illustrated in Figure 1.9 [25]. 

The binding is strong and, most often than not, will cause the death of the bacteria through 

blocking its ability to transcribe DNA. Unfortunately, the most common resistance to this drug 

is developed after only one mutation, which changes a serine into a leucine, affecting the 
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interactions highlighted by a red circle in Figure 1.9 [26]. This change not only removes one 

hydrogen bond from the interaction completely, but also impeaches the other interaction made 

by the same atom considering leucine has a longer side chain than serine. This diminishes the 

strength of the interaction between rifampicin and the RNA Polymerase and turns this drug 

ineffective [20]. 

 

Figure 1.9 - A) Three-dimensional structure of rifampicin and interactions in binding site in Mycobacterium        

smegmatis [25]; B) Chemical structures of L-serine and L-leucine. 

1.4 Organic salts and ionic liquids (OSIL's) 

Ionic liquids are organic salts with melting points usually under 100 ºC [27]. These 

compounds are constituted by exclusively organic cations and organic or inorganic anion. In 

this thesis, the term ionic liquid will be seldomly used because low melting point organic salts 

were not obtained.  

This area of science has increased in popularity dramatically since the start of the cen-

tury and has maintained its importance [28]. A steady number of publications and patents 

have been reported as of late, illustrated in Figure 1.10, representing an interesting and prom-

ising area of study.     

 

A B 
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Figure 1.10 - Plot of publications and patents related to ionic liquids per year between 1990 and 2019 (taken from 

SciFinderTM database containing the concept “ionic liquid”) 

The earliest discovery of such compounds is dated back to 1914 reported by Paul Wal-

den that neutralized triethylamine with nitric acid and formed a low melting point salt repre-

sented by [Et3NH][NO3] [29]. This was the first case that was reported of a protic ionic liquid, 

that Walden found interesting due to the relation between its high conductivity and their mo-

lecular size [29]. Unfortunately, the potential of these discoveries was mostly unnoticed until, 

in 2000, when this subclass was rediscovered by Hiroyuki Ohno [30]. OSILs have greatly 

evolved since these times, having applications in rather diverse areas like organic chemistry, 

electrochemistry, biochemistry, and medicinal chemistry, being used as solvents, catalysts and 

much more (Figure 1.11).  

 
Figure 1.11 - Main scientific areas for applications of OSILs. 
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There are three main generations of OSIL research shown in Figure 1.12. The first gen-

eration focuses on the discovery of new ionic liquids and characterization of those novel liq-

uids. In this generation, the formation of an ionic liquid was more like a coincidence and so 

those same ionic compounds would need to be studied. In the second generation, a variety of 

reported cations and anions are used to produce OSILs and in so obtain compounds appropri-

ate to the application desired. Third generation research centers on obtaining compounds with 

improved biological properties by incorporating APIs as one or more components of novel 

OSILs, as to overcome pharmaceutically relevant issues or enhance activity starting from a 

determined molecule with biological activity with the capacity to form OSILs [31]. These novel 

compounds are known as Active Pharmaceutical Ingredients as Organic Salts or Ionic Liquids. 

 

 
Figure 1.12 – Generations of OSIL research and examples of developed compounds ([32] adapted from [33]). 
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1.5 Organic salts and ionic liquids based on active pharmaceu-

tical ingredients (API-OSILs) 

In recent years, diverse organic salts and ionic liquids have been applied in the pharma-

ceutical field. These ionic compounds can be applied in the form of alternative solvents for 

API synthesis preventing solvent losses and turn processes overall greener [31]. Furthermore, 

they can be used as crystallizing solvents to produce specific polymorphs with increased bio-

availability and shelf life. These applications involve the processes of synthesizing and pro-

ducing the APIs, but these can be applied in the formulations for drug administration [31]. 

OSILs can be used as cosolvents for APIs, improving water solubility by forming an 

API/OSIL aggregate. This can be done instead of using organic cosolvents like ethanol, meth-

anol or DMSO. The OSIL can behave as an hydrotrope, having a similar behavior to a surfac-

tant, or forming micellar structures around the API. Jesus, A et al. 2019 [34] and 2021 [35] 

showed promising results with this approach, improving water solubility of the tested APIs 

while no significant increase in cytotoxicity was observed.  

Another approach involves the synthesis of API-OSILs where at least one constituting 

ion is an active pharmaceutical ingredient. Turning the API into these ionic compounds im-

proves properties like aqueous solubility and permeability considerably. Furthermore, the for-

mation of these salts can reduce the melting point of the API and form an ionic liquid that 

negates any problems related to polymorphism. Ferraz et al. [36] reports the synthesis of am-

picillin based API-OSILs allowing a remarkable improvement in the original API’s solubility 

at least 10 times [37]. Furthermore, body temperature ionic liquids were obtained which pre-

sent a competitive alternative for the original marketed drug due to lower cytotoxicity and 

higher antiproliferative activity [38].  This approach can also produce compounds with lower 

water solubility due to lipophilic counter-ions. This alternative approach can remediate high 

water solubility problems such as low permeability and fast drug excretion.  

Regarding the improvement of antibiotics, our group has researched the properties of β-

lactam (amoxicillin and penicillin G hydrolysates, and ampicillin) [39], [40] and fluoroquino-

lone (ciprofloxacin, norfloxacin, and mefloquine) [41]–[44] API-OSILs and their biological ac-

tivities against resistant and non-resistant bacteria strains. It was demonstrated that properties 

such as 1-octanol/water partition coefficient and water and PBS solubility could be modulated 

through counter-ion choice. In the case of the β-lactam-based OSILs, a synergistic interaction 

let to a considerable increase in antimicrobial activities against drug resistant strains of Staph-

ylococcus aureus and Escherichia coli in comparison with the original drug.  
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1.6 Biological studies using zebrafish as an animal model 

Toxicity and activity studies are critical to drug development and approval. Biological 

models are a valuable tool frequently used in these studies, where studies using the zebrafish 

(Danio rerio) model are among the most popular. Despite obvious anatomical differences with 

humans, these fish maintain very similar physiological and genetic similarities, including 70% 

of human disease genes [45]. Toxicity and activity studies using this fish as a model are exten-

sively reported in literature for drug development, including development of new antibacte-

rial and anti-cancer agents [46], [47]. Furthermore, these animals are easily genetically modi-

fied and have a well-characterized genome. In addition, they are easy to maintain in the labor-

atory [48].   

 
Figure 1.13 - Advantages of using zebrafish as animal model [49]. 

1.6.1 Oxidative stress biomarkers 

Oxidative stress describes a disproportion between the organism's ability to metabo-

lize reactive oxygen species (ROS) and their respective production or repair the resulting dam-

age [50]. Dysregulation in this equilibrium due to exposure to toxic compounds may result in 

extensive tissue and biomolecular damage [51]. Monitoring biomarkers related to oxidative 

stress, such as catalase, superoxide dismutase (SOD), glutathione-S-transferase, and lipid pe-

roxidation (LPO), can indicate whether a given compound is toxic and to what degree [50].  

Glutathione-S-transferases (GSTs) are a group of metabolic enzymes responsible for 

catalysing a detoxification reaction [52]. This reaction is the nucleophilic attack by reduced 

glutathione on xenobiotics with electrophilic carbon, nitrogen, or sulphur atoms [53]. This 

phase II biotransformation reaction not only prevents these groups from reacting with im-

portant biomolecules but also increases the solubility of the compound to facilitate removal 

from the cell by specific transporters [54]. Later, the xenobiotic is turned into mercapturic acid 

and removed from the organism through urine or bile [52], [54].  

 Superoxide dismutase (SOD) is responsible for catalysing the dismutation of superox-

ide radical into molecular oxygen and hydrogen peroxide [55]. This still reactive hydrogen 

peroxide can then be neutralized by several enzymes, including catalase (CAT) and glutathi-

one peroxidase [56]. Xenobiotics can cause an imbalance in this process, diminishing the or-

ganism's ability to metabolize these ROSs, and causing oxidative damage [56]. One type of 



 12 

oxidative damage is lipid peroxidation. The excess of ROS in the cell from exposure to xeno-

biotics can initiate radical-driven chain reactions that result in membrane lipid peroxidation 

[57]. These lipids can then decompose into a variety of highly cytotoxic products, malonalde-

hyde being one such products [58]. This compound can be monitored to evaluate the extent of 

oxidative damage caused by xenobiotics.  

 Relevant alterations in these biomarkers can correlate with drug toxicity and present 

as excellent indicators for drug development. 

1.7 Dry powder formulations 

Pulmonary delivery is a premium method of treating lung diseases, from common 

asthma to lung cancer [59]. Due to the lung’s physiognomy (high blood flow, low enzymatic 

activity, and a thin absorption membrane [60,61]), this kind of administration increases the 

treatment's efficiency through local drug delivery. This approach not only avoids first-pass 

metabolism in the liver but also allows a lower dosage that entails lesser systemic side effects 

[60,62]. This latter point was particularly important due to rifampicin's known liver toxicity 

[63]. 

In this work, in order to deliver the drug into the lungs, dry powder formulations were 

produced. Spray drying is the standard technique to obtain such dry powders which revolve 

around the atomization of a liquid solution into fine droplets through a spray nozzle to pro-

duce fine dry particles [64]. Several variations of this technique have been developed by the 

scientific community, some of which reaching the commercial stage [65]. One such developed 

process was supercritical CO2-assisted spray drying. This green and sustainable technique 

uses supercritical carbon dioxide to aid the drying process as a cosolvent [64]. Supercritical 

CO2 is obtained from an increase in temperature and pressure past the critical temperature 

and pressure points, as evidenced by Figure 1.14 [66]. 

 
Figure 1.14 - Phase diagram of CO2. 
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A supercritical fluid presents as both a gas and a liquid and possesses properties from 

both states such as the diffusion properties of a gas and the solvating properties of a liquid 

[67]. Supercritical CO2 has been particularly useful in applications such as extractions, where 

the high solvating properties and the ease in its removal from extracted compounds shine 

while being a green and sustainable process by avoiding organic solvents [68].  

In Supercritical CO2 - assisted Spray Drying, supercritical CO2 is a cosolvent for a cast-

ing solution. When this expanded mixture is atomized through a nozzle, the droplets formed 

through this process subdivide due to the vaporization of CO2 caused by the sudden change 

in pressure [64]. Thus, the drying process is more efficient, and the dry particles produced are 

finer and better suited for inhalation [64]. In fact, SASD provides a green and sustainable one-

step process to produce fine dry powders, although optimization of working variables is cen-

tral to obtaining good results. Such variables can range from temperature, pressure, and the 

phase's behaviour to the nozzle's diameter or the cyclone's efficiency, proving to be a fine bal-

ance between physics, chemistry, and engineering [65].  

To produce dry powder formulations, excipients needed to be chosen. Trehalose is a 

disaccharide commonly used as an excipient in pharmacologic formulations and is used as a 

stabilizer for the APIs but is known to be slightly hygroscopic which diminishes the dispersi-

bility for inhalation [66]. L-Leucine is used in lower quantity in tandem with trehalose to serve 

as a dispersion enhancer that prevents hydration of the powder [66]. So far, there are no re-

ports either using SASD as a process applied to rifampicin, or trehalose used as an excipient 

in this kind of formulation, proving to be an interesting approach in rifampicin dry powder 

formulations.  

 
Figure 1.15 - SASD apparatus. 
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2  

 

EXPERIMENTAL SECTION 

2.1 Reagents and Equipment 

Most reagents are listed below and were acquired from several chemical suppliers and 

used without further purification. The remaining reagents were previously synthesized within 

the group. 

Reagents acquired from Carbosynth (Switzerland): 

• Rifampicin (96.5%) 

Reagents acquired from Sigma-Aldrich (USA): 

• Amberlyst® 15 (H) (capacity of 1,25 meq/mL) ion exchange resin 

• L-Leucine (>98%) 

• Methanesulfonic acid (>99%) 

• Para-toluenesulfonic acid monohydrate (99%) 

Reagents acquired from Merck (Germany): 

• Sodium 1-hexanesulfonate (>99%) 

Reagents acquired from TCI (China): 

• D-(+)-Trehalose Dihydrate (>98%) 

• Choline Chloride (>98%) 

• 1-Bromododecane (98%) 

• 2-(Dimethylamino)ethanol (99%) 

• 1-Methylimidazole (>99%) 

• Sodium 1-propanenesulfonate (98%) 

• Sodium 1-nonanesulfonate (98%) 

Reagents acquired from Thermo Scientific (USA): 

• 1-Bromobutane (98%) 

Reagents acquired from Alfa Aesar (USA): 

• Amberlyst® 26 (OH) (capacity of 0.8 meq/mL) ion exchange resin 

• 1-Bromohexane (99%) 

• 1-Bromooctane (>98%) 

• N-Methyldiethanolamine (98%) 
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All synthesis of the different compounds were performed with glass and plastic available 

current laboratory materials.  

Common use equipment in the lab included a rotary evaporator (Rotavapor R-100 BU-

CHI, Switzerland), a Schlenk line (Edwards RV5 vacuum pump, USA ), an analytical balance 

(Sartorious R200 D, Germany) and a lab microwave (Monowave 450, Aston Paar) 

Nuclear magnetic resonance (NMR) spectra were obtained via Bruker ARX400 400MHz 

at 298K and analyzed with MestreNova. The 1H and 13C spectra of all compounds with rifam-

picin were acquired in deuterated dimethylsulfoxide (DMSO-d6) and the remaining spectra 

were in deuterated water (D2O). Both deuterated solvents were acquired from Eurisotop. 

Chemical shifts are reported upfield in parts per million (ppm). IR spectra were obtained in a 

Perkin Elmer Spectrum Two FT-IR spectrophotometer with a Universal ATR Sampler acces-

sory. UV-Vis spectra were obtained in a CARY 100 Bio spectrophotometer.  

The elemental analysis assays were performed in a Thermo Finnigan-CE Instruments 

Flash EA 1112 CHNS series under standard conditions (T combustion reactor 900 °C T GC 

column furnace 65 °C, O2 flow 250 mL/min), He flow 130 mL/min, multiseparation SS GC 

column, at the REQUIMTE Analysis Lab, Department of Chemistry in NOVA School of Sci-

ence. 
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2.2 Methods 

2.2.1 Solubility assays  

The solubility assays of the Rif-OSILs were performed in water and PBS at 37 ºC. This assay 

consisted in adding Milli-Q water into a measured amount of compound until it dissolved. 

The dissolution is determined by observation. For each compound, duplicate assays were per-

formed, and the results are presented as averages. 

2.2.2 Partition coefficient assays (KOW) 

Partition coefficient indicates a measure of lipophilicity and hydrophilicity of a compound. By 

stirring two immiscible phases, in this case water and 1-octanol, with our studied compound 

it’s possible to determine the octanol/water partition coefficient (Kow) by comparing the quan-

tity of compound in each phase. The protocol for the determination of this constant was ob-

tained from Gard et al. [69].  

𝐾𝑂𝑊 =
(𝐴𝑖 × 𝑑𝑓𝑖 − 𝐴𝑓 × 𝑑𝑓𝑓) × 𝑉𝑤𝑎𝑡𝑒𝑟

𝐴𝑓 × 𝑑𝑓𝑓 × 𝑉𝑜𝑐𝑡𝑎𝑛𝑜𝑙
 

 

Ai and Af are the absorbances of the aqueous layer before and after extraction. Vwater and Voc-

tanol are the volumes of the water and 1-octanol phases. Finally, dfi and dff are the dilution 

factors used to find Ai and Af. We can simplify this expression by considering all dilution 

factors and phase volumes are equivalent. Although the method is accurate, due to rifampic-

in's lack of water solubility, most assays used octanol as starting and ending phase. Therefore, 

the expression needed to be adapted to the following. 

  

𝐾𝑂𝑊 =
𝐴𝑓 × 𝑑𝑓𝑓 × 𝑉𝑤𝑎𝑡𝑒𝑟

(𝐴𝑖 × 𝑑𝑓𝑖 − 𝐴𝑓 × 𝑑𝑓𝑓) × 𝑉𝑜𝑐𝑡𝑎𝑛𝑜𝑙
 

 

In this expression Ai and Af become the absorbances of the 1-octanol phase. A solution 

of 1 mg/mL of compound was made using 1-octanol saturated with water. 1 mL of this solu-

tion and 1 mL of water saturated with 1-octanol was stirred for 2 hours. The mixture was then 

centrifuged, and an aliquot of the octanol phase was taken. The starting solution's absorbance 

was compared to the final absorbance using the latter expression. All absorbances were deter-

mined at 339 nm in a CARY 100 Bio UV-Vis spectrophotometer. 
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2.2.3 In vivo toxicity assays in zebrafish 

2.2.3.1 Experiment design 

The selected biological model was zebrafish (Danio rerio), obtained from a national 

commercial supplier (Aquaplante, Portugal). The fish were acclimated to laboratory condi-

tions for two days before the exposure assays. Housing conditions for the fish involved 10 L 

plastic containers with filtered de-chlorinated tap water with pH = 7.1±0.2 at 22±1ºC, photo-

period 12h light and 12h dark, and steady aeration above 6mg O2/L. Furthermore, the fish 

were fed daily with Tetra brand dry flakes. 

The assays involved a total of 38 fish that were exposed to two different compounds 

(rifampicin and cholinium rifampicinate [N1,1,1,2OH][Rif]) at three different concentrations: 

0.25 mg/L, 1.25 mg/L, and 2.5 mg/L. Assays using rifampicin contained 1 mL of methanol to 

dissolve the API before adding it to the aquarium water resulting in a concentration of 0.0001% 

v/v (a control with the same concentration of methanol was done as well). The fish were col-

lected after 96 hours of exposure and then euthanized and conserved by freezing at -80 ºC. 

 

2.2.3.2 Sample treatment 

The fish were homogenized to obtain the cytosolic fraction using a Tissue Homoge-

nizer (Tissue Master 125, Omni) in 2 mL of phosphate buffer saline solution (PBS: 140 mM 

NaCl (Panreac, Spain), 10 mM Na2HPO4 (Sigma Aldrich, USA), 3 mM KCl (Merck, Germany), 

2 mM KH2PO4 (Sigma-Aldrich, USA), pH=7.4) and transferred to microtubes (2 mL). Then, 

the samples were centrifuged at 15,000×g for 15 minutes at 4 ºC (VWR, Hitachi Koki Co., Ltd). 

The microtubes were then stored at -80 ºC.  

 

2.2.3.3 Bradford assay 

In accordance with Bradford's procedure, Bradford assays were carried out [50]. Six 

successive dilutions were prepared in PBS using Bovine Serum Albumin - BSA (NzyTech, 

98%) as a standard, from a 4 mg/mL stock solution to build a calibration curve ranging from 

0 to 2 mg/mL. Then it was added 10 µL of BSA standard into standard wells, and 190 µL of 

Bradford reagent in a 96-well microplate (Greiner bio-one, Germany). Remaining wells were 

filled with 10 µL of diluted supernatant sample solution (1:20) and 190 µL of Bradford reagent. 

Absorbance was read at 595 nm in a microplate reader (BIO-RAD Benchmark microplate 

reader). For each sample total protein concentration was determined using the previously re-

ferred calibration curve to normalize the biomarker results. 
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2.2.3.4 Catalase assay 

The catalase activity assays were performed using a method adapted from Aebi [70] 

for microplates [71]. This method is based on the reaction of hydrogen peroxide with methanol 

catalysed by catalase that produces formaldehyde. This latter compound is quantified colori-

metrically with 4-amino-3-hydrazino-5-mercapto-1,2,4-triazole (Purpald). This compound 

forms a bicyclic heterocycle in the presence of aldehydes which after oxidation are purple. The 

assay was performed in a 96 well microplate (Greiner bio-one, Germany). Several formalde-

hyde standards with concentrations between 0 and 75mM were prepared from a stock solution 

of 4.25 mM formaldehyde (Sigma-Aldrich, USA). In each well were added 100 µL of assay 

buffer, 30 µL of methanol (Scharlab, Spain) and 20 µL of formaldehyde standard or superna-

tant sample. The reaction started with the addition of a diluted hydrogen peroxide solution 

(3.5mM, Sigma Aldrich, USA) to all wells and incubated for 20 minutes at room temperature. 

30 µL of potassium hydride 10M (Chem-lab, Belgium) was added to all wells to stop the reac-

tion, followed by the addition of 30 µL of Purpald (Sigma-Aldrich, USA). The microplate was 

covered and incubated for 10 minutes on a shaker at room temperature and 10 µL of potassium 

periodate (Sigma-Aldrich, USA) was added following the incubation. The microplate was cov-

ered once again and incubated for 5 minutes in the same previously referred conditions. The 

absorbances were read at 540 nm in a microplate reader (VICTOR NivoTM, PerkinElmer, USA). 

Through the determined calibration line, total enzyme activity was obtained. Results are ex-

pressed in relation to the total protein concentration of the sample. 

 

2.2.3.5 Glutathione-S-transferase assay 

The glutathione-S-transferase (GST) assays were performed according to a method de-

scribed by Habig et al. [72] and optimized for 96-well microplates. In this assay, 1-chloro-2,4-

dinitrobenzene (CDNB) is used as a substrate which is compatible with a broad range of GST 

isoenzymes. After conjugation of the thiol group with the substrate, an increase in absorbance 

at 340 nm is observed. 180 µL of a reaction mixture (100 µL of 200 mM reduced glutathione; 

100 µL of 100mM CDNB (Sigma- Aldrich, USA); 9.8 mL PBS (Sigma-Aldrich, USA)) was added 

to the wells of the microplate (Greiner Bio-one, Germany) with 20 µL of supernatant sample. 

Absorbance was read 6 times in 1-minute intervals in a microplate reader (VICTOR NivoTM, 

PerkinElmer, USA) to obtain total enzyme activity. Results are expressed in relation to the total 

protein concentration of the sample.  

 

2.2.3.6 Lipid peroxidation assay 

The lipid peroxidation (LPO) assays were performed according to the TBARS (thiobar-

bituric acid reactive substances) protocol [73]. To 2 mL microtubes it was added 5 µL of 
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malonaldehyde standard or supernatant sample, 45 µL of phosphate buffer, 12.5 µL of  sodium 

dodecyl sulphate (Merk, Germany) solution (8.1%), 93.5 µL of  trichloroacetic acid (Panreac, 

Spain) solution (20%, pH 3.5), 93.5 µL of thiobarbituric acid (Sigma-Aldrich, USA) solution 

(1%), and 50.5 µL of Milli-Q ultrapure water. Each microtube was centrifuged at 2,000 rpm for 

1 minute, the lids were punctured with a needle and were incubated in boiling water for 10 

minutes. Then the tubes were put on ice to cool and 62.5 µL of Milli-Q ultrapure water were 

added to each one. 150 µL of the contents of the microtubes were transferred into a 96-well 

microplate wells in duplicates. Absorbance was read at 530 nm with a microplate reader (VIC-

TOR NivoTM, PerkinElmer, USA). A calibration curve was built using the MDA standards 

(range: 0 - 0.1 µM) for quantification. Results are expressed in relation to the total protein con-

centration of the sample. 

2.2.3.7 Statistical analysis  

The statistical analysis of the results was done using Prism software (GraphPad Prism 

version 8.0.1; Dotmatics) at a significance level of 5%. The homogeneity of variances was tested 

through Levene’s test. In case of failure, Kruskal-Wallis ANOVA nonparametric test was used 

instead. 

2.2.4 Methodology involving dry powder formulations 

2.2.4.1 Particle preparation 

A casting solution composed by 8.08% (w/v) trehalose, 0.43% (w/v) leucine and 0.43% 

(w/v) of rifampicin or Rif-OSIL was prepared with 85% (v/v) distilled water and 15% (v/v) 

ethanol. The particles were produced using the supercritical CO2- assisted spray-drying 

(SASD) apparatus represented previously in figure 11. Briefly, liquefied CO2 was pumped at 

25 mL/min using an HPLC pump (Knauer HPLC pump K-501) and heated in an oil bath at 80 

ºC. In parallel, the casting solution was pumped at a rate of 3.5 mL/min, also using a high-

pressure pump (Knauer Smartline pump 1000). Both streams were delivered into the static 

mixer (3/16 model 37-03-075 Chemieer, 4.8 mm diameter, 191 mm length and 27 helical mixing 

elements), which was enrolled by a heating tape (85±5ºC), controlled by a Shinko FCS-13A 

temperature controller. A near-equilibrium mixture was achieved by the CO2 solubilization 

into the liquid solution in the static mixer. Then, it was atomized into a precipitator through a 

150µm internal diameter nozzle. At the same time, a flow of heated compressed air (TAir=100 

ºC and FAir,in=30 m3/h) entered the precipitator to evaporate the liquid solvent. The particles 

where then separated from the CO2-solvent flow by a high-efficiency cyclone and collected in 

a glass vessel.  
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The process's yield can be calculated as follows: 

 

𝜂𝑆𝐴𝑆𝐷(%) =
𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠  𝑎𝑓𝑡𝑒𝑟 𝑆𝐴𝑆𝐷 (𝑔)

𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑏𝑒𝑓𝑜𝑟𝑒 𝑆𝐴𝑆𝐷 (𝑔)
 × 100 

 

Dry powder API loading determines the percentage of API that composes the powder pro-

duced. This parameter can be calculated as follows: 

𝐴𝑃𝐼 𝐿𝑜𝑎𝑑𝑖𝑛𝑔(%) =
𝑞𝑢𝑎𝑛𝑡𝑖𝑓𝑖𝑐𝑎𝑡𝑒𝑑 𝐴𝑃𝐼 𝑚𝑎𝑠𝑠 (𝑚𝑔)

𝑡𝑜𝑡𝑎𝑙 𝑑𝑟𝑦 𝑝𝑜𝑤𝑑𝑒𝑟 𝑚𝑎𝑠𝑠 (𝑚𝑔)
 × 100 

 

Dry powder API entrapment determines the percentage of API that composes the powder 

comparing the theoretical amount, taking yield into consideration. This parameter can be cal-

culated as follows: 

𝐴𝑃𝐼 𝐸𝑛𝑡𝑟𝑎𝑝𝑚𝑒𝑛𝑡(%) =
𝑞𝑢𝑎𝑛𝑡𝑖𝑓𝑖𝑐𝑎𝑡𝑒𝑑 𝐴𝑃𝐼 𝑚𝑎𝑠𝑠 (𝑚𝑔)

𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝐴𝑃𝐼 𝑚𝑎𝑠𝑠 (𝑚𝑔)
 × 100 

2.2.4.2 Powder flowability 

The aerodynamic performance of the formulations was assessed using an aluminium Ander-

sen Cascade Impactor apparatus (ACI, Copley). 30 mg of dry powder was loaded into three 

hydroxypropylmethylcellulose capsules nº3 (Aerovaus) and the capsules were individually 

placed into a previously weighed dry powder inhaler (DPI) that was coupled to the ACI de-

vice. Each plate of the cascade impactor was covered by a filter (Glass Microfiber filter 

MFV1080, Filter Lab) that is weighted before and after the experiment. The DPI punctured the 

capsule prior to the inhalation, and a high-capacity pump was used to simulate an intake of 

breath according to the European pharmacopoeia [46]. After the intake, several aerodynamic 

parameters can be calculated from the amount deposited in each plate: mass median aerody-

namic diameter (MMAD), fine particle fraction (FPF), and geometric standard deviation 

(GSD). Firstly, MMAD characterizes the size of the particles that reached the impactor, exclud-

ing those deposited in the throat, representing the diameter of 50% the particles. Secondly, FPF 

is the portion of the delivered particles sized below 5 μm, as determined by the interpolation 

of the percentage of the particles with smaller sizes than this value. Finally, the GSD measures 

the distribution of sizes of the particles, and it can be calculated using the following equation 

(d84 and d16 - diameters corresponding to 84 % and 16 % of the cumulative distribution, re-

spectively): 

𝐺𝑆𝐷 =  √
𝑑84

𝑑16
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2.3 Reactions 

2.3.1 Counter-ions  
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2.3.2 OSILs synthesized from rifampicin 
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2.3.3 Synthesis of counter-ions 

While some of the counter-ions were purchased from several chemical suppliers or had 

already been synthesized within the group, a few were synthesized as part of this work, as 

described below.  

Counter-ions acquired from chemical suppliers (respective suppliers previously men-

tioned in 2.1): methanesulfonic acid ([C1SO3]H), sodium propanesulfonate ([C3SO3]Na); so-

dium hexanesulfonate ([C6SO3]Na), sodium nonanesulfonate ([C9SO3]Na), para-toluenesul-

fonic acid (TolSO3H) and choline chloride ([N1,1,1,2OH]Cl).  

Counter-ions previously synthesised within the group were [C2OHMIM]Br, [C8MIM]Br 

and [C16MIM]Br and the remaining counter-ions were synthesized as part of this work. 

2.3.3.1 Synthesis of 3-butyl-1-methyl-1H-imidazol-3-ium bromide ([C4MIM]Br)  

 

 

154 mg (1.88 mmol, 1 equiv.) of 1-methylimidazole, 322 mg (2.35 mmol, 1.25 equiv.) of 1-bro-

mobutane and 5 mL of acetonitrile were measured into a vial ready for microwave. The reac-

tion took a total of 2 hours at 120 ºC until completion was observed through NMR spectros-

copy. The desired product was obtained as a light brown oil (394.2 mg; 95.9% yield). 

 

1H NMR (400 MHz, D2O) δ 8.73 (s, 1H, Ha), 7.51 (s, 1H, Hc), 7.46 (s, 1H, Hb), 4.23 (t, J = 7.2 Hz, 

3H, He), 2.10 (s, 3H, Hd), 1.88 (s, 2H, Hf) 1.35 (m, 2H, Hg), 0.95 (m, 3H, Hi) 

 

2.3.3.2 Synthesis of 3-dodecyl-1-methyl-1H-imidazol-3-ium bromide ([C12MIM]Br) 

 

 

 

0,66 mL (685 mg, 8.35 mmol, 1 equiv.) of 1-methylimidazole and 2.10 mL (2.18 g, 8.77 mmol, 

1.05 equiv.) of 1-bromododecane were measured into a vial ready for microwave. This in neat 

reaction took 8 mins at 130 ºC, with 1200 rpm stirring. The product was washed with ethylic 

ether to remove excess bromoalkane, dissolved with acetonitrile and concentrated under 
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vacuum. A considerable amount of product was lost in the evaporation step due to the for-

mation of bubbles. The desired product was obtained as a white wax (1.53 g; 55.3%). 

 

1H NMR (400 MHz, DMSO-d6) δ 9.17 (s, 1H, Ha), 7.79 (t, J = 1.8 Hz, 1H, Hc), 7.72 (t, J = 1.8 Hz, 

1H, Hb), 4.15 (t, J = 7.2 Hz, 3H, He)  3.85 (s, 3H, Hd), 3.32 (s, 2H, Hf) 1.23 (m, 18H, Hg, Hh, Hi, 

Hj, Hk, Hl, Hm, Hn, and Ho), 0.84 (t, J = 7.2, 3H, Hp) 

 

2.3.3.3 Synthesis of N - (2 - hydroxyethyl) - N , N - dimethylbutan - 1 - aminium bromide 

([N1,1,4,2OH]Br) 

 

 

1.12 mL (1.00 g, 11.11 mmol, 1 equiv.) of 2-(dimethylamino)ethan-1-ol, 2.46 mL (3.07 g, 22.44 

mmol, 2 equiv.) of 1-bromobutane and 4 mL of acetonitrile were added to a microwave ready 

vial. The reaction took 20 minutes at 120 ºC with 1200 rpm stirring. The reaction mixture was 

concentrated, washed with diethyl ether, and dried under vacuum. The desired product was 

obtained as a white powder (2.50 g; 98.6% yield). 

 

1H NMR (400 MHz, D2O) δ 4.04 (s, 2H, Hc), 3.49 (t, J = 5.0 Hz, 2H, Hb), 3.38 (m, 2H, Hd), 3.14 

(s, 6H, Ha), 1.77 (p, J = 7.5 Hz, He), 1.39 (h, J = 7.3 Hz, 2H, Hf), 0.96 (t, J = 7.4 Hz, 3H, Hg) 

 

2.3.3.4 Synthesis of N - ( 2 - hydroxyethyl) - N , N - dimethylhexan - 1 - aminium bromide 

([N1,1,6,2OH]Br) 

 

 

315.0 mg (3.53 mmol, 1 equiv.) of 2-(dimethylamino)ethan-1-ol, 1 mL (1170 mg, 7.07 mmol, 2 

equiv.) of 1-bromohexane and 4 mL of acetonitrile were added to a microwave ready vial. The 

reaction took 20 minutes at 120 ºC with 1200 rpm stirring. The reaction mixture was concen-

trated, washed with diethyl ether, and dried under vacuum. The desired product was obtained 

as a white powder (841.3 mg; 93.7% yield). 

 

1H NMR (400 MHz, D2O) δ 4.04 (s, 2H, Hc), 3.55-3.45 (m, 2H, Hb), 3.40-3.35 (m, 2H, Hd), 3.14 

(s, 6H, Ha), 1.85-1.70 (m, 2H, He), 1.40-1.25 (m, 6H, Hf, Hg and Hh), 0.95-0.85 (m, 3H, Hi) 
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2.3.3.5 Synthesis of N - ( 2 - hydroxyethyl ) - N , N - dimethyloctan - 1 - aminium bromide 

([N1,1,8,2OH]Br) 

 

 

1.12 mL (1.0 g, 11.22 mmol, 1 equiv.) of 2-(dimethylamino)ethan-1-ol, 3.87 mL (4.33 g, 22.44 

mmol, 2 equiv.) of 1-bromooctane and 4 mL of acetonitrile were added into a microwave ready 

vial. The reaction took 20 minutes at 120 ºC with 1200 rpm stirring. The reaction mixture was 

concentrated, washed with diethyl ether, and dried over vacuum. The desired product was 

obtained as a white powder (2.42 g; 76.3% yield). 

 

1H NMR (400 MHz, D2O) δ 4.04 (s, 2H, Hc), 3.53-3.45 (m, 2H, Hb), 3.40-3.32 (m, 2H, Hd), 3.14 

(s, 6H, Ha), 1.85-1.70 (m, 2H, He), 1.40-1.25 (m, 10H, Hf, Hg, Hh, Hi and Hj), 0.90-0.80 (m, 3H, 

Hk) 

 

2.3.3.6 Synthesis of 2-hydroxy-N-(2-hydroxyethyl)-N,N-dimethylethan-1-aminium bromide 

([N1,1,2OH,2OH]Br) 

 

 

1.12 mL (1.00 g, 11.22 mmol, 1 equiv.) of 2-(dimethylamino)ethan-1-ol, 1.59 mL (2.8 g, 22.44 

mmol, 2 equiv.) of 2-bromoethan-1-ol, and 4 mL of acetonitrile were added to a microwave 

ready vial. The reaction took 20 minutes at 120 ºC with 1200 rpm stirring. The reaction mixture 

was concentrated, washed with diethyl ether, and dried over vacuum. The desired product 

was obtained as a light brown oil (1.32 g; 54.8% yield). 

 

1H NMR (400 MHz, D2O) δ 4.10-4.05 (m, 4H, Hc), 3.60 (t, J = 4.3 Hz, 4H, Hb), 3.23 (s, 6H, Ha) 
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2.3.3.7 Synthesis of N,N-bis(2-hydroxyethyl)-N-methylbutan-1-aminium bromide 

([N1,4,2OH,2OH]Br) 

 

 

0.96 mL (1.00 g, 8.22 mmol, 1 equiv.) of 2,2'-(methylazanediyl)bis(ethan-1-ol), 1.80 mL (2.50 g, 

16.44 mmol, 2 equiv.) of 1-bromobutane into a microwave ready vial. The reaction took 35 

minutes at 120 ºC with 1200 rpm stirring. The reaction mixture was washed with diethyl ether 

and dried over vacuum. The desired product was obtained as a colourless oil (2.00 g; 95.1% 

yield). 

 

1H NMR (400 MHz, D2O) δ 3.98 (s, 4H, Hc), 3.70-3.53 (m, 4H, Hb ), 3.40-3.33 (m, 2H, Hd), 3.10 

(s, 3H, Ha), 1.69 (p, J = 8.3 Hz, 2H, He), 1.32 (h, J = 7.6 Hz, 2H, Hf), 0.89 (t, J = 7.5 Hz, 3H, Hg) 

 

2.3.3.8 Synthesis of N,N-bis(2-hydroxyethyl)-N-methylhexan-1-aminium bromide 

([N1,6,2OH,2OH]Br) 

 

 

0.96 mL (1.00 g, 8.22 mmol, 1 equiv.) of 2,2'-(methylazanediyl)bis(ethan-1-ol), 1.80 mL (2.25 g, 

16.44 mmol, 2 equiv.) of 1-bromohexane into a microwave ready vial. The reaction took 45 

minutes at 120 ºC with 1200 rpm stirring. The reaction mixture was washed with diethyl ether 

and dried over vacuum. The desired product was obtained as a colourless oil (2.13 g; 91.3% 

yield). 

 

1H NMR (400 MHz, D2O) δ 4.10-4.00 (m, 4H, Hc), 3.55-3.65 (m, 4H, Hb), 3.40-3.50 (m, 2H, Hd) 

3.18 (s, 3H, Ha), 1.75-1.85 (m, 2H, He), 1.42-1.30(m, 6H, Hf, Hg and Hh), 0.90 (t, 3H, Hi) 
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2.3.3.9 Synthesis of N,N-bis(2-hydroxyethyl)-N-methyloctan-1-aminium bromide 

[N1,8,2OH,2OH]Br) 

 

 

0.96 mL (1.00 g, 8.22 mmol, 1 equiv.) of 2,2'-(methylazanediyl)bis(ethan-1-ol), 1.80 mL (2.25 g, 

16.44 mmol, 2 equiv.) of 1-bromooctane into a microwave ready vial. The reaction took 60 

minutes at 120 ºC with 1200 rpm stirring. The reaction mixture was washed with diethyl ether 

and dried over vacuum. The desired product was obtained as white wax (2.24 g; 87.2% yield). 

  

1H NMR (400 MHz, D2O) δ 4.04 (m, 4H, Hc), 3.60-3.50 (m, 4H, Hb), 3.50-3.40 (m, 2H, Hd), 3.17 

(s, 3H, Ha), 1.85-1.70 (m, 2H, He), 1.40-1.25 (m, 10H, Hf, Hg, Hh, Hi and Hj), 0.93-0.80 (m, 3H, 

Hk) 
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2.3.4 Cationic Approach 

2.3.4.1 General synthesis of cationic rifampicin  

 

The desired anions were either in the form of a sodium salt or in acid form. If the anion 

is in acid form, we dilute it and add it dropwise to rifampicin dissolved in methanol and let 

stir for 15 minutes. If the anion is in sodium salt form, it's dissolved in methanol and stirred in 

an anionic exchange resin (Amberlyst® 26(OH)) for 2 hours to form the acids of the respective 

anions [74]. After the filtration of the resin, the acids were added dropwise to rifampicin dis-

solved in methanol. This way we do not need purification steps apart from drying. The prod-

ucts formed were red powders with a variation in shade and obtained in high yields. 
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2.3.4.2 Rifampicinium methanesulfonate [RifH][C1SO3] 

 

35.1 mg of methanesulfonic acid (0.365 mmol, 1 equiv.)  and 300 mg (0.365 mmol, 1 equiv.) of 

rifampicin  were used. The product was obtained in the form of a red powder. 

 

1H NMR (400 MHz, DMSO-d6) δ  9.68 (s, 1H, OH1), 8.18 (s, 1H, H38), 6.71 (dd, J = 14.9, 11.3 Hz, 

1H, H18), 6.49 (d, J = 11.0 Hz, 1H, H17), 6.32 (d, J = 12.8 Hz, 1H, H29), 5.96 (dd, J = 15.6, 5.3 Hz, 

1H, H19), 5.03 (d, J = 10.9 Hz, 1H, H25), 4.97 (dd, J = 12.8, 8.1 Hz, 1H, H28), 3.70 (d, J = 9.2 Hz, 

1H, H21), 3.75-3.63 (m, 2H, H39a and H42a), 3.60-3.42 (m, 2H, H40a and H41a ), 3.28 (d, J = 8.1, 

1H, H27), 3.18-3.06 (m, 2H, H40b and H41b), 3.00-2.84 (m, 3H, H39b, H42b and H23), 2.90 (m, 3H, 

H37), 2.85 (s, 3H, H43), 2.34 (s, 3H, Ha), 2.28-2.18 (m, 1H, H20), 2.09 (s, 3H, H36), 2.01 (s, 3H, H30), 

1.98 (s, 3H, H14), 1.73 (s, 3H, H13), 1.58-1.53 (m, 1H, H22), 1.30-1.21 (m, 1H, H24), 1.00-0.92 (m, 

1H, H26), 0.89 (d, J = 6.9 Hz, 3H, H32), 0.82 (d, J = 7.0 Hz, 3H, H31), 0.45 (d, J = 6.8 Hz, 3H, H33), 

-0.42 (d, J = 6.8 Hz, 3H, H34) 

13C NMR (101 MHz, DMSO-d6) δ 173.17, 169.49, 168.54, 147.03, 143.09, 136.50, 134.55, 129.19, 

123.69, 119.22, 119.07, 117.03, 112.58, 108.93, 104.84, 75.87, 75.83, 73.18, 70.60, 55.99, 55.84, 51.09, 

42.01, 38.50, 37.92, 32.80, 21.59, 20.59, 20.07, 18.52, 17.31, 10.86, 8.49, 7.54. 

IR (ATR)  טmax (cm-1) 3429 (N-H and O-H st), 2972 (C-H st), 2936 (C-H st), 2883 (C-H st), 1725 

(C=O st), 1647 (C=N asymmetric st), 1564 (aromatic C-H), 1456, 1374, 1328, 1216, 1158, 1039, 

973, 802, 770, 724, 643, 552, 524, 496 

Elemental analysis calcd (%) for [RifH][C1SO3] ● H2O: C 56.84, H 7.06, N 6.22; found C 56.40, 

H 6.88, N 5.98 
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2.3.4.3 Rifampicinium propane-1-sulfonate [RifH][C3SO3]  

 

53.34 mg (0.365 mmol, 1 equiv.) sodium propane-1-sulfonate, 0.644 mL (1.095 mmol, 3 equiv.) 

Amberlyst© A-15(H+) ion exchange resin  and 300 mg (0.365 mmol, 1 equiv.) of rifampicin  

were used. A red powder was obtained. 

 

1H NMR (400 MHz, DMSO-d6) δ 9.69 (s, 1H, OH1), 8.19 (s, 1H, H38), 6.75 (dd, J = 15.3, 11.4 Hz, 

1H, H18), 6.48 (d, J = 11.0 Hz, 1H, H17), 6.32 (d, J = 12.7 Hz, 1H, H29), 5.98 (dd, J = 15.6, 5.3 Hz, 

1H, H19), 5.04 (d, J = 10.9 Hz, 1H, H25), 4.98 (dd, J = 12.8, 8.1 Hz, 1H, H28), 3.71 (d, J = 9.2 Hz, 

1H, H21), 3.78-3.62 (m, 2H, H39a and H42a), 3.58-3.43 (m, 2H, H40a and H41a), 3.29 (d, J = 8.2 Hz, 

1H, H27), 3.20-3.04 (m, 2H, H40b and H41b), 3.00-2.80 (m, 3H, H39b, H42b and H23), 2.91 (s, 3H, 

H37), 2.86 (s, 3H, H43), 2.44-2.37 (m, 2H, Ha), 2.28-2.18 (m, 1H, H20), 2.09 (s, 3H, H36), 2.01 (s, 

3H, H30), 1.99 (s, 3H, H14), 1.74 (s, 3H, H13), 1.62-1.52 (m, 3H, H22 and Hb), 1.32-1.21 (m, 1H, 

H24), 1.00-0.92 (m, 1H, H26), 0.92-1.85 (m, 6H, H32, Hc), 0.82 (d, J = 7.0 Hz, 3H, H31), 0.46 (d, J = 

6.8 Hz, 3H, H33), -0.40 (d, J = 6.8 Hz, 3H, H34) 

13C NMR (101 MHz, DMSO-d6) δ 173.03, 169.49, 168.31, 146.87, 143.07, 142.05, 136.57, 134.31, 

129.45, 118.74, 117.04, 112.71, 108.89, 104.47, 75.88, 73.21, 70.72, 55.81, 53.48, 51.09, 42.02, 40.15, 

39.94, 39.73, 39.52, 39.31, 39.10, 38.89, 38.49, 37.93, 32.80, 21.63, 20.60, 20.12, 18.48, 17.34, 13.48, 

10.91, 8.49, 7.54. 

IR (ATR)  טmax (cm-1) 3433 (N-H and O-H st), 2970 (C-H st), 2940 (C-H st), 2879 (C-H st), 1726 

(C=O st), 1646 (C=N asymmetric st), 1564 (aromatic C-H), 1526, 1456, 1374, 1329, 1218, 1145, 

1091, 1028, 973, 896, 771, 723, 601, 522, 496 

Elemental analysis calcd (%) for [RifH][C3SO3] ● H2O: C 56.94, H 7.16, N 6.06; found C 57.25, 

H 7.10, N 5.81 
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2.3.4.4 Rifampicinium hexane-1-sulfonate [RifH][C6SO3]  

 

68.7 mg (0.365, 1 equiv.) of sodium hexane-1-sulfonate, 0.644 mL (1.095 mmol, 3 equiv.) Am-

berlyst© A-15(H+) ion exchange resin  and 300 mg (0.365 mmol, 1 equiv.) of rifampicin  were 

used. A red powder was obtained. 

 

1H NMR (400 MHz, DMSO-d6) δ 9.70 (s, 1H, OH1), 8.18 (s, 1H, H38), 6.82-6.70 (m, 1H, H18), 

6.46 (d, J = 11.0 Hz, 1H, H17), 6.30 (d, J = 12.8 Hz, 1H, H29), 5.97 (dd, J = 15.7, 5.5 Hz, 1H, H19), 

5.03 (d, J = 10.9 Hz, 1H, H25), 4.97 (dd, J = 12.8, 8.1 Hz, 1H, H28), 3.71 (d, J = 9.6 Hz, 1H, H21), 

3.75-3.62 (m, 2H, H39a and H42a), 3.58-3.42 (m, 2H, H40a and H41a), 3.28 (d, J = 8.1 Hz, 1H, H27), 

3.20-3.06 (m, 2H, H40b H41b), 3.00-2.80 (m, 3H, H39b, H42b and H23), 2.90 (s, 3H, H37), 2.84 (s, 

3H, H43), 2.44-2.37 (m, 2H, Ha), 2.28-2.18 (m, 1H, H20), 2.07 (s, 3H, H36), 2.00 (s, 3H, H30), 1.98 

(s, 3H, H14), 1.72 (s, 3H, H13), 1.59-1.46 (m, 3H, H22 and Hb), 1.34-1.18 (m, 7H, H24, Hc, Hd and 

He), 1.01-0.93 (m, H, H26), 0.93-0.80 (m, 9H, H32, Hf and H31), 0.46 (d, J = 6.8 Hz, 3H, H33), -0.40 

(d, J = 6.8 Hz, 3H, H34) 

13C NMR (101 MHz, DMSO-d6) δ 172.94, 169.48, 168.05, 146.72, 143.39, 143.03, 136.85, 129.85, 

118.84, 117.09, 113.02, 108.86, 75.96, 73.26, 70.90, 55.79, 51.54, 47.27, 42.00, 38.47, 37.93, 32.81, 

31.11, 28.05, 25.03, 21.95, 20.16, 17.36, 13.89, 10.97, 8.60, 8.51, 7.48 

IR (ATR)  טmax (cm-1) 3429 (N-H and O-H st), 2964 (C-H st), 2934 (C-H st), 2875 (C-H st), 1725 

(C=O st), 1647 (C=N asymmetric st), 1564 (aromatic C-H), 1456, 1374, 1329, 1217, 1157, 1091, 

1033, 973, 945, 895, 802, 771, 723, 601, 522, 494 

Elemental analysis calcd (%) for [RifH][C6SO3] ● 2H2O: C 57.03, H 7.33, N 5.87; found C 57.41, 

N 7.47, H 5.46 
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2.3.4.5 Rifampicinium nonane-1-sulfonate [RifH][C9SO3]  

 

88.6 mg (0.365, 1 equiv.) of sodium nonane-1-sulfonate, 0.644 mL (1.095 mmol, 3 equiv.) of 

Amberlyst© A-15(H+) ion exchange resin and 300 mg (0.365 mmol, 1 equiv.) of rifampicin were 

used. A red powder was obtained. 

 

1H NMR (400 MHz, DMSO-d6) δ 9.70 (s, 1H, OH1), 8.19 (s, 1H, H38), 6.78-6.65 (m, 1H, H18), 

6.48 (d, J = 11.1 Hz, 1H, H17), 6.31 (d, J = 12.7 Hz, 1H, H29), 5.98 (dd, J = 15.6, 5.2 Hz, 1H, H19), 

5.03 (d, J = 10.9 Hz, 1H, H25), 4.97 (dd, J = 12.8, 8.1 Hz, 1H, H28), 3.69 (d, J = 10.0 Hz, 1H, H21), 

3.75-3.62 (m, 2H, H39a and H42a), 3.60-3.42 (m, 2H, H40a and H41a), 3.28 (d, J = 8.1 Hz, 1H, H27), 

3.20-3.06 (m, 2H, H40b and H41b), 3.02-2.82 (m, 3H, H39b, H42b and H23), 2.90 (s, 3H, H37), 2.85 

(s, 3H, H43), 2.44-2.37 (m, 2H, Ha), 2.28-2.18 (m, 1H, H20), 2.09 (s, 3H, H36), 2.00 (s, 3H, H30), 

1.98 (s, 3H, H14), 1.73 (s, 3H, H13), 1.59-1.46 (m, 3H, H22 and Hb), 1.34-1.18 (m, 13H, H24, Hc, 

Hd, He, Hf, Hg, and Hh), 1.00-0.80 (m, 10H, H31, H32, Hi and H26), 0.46 (d, J = 6.8 Hz, 3H, H33), 

-0.41 (d, J = 6.8 Hz, 3H, H34) 

13C NMR (101 MHz, DMSO-d6) δ 173.20, 169.48, 168.50, 147.04, 143.10, 136.59, 134.49, 129.26, 

123.81, 119.16, 119.05, 117.06, 112.70, 108.94, 104.82, 75.85, 73.19, 70.63, 55.84, 51.52, 47.17, 42.01, 

38.50, 37.92, 32.80, 31.27, 28.87, 28.65, 28.35, 25.03, 22.06, 21.59, 20.59, 20.08, 17.29, 13.91, 10.87, 

8.49, 7.51. 

IR (ATR)  טmax (cm-1) 3437 (N-H and O-H st), 2927 (C-H st), 2854 (C-H st), 1726(C=O st), 1645 

(C=N asymmetric st), 1564 (aromatic C-H), 1525, 1456, 1374, 1329, 1215, 1159, 1033, 974, 802, 

723, 601, 522, 496 

Elemental analysis calcd (%) for [RifH][C9SO3] ● 2H2O: C 58.61, H 7.68, N 5.48; found C 58.52, 

N 7.74, H 5.25 
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2.3.4.6 Rifampicinium para-toluenesulfonate [RifH][TolSO3]  

 

46.22 mg (0.243 mmol, 1 eq.) para-toluenesulfonic acid monohydrate, 200 mg of rifampicin 

(0.243 mmol, 1 eq.) dissolved in 6 mL of methanol. A red powder was obtained. 

 

1H NMR (400 MHz, DMSO-d6) δ 9.62 (s, 1H, OH1)8.19 (s, 1H, H38), 7.49 (d, J = 8.1 Hz, 2H, Hb), 

7.12 (d, J = 7.8 Hz, 2H, Hc), 6.71 (dd, J = 15.6, 11.1 Hz, 1H, H18), 6.50 (d, J = 11.1 Hz, 1H, H17), 

6.33 (d, J = 12.7 Hz, 1H, H29), 5.99 (dd, J = 15.6, 5.3 Hz, 1H, H19), 5.04 (d, J = 10.9 Hz, 1H, H25), 

4.98 (dd, J = 12.8, 8.1 Hz, 1H, H28), 3.70 (d, J = 9.3 Hz, 1H, H21), 3.78-3.63 (m, 2H, H39a and 

H42a), 3.61-3.43 (m, 2H, H40a and H41a), 3.30 (d, J = 8.2 Hz, 1H, H27), 3.22-3.07 (m, 2H, H40b and 

H41b), 3.00-2.80 (m, 3H, H39b, H42b and H23), 2.91 (s, 3H, H37), 2.86 (s, 3H, H43), 2.29 (s, 3H, He), 

2.28-2.20 (m, 1H, H20), 2,1 (s, 3H, H36), 2,02 (s, 3H, H30), 1,99 (s, 3H, H14), 1,74 (s, 3H, H13), 1.60-

1.51 (m, 1H, H22), 1.32-1.22 (m, 1H, H24), 1.01-0,93 (m, 1H, H26), 0,9 (d, J = 6.9 Hz, 3H, H32), 0,82 

(d, J = 7.0 Hz, 3H, H31), 0,46 (d, J = 6.8 Hz, 3H, H33), -0,42 (d, J = 6.8 Hz, 3H, H34) 

13C NMR (101 MHz, DMSO-d6) δ 173.19, 169.50, 168.59, 147.07, 145.47, 143.12, 142.56, 137.75, 

136.43, 134.63, 129.11, 128.08, 125.47, 123.60, 119.15, 117.02, 112.54, 111.18, 108.95, 104.92, 

103.68, 75.82, 73.17, 70.56, 55.86, 51.16, 42.01, 38.50, 37.92, 32.79, 21.61, 20.75, 20.60, 20.08, 17.30, 

10.85, 8.50, 7.57. 

IR (ATR)  טmax (cm-1) 3428 (N-H and O-H st), 2973 (C-H st), 2936 (C-H st), 2883 (C-H st), 1721 

(C=O st), 1646 (C=N asymmetric st), 1564 (aromatic C-H), 1455, 1374, 1330, 1316, 1159, 1159, 

1120, 1032, 1009, 973, 802, 770, 682, 567, 495 

Elemental analysis calcd (%) for [RifH][TolSO3] ● H2O: C 58.75, H 6.88, N 5.73; found C 59.27, 

H 7.73, N 5.53 
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2.3.4.7 Rifampicin hydrochloride [RifH]Cl 

 

2.43 mL of a 0.1 M aqueous hydrochloric acid solution was added dropwise to 300 mg of ri-

fampicin (0.365 mmol, 1 eq.) dissolved in 6 mL of methanol. The product was dried, and a red 

powder was obtained in quantitative yield. 

 

1H NMR (400 MHz, DMSO-d6) δ 8.20 (s, 1H, H38), 6.70-6.60 (m, 1H, H18), 6.52 (d, J = 11.1 Hz, 

1H, H17), 6.34 (d, J = 12.7 Hz, 1H, H29), 5.98 (dd, J = 15.5, 5.0 Hz, 1H, H19), 5.03 (d, J = 11.6 Hz, 

1H, H25), 5.00-4.90 (m, 1H, H28), 3.69 (d, J = 9.2 Hz, 1H, H21), 3.75-3.60 (m, 2H, H39a and H42a), 

3.60-3.40 (m, 2H, H40a and H41a), 3.29 (d, J = 8.1, 1H, H27), 3.18-3.00 (m, 2H, H40b and H41b), 

2.95-2.85 (m, 3H, H39b, H42b and H23), 2.90 (m, 3H, H37), 2.79 (s, 3H, H43), 2.28-2.18 (m, 1H, 

H20), 2.11 (s, 3H, H36), 2.02 (s, 3H, H30), 1.99 (s, 3H, H14), 1.74 (s, 3H, H13), 1.60-1.50 (m, 1H, 

H22), 1.30-1.21 (m, 1H, H24), 1.00-0.90 (m, 1H, H26), 0.89 (d, J = 6.8 Hz, 3H, H32), 0.82 (d, J = 7.0 

Hz, 3H, H31), 0.46 (d, J = 6.8 Hz, 3H, H33), -0.44 (d, J = 6.7 Hz, 3H, H34) 

IR (ATR)  טmax (cm-1) 3393 (N-H and O-H st), 2977 (C-H st), 2936 (C-H st), 2883 (C-H st), 2822 

(C-H st), 1717 (C=O st), 1648 (C=N asymmetric st), 1586, 1546, 1501, 1435, 1373, 1346, 1289, 

1142, 1061, 997, 975, 893, 771, 628 
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2.3.5 Anionic Approach 

2.3.5.1 General synthesis of anionic rifampicin  

 

The desired cations were in the form of halide salts, which were dissolved in methanol 

and stirred with an anionic exchange resin (Amberlyst® 26 (OH)) for 2 hours to form the cor-

responding hydroxide cations [74]. After the filtration of the resin, the hydroxide cations were 

added dropwise to rifampicin dissolved in methanol. The product was then concentrated un-

der vacuum. Once again, this way we do not need purification steps apart from removing the 

solvent. The products formed were red powders with a variation in shade and obtained in 

high yields. 
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2.3.5.2 2 - hydroxy - N, N, N -trimethylethan - 1 - aminium bromide rifampicinate 

[N1,1,1,2OH][Rif]  

 

Following the previously described protocol, from 66.4 mg (0.476 mmol, 1.00 equiv.) of 

[N1,1,1,2OH][Cl],1.785 mL (1.428 mmol, 3.00 equiv.) of anionic exchange resin and 434.85 mg 

(0.476 mmol, 1.00 equiv.) of rifampicin we obtained a dark red powder. 

 

1H NMR (400 MHz, DMSO-d6) δ 15.49 (s, 1H, OH4), 12.46 (s, 1H, NH15), 9.07 (s, 1H, OH1), 7.99 

(s, 1H, H38), 6.98 (dd, J = 15.9, 10.8 Hz, 1H, H18), 6.30-6.15 (m, 2H, H17 and H29), 5.85 (dd, J = 

16.0, 6.6 Hz, 1H, H19), 5.26 (s, 1H, OHc), 5.07 (d, J = 10.8 Hz, 1H, H25), 4.93 (dd, J = 12.8, 8.2 Hz, 

1H, H28), 4.86 (d, J = 3.6 Hz, 1H, OH21), 4.32 (s, J = 8.0 Hz, 1H, OH23), 3.82 (m, 2H, Hc), 3.72 (d, 

J = 8.9 Hz, 1H, H21), 3.38 (m, 3H, Hb), 3.23 (d, J = 8.3 Hz, 1H, H27), 3.10 (s, 9H, Ha), 2.98 (m, 4H, 

H39 H42), 2.90 (s, 3H, H37), 2.84 (t, 1H, H23), 2.56 (s, 4H, H40 H41), 2.29 (s, 3H, H43), 2.16 (m, 1H, 

H20), 1.97 (s, 3H, H36), 1.91 (s, 3H, H30), 1.89 (s, 3H, H14), 1.62 (s, 3H, H13), 1.60-1.51 (m, 1H, 

H22), 1.32-1.22 (m, 1H, H24), 1.01-0,93 (m, 1H, H26), 0.90-0.80 (m, 6H, H31 and H32), 0.44 (d, J = 

6.8 Hz, 3H, H33), -0.24 (d, J = 6.8 Hz, 3H, H34) 

13C NMR (101 MHz, DMSO-d6) δ 184.50, 183.91, 171.58, 169.61, 165.93, 148.43, 144.88, 142.87, 

138.09, 133.60, 132.35, 131.89, 127.21, 117.40, 116.99, 116.81, 116.00, 113.83, 108.56, 100.71, 98.44, 

76.52, 76.13, 73.59, 71.90, 66.97, 66.95, 66.92, 55.61, 55.15, 53.79, 53.19, 53.16, 53.12, 50.21, 45.57, 

37.89, 32.99, 22.12, 20.68, 17.86, 11.47, 8.92, 8.57, 7.48. 

IR (ATR)  טmax (cm-1) 3346 (N-H and O-H st), 2967 (C-H st), 2937 (C-H st), 2879 (C-H st), 1723 

(C=O st), 1644 (C=N asymmetric st), 1585 (aromatic C-H), 1431, 1372, 1225, 1142, 1061, 997, 

948, 891, 770, 626, 470 

Elemental analysis calcd (%) for [N1,1,1,2OH][Rif] ● 2H2O: C 59.55, H 7.76, N 7.60; found C 59.92, 

H 7.86, N 7.28 
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2.3.5.3 N-(2-hydroxyethyl)-N,N -dimethylbutan-1-aminium rifampicinate [N1,1,4,2OH][Rif]  

 

Following the previously described protocol, from 83.6 mg (0.370 mmol, 1.00 equiv.) of 

[N1,1,4,2OH][Br], 1,39 mL (1.110 mmol, 3.00 equiv) of anionic exchange resin and 337.94 mg 

(0.370 mmol, 1.00 equiv.) of rifampicin we obtained a dark red powder. 

 

1H NMR (400 MHz, DMSO-d6) δ 15.49 (s, 1H, OH4), 12.46 (s, 1H, NH15), 9.10 (s, 1H, OH1), 7.99 

(s, 1H, H38), 6.98 (dd, J = 16.0, 10.8 Hz, 1H, H18), 6.27-6.18 (m, 2H, H29 and H17), 5.86 (dd, J = 

15.8, 6.5 Hz, 1H, H19), 5.25 (t, J = 4.9 Hz, 1H, OHc), 5.08 (d, J = 10.8 Hz, 1H, H25), 4.93 (dd, J = 

12.8, 8.2 Hz, 1H, H28), 4.84 (d, J = 3.6 Hz, 1H, OH21), 4.30 (d, J = 8.0 Hz, 1H, OH23), 3.82 (s, 2H, 

Hc), 3.77-3.69 (m, 1H, H21), 3.40-3.21 (m, 5H, Hb, H27 and Hd), 3.05 (s, 6H, Ha), 3.01-2.95 (m, 

4H, H39 H42), 2.91 (s, 3H, H37), 2.85 (t, J = 9.3 Hz, 1H, H23), 2.24 (s, 3H, H43), 2.21-2.11 (m, 1H, 

H20), 1.98 (s, 3H, H36), 1.92 (s, 3H, H30), 1.90 (s, 3H, H14), 1.71-1.61 (m, 2H, He), 1.63 (s, 3H, H13), 

1.62-1.53 (m, 1H, H22), 1.23-1.39 (m, 3H, H24 and Hf), 1.10-1.01 (m, 1H, H26), 0.97-0.82 (m, 9H, 

H31, H32 and Hg), 0.45 (d, J = 6.8 Hz, 3H, H33), -0.23 (d, J = 6.8 Hz, 3H, H34) 

13C NMR (101 MHz, DMSO-d6) δ 184.47, 183.93, 171.58, 169.58, 165.91, 148.42, 144.91, 142.83, 

138.07, 132.34, 131.86, 127.23, 117.42, 113.87, 108.54, 100.72, 98.41, 76.50, 76.13, 73.59, 71.90, 

64.61, 63.92, 55.60, 54.93, 53.51, 50.79, 49.94, 45.21, 37.90, 32.99, 23.76, 22.09, 20.64, 19.19, 17.83, 

13.48, 11.47, 8.91, 8.57, 7.46. 

IR (ATR)  טmax (cm-1) 3358 (N-H and O-H st), 2967 (C-H st), 2936 (C-H st), 2879 (C-H st), 1724 

(C=O st), 1648 (C=N asymmetric st), 1586 (aromatic C-H), 1430, 1372, 1225, 1143, 1061, 997, 

972, 891, 944, 770, 736, 626, 466. 

Elemental analysis calcd (%) for [N1,1,4,2OH][Rif] ● 2H2O: C 60.76, H 8.04, N 6.71; found C 61.00, 

H 8.13, N 6.97 
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2.3.5.4 N - (hydroxyethyl) - N,N - dimethylhexan -1- aminium rifampicinate [N1,1,6,2OH][Rif]  

 

Following the previously described protocol, from 94.52 mg (0.372 mmol, 1.00 equiv.) of 

[N1,1,6,2OH][Br], 1,395 mL (1.116 mmol, 3.00 equiv.) of anionic exchange resin and 339.97 mg 

(0.372 mmol, 1.00 equiv.) of rifampicin we obtained a dark red powder. 

 

1H NMR (400 MHz, DMSO-d6) δ 15.50 (s, 1H, OH4), 12.47 (s, 1H, NH15), 9.09 (s, 1H, OH1), 7.99 

(s, 1H, H38), 6.99 (dd, J = 15.9, 10.8 Hz, 1H, H18), 6.27-6.18 (m, 2H, H29 and H17), 5.86 (dd, J = 

15.9, 6.6 Hz, 1H, H19), 5.25 (s, 1H, OHc), 5.08 (d, J = 10.8 Hz, 1H, H25), 4.93 (dd, J = 12.8, 8.2 Hz, 

1H, H28), 4.86 (d, J = 3.6 Hz, 1H, OH21), 4.30 (d, J = 8.0 Hz, 1H, OH23), 3.82 (s, 2H, Hc), 3.73 (d, 

J = 8.9 Hz, 1H, H21), 3.40-3.21 (m, 5H, H27, Hb and Hd), 3.04 (s, 6H, Ha), 3.02-2.97 (m, 4H, H39 

and H42), 2.91 (s, 3H, H37), 2.85 (t, J = 9.3 Hz, 1H, H23), 2.28 (s, 3H, H43), 2.21-2.11 (m, 1H, H20), 

1.98 (s, 3H, H36), 1.92 (s, 3H, H30), 1.90 (s, 3H, H14), 1.71-1.61 (m, 2H, He), 1.63 (s, 3H, H13), 1.62-

1.53 (m, 1H, H22), 1.23-1.39 (m, 3H, H24, Hf, Hg and Hh), 1.10-1.01 (m, 1H, H26), 0.97-0.82 (m, 

9H, H31, H32 and Hi), 0.45 (d, J = 6.8 Hz, 3H, H33), -0.23 (d, J = 6.8 Hz, 3H, H34) 

13C NMR (101 MHz, DMSO-d6) δ 184.46, 183.96, 171.59, 169.57, 165.93, 148.43, 144.94, 142.83, 

138.08, 132.33, 131.88, 127.27, 117.44, 116.96, 116.85, 115.91, 113.89, 108.53, 100.73, 98.42, 76.50, 

76.13, 73.59, 71.91, 64.61, 64.12, 55.60, 54.92, 53.37, 50.77, 49.81, 37.91, 32.97, 30.63, 25.41, 22.08, 

21.84, 21.69, 20.66, 20.63, 17.82, 13.80, 11.46, 8.91, 8.57, 7.45. 

IR (ATR)  טmax (cm-1) 3356, 2935, 2879, 1724, 1647, 1586, 1430, 1372, 1225, 1143, 1061, 998, 971, 

891, 770, 736, 625, 467  

Elemental analysis calcd (%) for [N1,1,6,2OH][Rif] ● 2H2O: C 61.74, H 8.20, N 6.43; found C 61.67, 

H 8.30, N 6.78 
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2.3.5.5 N- (hydroxyethyl) - N,N - dimethyloctan - 1 - aminium rifampicinate [N1,1,8,2OH][Rif] 

 

Following the previously described protocol, from 98.50 mg (0.367 mmol, 1.00 equiv.) of 

[N1,1,8,2OH][Br], 1.376 mL (1.101 mmol, 3.00 equiv.) of anionic exchange resin and 335.77 mg 

(0.367 mmol, 1.00 equiv.) of rifampicin we obtained a dark red powder. 

 

1H NMR (400 MHz, DMSO-d6) δ 15.48 (s, 1H, OH4), 12.46 (s, 1H, NH15), 9.10 (s, 1H, OH1), 7.98 

(s, 1H, H38), 6.97 (dd, J = 15.9, 10.8 Hz, 1H, H18), 6.27-6.18 (m, 2H, H29 H17), 5.85 (dd, J = 16.0, 

6.5 Hz, 1H, H19), 5.23 (s, 1H, OHc), 5.07 (d, J = 10.8 Hz, 1H, H25), 4.93 (dd, J = 12.8, 8.2 Hz, 1H, 

H28), 4.84 (d, J = 3.6 Hz, 1H, OH21), 4.30 (d, J = 8.0 Hz, 1H, OH23), 3.81 (s, 2H, Hc), 3.72 (d, J = 

8.9 Hz, 1H, H21), 3.40-3.21 (m, 5H, H27, Hb and Hd), 3.03 (s, 6H, Ha), 3.02-2.97 (m, 4H, H39 and 

H42), 2.90 (s, 3H, H37), 2.84 (t, J = 8.9 Hz, 1H, H23), 2.23 (s, 3H, H43), 2.21-2.11 (m, 1H, H20), 1.97 

(s, 3H, H36), 1.91 (s, 3H, H30), 1.89 (s, 3H, H14), 1.71-1.61 (m, 2H, He), 1.63 (s, 3H, H13), 1.62-1.53 

(m, 1H, H22), 1.39-1.23 (m, 11H, H24, Hf, Hg, Hh, Hi and Hj), 1.10-1.01 (m, 1H, H26), 0.97-0.82 

(m, 9H, H31, H32 and Hi), 0.44 (d, J = 6.8 Hz, 3H, H33), -0.24 (d, J = 6.8 Hz, 3H, H34)  

13C NMR (101 MHz, DMSO-d6) δ 184.47, 183.93, 171.59, 169.58, 165.91, 148.42, 144.91, 142.84, 

138.08, 132.34, 131.87, 127.24, 117.43, 116.96, 116.83, 115.94, 113.87, 108.54, 100.72, 98.42, 76.50, 

76.13, 73.59, 71.90, 64.60, 64.12, 55.60, 54.93, 53.55, 50.78, 49.97, 45.23, 37.90, 32.98, 31.15, 28.44, 

25.77, 22.09, 22.03, 21.75, 20.65, 17.83, 13.94, 11.47, 8.91, 8.56, 7.45. 

IR (ATR)  טmax (cm-1) 3348, 2932, 2879, 1724, 1648, 1586, 1431, 1372, 1225, 1062, 997, 971, 891, 

770, 625, 466 

Elemental analysis calcd (%) for [N1,1,8,2OH][Rif] ● 2H2O: C 62.94, H 8.29, N 6.29; found C 62.30, 

H 8.46, N 6.60 
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2.3.5.6 2 - hydroxy - N - (2 - hydroxyethyl) - N,N - dimethylethan - 1 - aminium rifampicinate 

[N1,1,2OH,2OH][Rif] 

 

Following the previously described protocol, from 79.24 mg (0.367 mmol, 1.00 equiv.) of 

[N1,1,2OH,2OH][Br], 1.376 mL (1.101 mmol, 3.00 equiv.) of anionic exchange resin and 338.42 

mg (0.367 mmol, 1.00 equiv.) of rifampicin we obtained a dark red powder.  

 

1H NMR (400 MHz, DMSO-d6) δ 15.49 (s, 1H, OH4), 12.46 (s, 1H, NH15), 9.07 (s, 1H, OH1), 7.98 

(s, 1H, H38), 6.98 (dd, J = 16.0, 10.8 Hz, 1H, H18), 6.27-6.16 (m, 2H, H29 and H17), 5.85 (dd, J = 

15.9, 6.6 Hz, 1H, H19), 5.25 (t, J = 4.8 Hz, 2H, OHc), 5.07 (d, J = 10.8 Hz, 1H, H25), 4.93 (dd, J = 

12.8, 8.2 Hz, 1H, H28), 4.85 (d, J = 3.6 Hz, 1H, OH21), 4.29 (d, J = 8.1 Hz, 1H, OH23), 3.83 (s, 4H, 

Hc), 3.73 (d, J = 8.8 Hz, 1H, H21), 3.50-3.40 (m, 4H, Hb ), 3.23 (d, J = 8.3 Hz, 1H, H27), 3.11 (s, 6H, 

Ha), 3.02-2.93 (m, 4H, H39 and H42), 2.90 (s, 3H, H37), 2.84 (t, J = 9.4 Hz, 1H, H23), 2.28 (s, 3H, 

H43), 2.21-2.11 (m, 1H, H20), 1.97 (s, 3H, H36), 1.91 (s, 3H, H30), 1.89 (s, 3H, H14), 1.62 (s, 3H, 

H13), 1.62-1.53 (m, 1H, H22), 1.39-1.28 (m, 1H, H24), 1.10-1.00 (m, 1H, H26), 0.92-0.80 (m, 6H, 

H31 and H32), 0.44 (d, J = 6.8 Hz, 3H, H33), -0.24 (d, J = 6.8 Hz, 3H, H34) 

13C NMR (101 MHz, DMSO-d6) δ 184.46, 183.98, 171.61, 169.58, 165.95, 148.43, 144.95, 142.83, 

138.10, 134.28, 132.32, 131.89, 127.26, 117.44, 116.96, 116.86, 115.91, 113.90, 108.54, 100.75, 98.43, 

76.50, 76.13, 73.59, 71.92, 65.85, 65.82, 65.80, 55.61, 54.99, 53.35, 51.55, 49.79, 44.98, 38.56, 37.92, 

32.97, 22.08, 20.64, 17.82, 11.46, 8.91, 8.58, 7.46. 

IR (ATR)  טmax (cm-1) 3336, 2973, 2937, 2883, 1722, 1646, 1554, 1431, 1373, 1224, 1143, 1060, 997, 

971, 891, 770, 736, 626, 456  

Elemental analysis calcd (%) for [N1,1,2OH,2OH][Rif] ● 2.5H2O: C 59.04, H 7.66, N 6.51, C 58.78, 

H 7.85, N 7.00 
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2.3.5.7 N , N - bis(2 - hydroxyethyl) - N - methylbutan - 1 - aminium rifampicinate 

[N1,4,2OH,2OH][Rif] 

 

Following the previously described protocol, from 93.5 mg (0.365 mmol, 1.00 equiv.) of 

[N1,4,2OH,2OH][Br], 1.369 mL (1.095 mmol, 3.00 equiv.)  of anionic exchange resin and 333,73 

mg (0.365 mmol, 1.00 equiv.) of rifampicin we obtained a dark red powder. 

 

1H NMR (400 MHz, DMSO-d6) δ 15.47 (s, 1H, OH4), 12.45 (s, 1H, NH15), 9.11 (s, 1H, OH1), 7.97 

(s, 1H, H38), 6.97 (dd, J = 15.9, 10.8 Hz, 1H, H18), 6.27-6.16 (m, 2H, H29 and H17), 5.85 (dd, J = 

15.9, 6.6 Hz, 1H, H19), 5.23 (t, J = 4.7 Hz, 2H, OHc), 5.07 (d, J = 10.8 Hz, 1H, H25), 4.93 (dd, J = 

12.8, 8.2 Hz, 1H, H28), 4.83 (d, J = 3.6 Hz, 1H, OH21), 4.30 (d, J = 8.0 Hz, 1H, OH23), 3.81 (s, 4H, 

Hc), 3.72 (d, J = 8.9 Hz, 1H, H21), 3.50-3.40 (m, 4H, Hb ), 3.23 (d, J = 8.3 Hz, 1H, H27), 3.06 (s, 3H, 

Ha), 3.00-2.93 (m, 4H, H39 and H42), 2.90 (s, 3H, H37), 2.84 (t, J = 9.4 Hz, 1H, H23), 2.46 (s, 4H, 

H40 and H41), 2.21 (s, 3H, H43), 2.21-2.11 (m, 1H, H20), 1.97 (s, 3H, H36), 1.91 (s, 3H, H30), 1.89 

(s, 3H, H14), 1.70-1.63 (m, 2H, He), 1.62 (s, 3H, H13), 1.60-1.53 (m, 1H, H22), 1.39-1.22 (m, 3H, 

H24 and Hf), 1.10-1.00 (m, 1H, H26), 0.96-0.80 (m, 9H, H31, H32 and Hg), 0.44 (d, J = 6.8 Hz, 3H, 

H33), -0.24 (d, J = 6.8 Hz, 3H, H34) 

13C NMR (101 MHz, DMSO-d6) δ 184.47, 183.92, 171.58, 169.58, 165.90, 148.41, 144.89, 142.83, 

138.09, 133.85, 132.33, 131.87, 127.20, 117.42, 116.95, 116.81, 115.95, 113.85, 108.53, 100.71, 98.41, 

76.50, 76.12, 73.58, 71.89, 63.21, 62.22, 55.60, 54.79, 53.63, 50.05, 48.98, 45.35, 38.58, 37.89, 32.98, 

23.57, 22.09, 20.65, 19.19, 17.82, 13.49, 11.46, 8.90, 8.56, 7.45. 

IR (ATR)  טmax (cm-1) 3323, 2964, 2937, 2883, 1725, 1647, 1430, 1373, 1225, 1061, 997, 972, 891, 

770, 626, 464 

Elemental analysis calcd (%) for [N1,4,2OH,2OH][Rif] ● 2H2O: C 60.87, H 8.07, N 6.38; found C 

60.39, H 8.09, N 6.77 
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2.3.5.8 N,N - bis(2 - hydroxyethyl) - N - methylhexan - 1 - aminium rifampicinate 

[N1,6,2OH,2OH][Rif]  

 

Following the previously described protocol, from 115.20 mg (0.405 mmol, 1.00 equiv.) of 

[N1,6,2OH,2OH][Br], 1,513 mL (1.215 mmol, 3 equiv.) of anionic exchange resin and 370.60 mg 

(0.405 mmol, 1.00 equiv.) of rifampicin we obtained a dark red powder. 

 

1H NMR (400 MHz, DMSO-d6) δ 15.49 (s, 1H, OH4), 12.46 (s, 1H, NH15), 9.08 (s, 1H, OH1), 7.98 

(s, 1H, H38), 6.98 (dd, J = 15.9, 10.8 Hz, 1H, H18), 6.27-6.16 (m, 2H, H29 and H17), 5.85 (dd, J = 

15.9, 6.6 Hz, 1H, H19), 5.23 (t, J = 4.9 Hz, 2H, OHc), 5.07 (d, J = 10.8 Hz, 1H, H25), 4.93 (dd, J = 

12.8, 8.2 Hz, 1H, H28), 4.85 (d, J = 3.6 Hz, 1H, OH21), 4.29 (d, J = 8.1 Hz, 1H, OH23), 3.81 (s, 4H, 

Hc), 3.73 (d, J = 8.8 Hz, 1H, H21), 3.50-3.40 (m, 4H, Hb ), 3.23 (d, J = 8.3 Hz, 1H, H27), 3.06 (s, 3H, 

Ha), 3.00-2.93 (m, 4H, H39 and H42), 2.90 (s, 3H, H37), 2.84 (t, J = 9.4 Hz, 1H, H23), 2.27 (s, 3H, 

H43), 2.21-2.11 (m, 1H, H20), 1.97 (s, 3H, H36), 1.91 (s, 3H, H30), 1.89 (s, 3H, H14), 1.70-1.63 (m, 

2H, He), 1.62 (s, 3H, H13), 1.60-1.53 (m, 1H, H22), 1.40-1.21 (m, 7H, H24 Hf, Hg and Hi), 1.10-

1.00 (m, 1H, H26), 0.91-0.81 (m, 9H, H31, H32 and Hg), 0.44 (d, J = 6.8 Hz, 3H, H33), -0.24 (d, J = 

6.8 Hz, 3H, H34) 

13C NMR (101 MHz, DMSO-d6) δ 184.46, 183.96, 171.60, 169.57, 165.93, 148.43, 144.95, 142.83, 

138.09, 132.32, 131.88, 127.26, 117.44, 116.96, 116.86, 115.90, 113.89, 108.53, 100.74, 98.42, 76.50, 

76.13, 73.59, 71.92, 63.20, 62.43, 55.60, 54.79, 53.37, 49.80, 48.96, 45.00, 38.56, 37.91, 32.97, 30.63, 

25.42, 22.08, 21.85, 21.50, 20.63, 17.82, 13.79, 11.45, 8.91, 8.57, 7.45. 

IR (ATR)  טmax (cm-1) 3319, 2969, 2935, 2879, 1725, 1646, 1505, 1430, 1373, 1225, 1143, 1060, 997, 

972, 891, 770, 626 

Elemental analysis calcd (%) for [N1,6,2OH,2OH][Rif] ● 1.5H2O: C 61.64, H 8.13, N 6.15; found C 

61.58, H 8.23, N 6.65 
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2.3.5.9 N,N - bis(2-hydroxyethyl) - N - methyloctan - 1 - aminium rifampicinate 

[N1,8,2OH,2OH][Rif] 

 

Following the previously described protocol, from 123.50 mg (0.395 mmol, 1.00 equiv.) of 

[N1,8,2OH,2OH][Br], 1.481 mL (1.185 mmol, 3.00 equiv.) of anionic  exchange resin and 361.61 

mg (0.395 mmol, 1.00 equiv.) of rifampicin we obtained a dark red powder. 

 

1H NMR (400 MHz, DMSO-d6) δ 15.49 (s, 1H, OH4), 12.46 (s, 1H, NH15), 9.08 (s, 1H, OH1), 7.98 

(s, 1H, H38), 6.98 (dd, J = 16.0, 10.8 Hz, 1H, H18), 6.27-6.16 (m, 2H, H29 and H17), 5.85 (dd, J = 

15.9, 6.6 Hz, 1H, H19), 5.23 (t, J = 5.0 Hz, 2H, OHc), 5.07 (d, J = 10.8 Hz, 1H, H25), 4.93 (dd, J = 

12.8, 8.2 Hz, 1H, H28), 4.85 (d, J = 3.6 Hz, 1H, OH21), 4.29 (d, J = 8.1 Hz, 1H, OH23), 3.81 (d, J = 

4.9 Hz, 4H, Hc), 3.72 (d, J = 8.9 Hz, 1H, H21), 3.50-3.40 (m, 4H, Hb ), 3.23 (d, J = 8.3 Hz, 1H, H27), 

3.06 (s, 3H, Ha), 3.00-2.93 (m, 4H, H39 and H42), 2.90 (s, 3H, H37), 2.84 (t, J = 9.0 Hz, 1H, H23), 

2.46 (s, 4H, H40 and H41), 2.26 (s, 3H, H43), 2.21-2.11 (m, 1H, H20), 1.97 (s, 3H, H36), 1.91 (s, 3H, 

H30), 1.89 (s, 3H, H14), 1.70-1.63 (m, 2H, He), 1.62 (s, 3H, H13), 1.60-1.53 (m, 1H, H22), 1.39-1.20 

(m, 11H, H24, Hf, Hg, Hh, Hi and Hj), 1.10-1.00 (m, 1H, H26), 0.96-0.80 (m, 9H, H31, H32 and Hk), 

0.44 (d, J = 6.8 Hz, 3H, H33), -0.24 (d, J = 6.8 Hz, 3H, H34) 

13C NMR (101 MHz, DMSO-d6) δ 184.46, 183.95, 171.59, 169.56, 165.93, 148.43, 144.94, 142.82, 

138.08, 134.21, 132.32, 131.88, 127.26, 117.43, 116.95, 116.85, 115.91, 113.89, 108.53, 100.73, 98.41, 

76.50, 76.13, 73.59, 71.91, 63.19, 62.43, 55.60, 54.79, 53.39, 49.83, 48.96, 45.03, 38.56, 37.91, 32.97, 

31.15, 28.44, 25.78, 22.08, 22.03, 21.56, 20.63, 17.82, 13.94, 11.46, 8.91, 8.57, 7.45. 

IR (ATR)  טmax (cm-1) 3335, 2964, 2931, 2879, 1725, 1646, 1506, 1431, 1373, 1225, 1144, 1061, 997, 

972, 892, 770, 626, 468 

Elemental analysis calcd (%) for [N1,8,2OH,2OH][Rif] ● 1H2O: C 62.54, H 8.44, N 6.13; found C 

62.72, H 8.37, N 6.53 
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2.3.5.10 3-(2-hydroxyethyl)-1-methyl-1H-imidazol-3-ium rifampicinate [C2OHMIM][Rif] 

 

Following the previously described protocol, from 63.6 mg (0.390 mmol, 1.00 equiv.) of 

[C2OHMIM][Br], 1.463 mL (1.170 mmol, 3.00 equiv.) of anionic exchange resin and 321.8 mg 

(0.390 mmol, 1.00 equiv.) of rifampicin we obtained a dark red powder. 

 

1H NMR (400 MHz, DMSO-d6) δ 15.48 (s, 1H, OH4), 12.45 (s, 1H, NH15), 9.10 (s, 1H, OH1 ), 

9.07 (s, 1H, Ha), 7.98 (s, 1H, H38), 7.71 (s, 1H, Hc), 7.68 (s, 1H, Hb), 6.97 (dd, J = 15.9, 10.8 Hz, 

1H, H18), 6.30-6.15 (m, 2H, H17 and H29), 5.85 (dd, J = 16.0, 6.5 Hz, 1H, H19), 5.2-5.12 (m, 1H, 

OHf), 5.07 (d, J = 10.8 Hz, 1H, H25), 4.93 (dd, J = 12.8, 8.1 Hz, 1H, H28), 4.83 (d, J = 3.6 Hz, 1H, 

OH21), 4.30 (d, J = 8.0 Hz, 1H, OH23), 4.20 (t, J = 5.0 Hz, 2H, He), 3.86 (s, 3H, Hd), 3.77-3.69 (m, 

3H, H21 and Hf), 3.23 (d, J = 8.3 Hz, 1H, H27), 3.01-2.88 (m, 4H, H39 H42), 2.90 (s, 3H, H37), 2.84 

(t, J = 9.4 Hz, 1H, H23), 2.52-2.40 (m, 4H, H40 and H41), 2.23 (s, 3H, H43), 2.24-2.12 (m, 1H, H20), 

1.97 (s, 3H, H36), 1.91 (s, 3H, H30), 1.89 (s, 3H, H14), 1.62 (s, 3H, H13), 1.60-1.53 (m, 1H, H22), 

1.38-1.18 (m, 1H, H24), 1.10-1.00 (m, 1H, H26), 0.94-0.80 (m, 6H, H32 and H31), 0.44 (d, J = 6.8 

Hz, 3H, H33), -0.24 (d, J = 6.8 Hz, 3H, H34) 

13C NMR (101 MHz, DMSO-d6) δ 184.47, 183.90, 171.56, 169.58, 165.89, 148.38, 144.86, 142.81, 

136.77, 132.34, 131.86, 127.12, 123.31, 122.63, 116.89, 116.78, 115.98, 113.82, 108.52, 100.69, 98.39, 

76.50, 76.12, 73.58, 71.86, 59.29, 55.59, 53.73, 51.59, 50.16, 45.48, 38.58, 37.87, 35.63, 32.98, 22.07, 

20.63, 17.81, 11.45, 8.87, 8.54, 7.43. 

IR (ATR)  טmax (cm-1) 2969, 2937, 2879, 1725, 1647, 1555, 1506, 1431, 1373, 1225, 1159, 1061, 997, 

972, 891, 769, 623, 468 

Elemental analysis calcd (%) for [C2OHMIM][Rif] ● 3H2O: C 58.67, H 7.31, N 8.77; found C 

58.67, H 7.44, N 8.38 
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2.3.5.11 3-butyl-1-methyl-1H-imidazol-3-ium rifampicinate [C4MIM][Rif] 

 

Following the previously described protocol, from 80.07 mg (0.365 mmol, 1.00 equiv.) of 

[C4MIM][Br], 1.4 mL (1.095 mmol, 3 equiv.) of anionic exchange resin and 333.0 mg (0.365 

mmol, 1.00 equiv.) of rifampicin we obtained a dark red powder. 

 

1H NMR (400 MHz, DMSO-d6) δ 15.49 (s, 1H, OH4), 12.46 (s, 1H, NH15), 9.15-9.05 (m, 2H, OH1 

and Ha), 7.98 (s, 1H, H38), 7.76 (s, 1H, Hc), 7.70 (s, 1H, Hb), 6.97 (dd, J = 15.9, 10.9 Hz, 1H, H18), 

6.23 (m, 2H, H17 and H29), 5.86 (dd, J = 16.0, 6.6 Hz, 1H, H19), 5.08 (d, J = 10.8 Hz, 1H, H25), 4.94 

(dd, J = 12.9, 8.2 Hz, 1H, H28), 4.83 (s, 1H, OH21), 4.31 (d, J = 8.0 Hz, 1H, OH23), 4.16 (t, J = 7.2 

Hz, 2H, He), 3.85 (s, 3H, Hd), 3.77-3.69 (m, 1H, H21), 3.24 (d, J = 8.3 Hz, 1H, H27), 3.01-2.88 (m, 

4H, H39 and H42), 2.91 (s, 3H, H37), 2.85 (t, J = 9.4 Hz, 1H, H23), 2.52-2.40 (m, 4H, H40 H41), 2.22 

(s, 3H, H43), 2.24-2.12 (m, 1H, H20), 1.98 (s, 3H, H36), 1.92 (s, 3H, H30), 1.90 (s, 3H, H14), 1.81-

1.72 (p, J = 7.5 Hz, 2H, Hf), 1.63 (s, 3H, H13), 1.60-1.53 (m, 1H, H22), 1.38-1.18 (m, 3H, H24 and 

Hg), 1.10-1.00 (m, 1H, H26), 0.94-0.80 (m, 9H, H32, Hh and H31), 0.44 (d, J = 6.8 Hz, 3H, H33), -

0.24 (d, J = 6.8 Hz, 3H, H34) 

13C NMR (101 MHz, DMSO-d6) δ 184.48, 183.93, 171.58, 169.59, 165.93, 148.41, 144.90, 142.84, 

138.10, 136.48, 133.87, 132.34, 131.88, 127.19, 123.61, 122.25, 117.41, 116.94, 116.82, 115.96, 

113.85, 108.54, 100.72, 98.42, 76.51, 76.12, 73.59, 71.89, 55.61, 53.62, 50.04, 48.49, 45.34, 37.90, 

35.73, 32.98, 31.34, 22.10, 20.66, 18.76, 17.83, 13.26, 11.46, 8.90, 8.56, 7.46. 

IR (ATR)  טmax (cm-1) 3409, 2964, 2936, 2879, 1724, 1651, 1496, 1431, 1373, 1224, 1160, 1062, 997, 

972, 944, 891, 769, 736, 623, 469 
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2.3.5.12 1-methyl-3-octyl-1H-imidazol-3-ium rifampicinate [C8MIM][Rif]  

 

Following the previously described protocol, from 84,2 mg (0.365 mmol, 1.00 equiv.) of 

[C8MIM][Br], 1.369 mL (1.095 mmol, 3.00 equiv.) of anionic exchange resin and 333,0 mg (0.365 

mmol, 1.00 equiv.) of rifampicin we obtained a dark red powder. 

 

1H NMR (400 MHz, DMSO-d6) δ 15.48 (s, 1H, OH4), 12.45 (s, 1H, NH15), 9.12-9.09 (m, 2H, OH1 

Ha), 7.97 (s, 1H, H38), 7.75 (s, 1H, Hc), 7.68 (s, 1H, Hb), 6.97 (dd, J = 15.9, 10.8 Hz, 1H, H18), 6.22 

(m, 2H, H17 and H29), 5.85 (dd, J = 15.9, 6.6 Hz, 1H, H19), 5.07 (d, J = 10.8 Hz, 1H, H25), 4.93 (dd, 

J = 12.8, 8.2 Hz, 1H, H28), 4.83 (d, J = 3.6 Hz, 1H, OH21), 4.30 (d, J = 8.0 Hz, 1H, OH23), 4.13 (t, J 

= 7.2 Hz, 2H, He), 3.84 (d, J = 8.9 Hz, 1H, Ha), 3.75-3.69 (m, 1H, H21), 3.23 (d, J = 8.3 Hz, 1H, 

H27), 3.01-2.88 (m, 4H, H39 and H42), 2.90 (s, 3H, H37), 2.84 (t, J = 9.4 Hz, 1H, H23), 2.52-2.40 (m, 

4H, H40 and H41), 2.21 (s, 3H, H43), 2.24-2.12 (m, 1H, H20), 1.98 (s, 3H, H36), 1.91 (s, 3H, H30), 

1.89 (s, 3H, H14), 1.81-1.72 (m, 2H, Hf), 1.62 (s, 3H, H13), 1.60-1.53 (m, 1H, H22), 1.38-1.18 (m, 

11H, H24 Hg, Hh, Hi, Hj and Hk), 1.10-1.00 (m, 1H, H26), 0.94-0.80 (m, 9H, H32, Hl and H31), 0.44 

(d, J = 6.8 Hz, 3H, H33), -0.24 (d, J = 6.8 Hz, 3H, H34) 

13C NMR (101 MHz, DMSO-d6) δ 184.46, 183.92, 171.57, 169.57, 165.92, 148.39, 144.89, 142.82, 

138.10, 136.44, 133.88, 132.32, 131.87, 127.17, 123.57, 122.23, 117.41, 116.90, 116.82, 115.94, 

113.85, 108.52, 100.70, 98.40, 76.50, 76.12, 73.58, 71.88, 55.59, 53.60, 50.03, 48.75, 45.31, 38.57, 

37.88, 35.71, 32.97, 31.13, 29.35, 28.45, 28.31, 25.47, 22.07, 22.02, 20.63, 17.81, 13.90, 11.44, 8.88, 

8.55, 7.43. 

IR (ATR)  טmax (cm-1) 3417, 2931, 1725, 1652, 1431, 1372, 1226, 1159, 1062, 998, 971, 891, 769, 623, 

470 

Elemental analysis calcd (%) for [C8MIM][Rif] ● 1H2O: C 64.01, H 7.99, N 8.42; found C 63.81, 

H 7.98, N 8.12 
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2.3.5.13 3-dodecyl-1-methyl-1H-imidazol-3-ium rifampicinate [C12MIM][Rif] 

 

Following the previously described protocol, from 120.94 mg (0.365 mmol, 1.00 equiv.) of 

[C12MIM][Br], 1.369 mL (1.095 mmol, 3.00 equiv.) of anionic exchange resin and 333.0 mg 

(0.365 mmol, 1.00 equiv.) of rifampicin we obtained a dark red powder. 

 

1H NMR (400 MHz, DMSO-d6) δ 15.48 (s, 1H, OH4), 12.46 (s, 1H, NH15), 9.15-9.05 (m, 2H, OH1 

Ha), 7.98 (s, 1H, H38), 7.75 (s, 1H, Hc), 7.69 (s, 1H, Hb), 6.97 (dd, J = 16.0, 10.9 Hz, 1H, H18), 6.25-

6.15 (m, 2H, H17 and H29), 5.85 (dd, J = 16.0, 6.5 Hz, 1H, H19), 5.07 (d, J = 10.8 Hz, 1H, H25), 4.93 

(dd, J = 12.8, 8.2 Hz, 1H, H28), 4.84 (d, J = 3.6 Hz, 1H, OH21), 4.30 (d, J = 8.1 Hz, 1H, OH23), 4.13 

(t, J = 7.2 Hz, 2H, He), 3.84 (s, 3H, Hd), 3.72 (d, J = 8.8 Hz, 1H, H21), 3.23 (d, J = 8.3 Hz, 1H, H27), 

3.02-2.88 (m, 4H, H39 and H42), 2.90 (s, 3H, H37), 2.84 (t, J = 9.3 Hz, 1H, H23), 2.52-2.40 (m, 4H, 

H40 and H41), 2.24 (s, 3H, H43), 2.24-2.12 (m, 1H, H20), 1.97 (s, 3H, H36), 1.91 (s, 3H, H30), 1.89 

(s, 3H, H14), 1.81-1.72 (m, 2H, Hf), 1.62 (s, 3H, H13), 1.60-1.53 (m, 1H, H22), 1.38-1.18 (m, 19H, 

H24, Hg, Hh, Hi, Hj, Hk, Hl, Hm, Hn, and Ho), 1.10-1.00 (m, 1H, H26), 0.94-0.80 (m, 9H, H32, Hp 

and H31), 0.44 (d, J = 6.7 Hz, 3H, H33), -0.24 (d, J = 6.8 Hz, 3H, H34) 

13C NMR (101 MHz, DMSO-d6) δ 184.47, 183.90, 171.56, 169.57, 165.92, 148.39, 144.88, 142.83, 

138.09, 136.45, 133.69, 132.33, 127.15, 123.57, 122.23, 116.90, 116.81, 115.96, 113.83, 108.52, 

100.69, 98.40, 53.73, 50.14, 48.75, 45.47, 38.57, 37.87, 35.71, 32.98, 31.27, 29.35, 29.00, 28.98, 28.92, 

28.80, 28.69, 28.36, 25.48, 22.09, 22.07, 20.64, 17.81, 13.92, 11.44, 8.88, 8.54, 7.43. 

IR (ATR)  טmax (cm-1) 3425, 2925, 2853, 1729, 1648, 1497, 1432, 1372, 1289, 1225, 1159, 1062, 998, 

972, 891, 769, 736, 624, 470 

Elemental analysis calcd (%) for [C12MIM][Rif] ● 2H2O: C 64.23, H 8.31, N 8.03; found C 63.88, 

H 8.36, N 7.58 
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2.3.5.14 3-hexadecyl-1-methyl-1H-imidazol-3-ium rifampicinate [C16MIM][Rif] 

 

Following the previously described protocol, from 141.4 mg (0.365 mmol, 1.00 equiv.) of 

[C16MIM][Br], 1.369 mL (1.095 mmol, 3.00 equiv.) of anionic exchange resin and 333.0 mg 

(0.365 mmol, 1.00 equiv.) of rifampicin we obtained a dark red powder. 

 

1H NMR (400 MHz, DMSO-d6) δ 15.49 (s, 1H, OH4), 12.46 (s, 1H, NH15), 9.12 (s, 1H, OH1 ), 

9.09 (s, 1H, Ha), 7.99 (s, 1H, H38), 7.76 (s, 1H, Hc), 7.69 (s, 1H, Hb), 6.98 (dd, J = 15.9, 10.8 Hz, 

1H, H18), 6.30-6.15 (m, 2H, H17 H29), 5.85 (dd, J = 15.9, 6.6 Hz, 1H, H19), 5.08 (d, J = 10.8 Hz, 

1H, H25), 4.94 (dd, J = 12.8, 8.2 Hz, 1H, H28), 4.84 (d, J = 3.6 Hz, 1H, OH21), 4.31 (d, J = 8.0 Hz, 

1H, OH23), 4.14 (t, J = 7.2 Hz, 2H, He), 3.85 (s, 3H, Ha), 3.77-3.69 (m, 1H, H21), 3.24 (d, J = 8.2 

Hz, 1H, H27), 3.01-2.88 (m, 4H, H39 and H42), 2.91 (s, 3H, H37), 2.85 (t, J = 9.5 Hz, 1H, H23), 2.52-

2.40 (m, 4H, H40 and H41), 2.23 (s, 3H, H43), 2.24-2.12 (m, 1H, H20), 1.98 (s, 3H, H36), 1.92 (s, 3H, 

H30), 1.90 (s, 3H, H14), 1.63 (s, 3H, H13), 1.60-1.53 (m, 1H, H22), 1.40-1.15 (s, 26H, H24, Hg, Hh, 

Hi, Hj, Hk, Hl, Hm, Hn, Ho, Hp, Hq, Hr and Hs ), 1.10-1.00 (m, 1H, H26), 0.94-0.80 (m, 9H, H32, 

H31 and Ht), 0.44 (d, J = 6.8 Hz, 3H, H33), -0.23 (d, J = 6.8 Hz, 3H, H34) 

13C NMR (101 MHz, DMSO-d6) δ 184.46, 183.93, 171.57, 169.56, 165.93, 148.40, 144.92, 142.82, 

138.08, 133.99, 132.33, 131.86, 127.19, 123.57, 122.23, 117.41, 116.90, 116.83, 115.92, 113.86, 

108.51, 100.70, 98.40, 76.50, 76.12, 73.59, 71.89, 55.59, 53.54, 49.96, 48.75, 45.23, 38.55, 37.88, 35.71, 

32.97, 31.27, 29.36, 29.02, 28.99, 28.93, 28.81, 28.68, 28.36, 25.48, 22.07, 20.63, 17.79, 13.92, 11.43, 

8.88, 8.54, 7.42. 

IR (ATR)  טmax (cm-1) 3429, 2924, 2853, 1729, 1649, 1497, 1434, 1372, 1226, 1159, 1062, 998, 972, 

892, 769, 624, 471 

Elemental analysis calcd (%) for [C16MIM][Rif] ● 1H2O: C 65.69, N 8.66, H 7.60; found C 66.99, 

H 8.61, N 7.32 
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2.3.5.15 Sodium rifampicinate Na[Rif] 

 

3.65 mL of a 0.1 M aqueous sodium hydroxide solution was added dropwise to 300 mg of 

rifampicin (0.365 mmol, 1 eq.) dissolved in 6 mL of methanol. The product was dried, and a 

red powder was obtained in quantitative yield. 

 

1H NMR (400 MHz, DMSO-d6) δ 15.47 (s, 1H, OH4), 12.45 (s, 1H, NH15), 9.15 (s, 1H, OH1), 7.97 

(s, 1H, H38), 6.96 (dd, J = 15.9, 10.8 Hz, 1H, H18), 6.30-6.15 (m, 2H, H17 H29), 5.84 (dd, J = 15.9, 

6.5 Hz, 1H, H19), 5.07 (d, J = 10.7 Hz, 1H, H25), 4.92 (dd, J = 12.8, 8.2 Hz, 1H, H28), 4.84 (d, J = 

3.6 Hz, 1H, OH21), 4.32 (s, J = 8.0 Hz, 1H, OH23), 3.72 (d, J = 8.9 Hz, 1H, H21), 3.23 (d, J = 8.3 

Hz, 1H, H27), 3.00-2.80 (m, 4H, H39 H42), 2.90 (s, 3H, H37), 2.90-2.80 (m, 1H, H23), 2.50-2.30 (m, 

4H, H40 H41), 2.17 (s, 3H, H43), 2.25-2.15 (m, 1H, H20), 1.97 (s, 3H, H36), 1.91 (s, 3H, H30), 1.89 

(s, 3H, H14), 1.62 (s, 3H, H13), 1.60-1.50 (m, 1H, H22), 1.40-1.30 (m, 1H, H24), 1.10-1.00 (m, 1H, 

H26), 0.90-0.80 (m, 6H, H31 H32), 0.44 (d, J = 6.8 Hz, 3H, H33), -0.24 (d, J = 6.8 Hz, 3H, H34) 

IR (ATR)  טmax (cm-1) 3393, 2977, 2883, 2822, 1717, 1648, 1586, 1546, 1501, 1435, 1373, 1346, 1289, 

1225, 1142, 1061, 997, 975, 893, 771, 628   
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3  

 

RESULTS AND DISCUSSION 

3.1 Counter-ion synthesis 

While most of the selected counter-ions were available in the laboratory, either pur-

chased or previously prepared, eight of them were synthesized. More specifically, two imid-

azolium and six ammonium halides were prepared by alkylation of methylimidazole and the 

corresponding tertiary amines, respectively. It is important to emphasize that these reactions 

have been optimized in a microwave apparatus. The microwave process presented some ad-

vantages comparing to conventional reflux synthesis such as faster reactions times and easy 

purification steps. In this context, the possibility to optimize the synthetic protocols for the 

preparation of counter-ions by microwave process have been developed. 

The first model reaction in microwave conditions was the synthesis of 1-dodecyl-3-me-

thylimidazolium bromide [C12MIM]Br. The protocol for this reaction was previously tested in 

our laboratories. The final pure product was proof after characterization by 1H-NMR spectra, 

as indicated in Figure 3.1. 

 
Figure 3.1 - 1H-NMR spectrum of [C12MIM]Br in DMSO-d6 
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After purification, all peaks and correspondent predicted integrals can be attributed con-

sidering the chemical structure of the product. In these types of reactions, the formation of the 

desired product can be proved by the presence of the signals from the alkyl chain, even though 

the product was purified by washing with diethyl ether. As the product is an organic salt, it is 

easily separated from the nonpolar alkyl bromides that were used for its synthesis. 

The yield was rather low at 55% due to low reactivity, incomplete reaction as well as 

difficult evaporation. No efforts were made to further improve the reaction yield. The product 

possesses a detergent behaviour through the water evaporation process, causing loss of yield. 

Lyophilization was carried out after several attempts to concentrate the product.  

From this first reaction we concluded that water should not be an option for dissolution 

unless the salt didn’t dissolve in any other polar solvent, and the reaction needed to be tracked 

by NMR to guarantee the reaction's completion. 

In the case of the synthesis of 1-butyl-3-methyl-imidazolium bromide [C4MIM]Br,  ace-

tonitrile was selected as solvent, and the reaction was checked  by 1H-NMR as indicated in 

Figure 3.2. After 120 min of reaction, the conversion to the desired product was almost com-

plete with a small percentage of impurities easily removed after purification.  

 

 
Figure 3.2 - Comparison of spectra from different reaction times of [C4MIM]Br synthesis. 

 

60 mins 
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After purification 
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The synthesis of choline derivative salts was performed starting from commercially 

available tertiary amines with a final alkylation step with selected bromo-alkane. In general, 

the desired ammonium salt was obtained in moderate to high yield according to the reactivity 

of the respective alkylating agent. The reactions of [N1,1,4,2OH]Br, [N1,1,6,2OH]Br and 

[N1,1,2OH,2OH]Br had overall good reactivity, finishing after 20 minutes with high yields except 

the latter where the low yield is due to human error.  

In its turn, the synthesis of the cation family [N1,x,2OH,2OH], with x=4, 6 and 8, had to 

account for the reduced reactivity of 2,2'-(methylazanediyl)bis(ethan-1-ol) because the ni-

trogen's free electrons can make intra and intermolecular hydrogen bonds. One of the prob-

lems we encountered with this reaction was in the tracking. When the reaction was stopped, 

the product would solidify in the vial and if it was put in the microwave again, the mixture 

would not be stirred until the temperature reached the melting point, and the product would 

visibly turn yellow. We suspect that without stirring, the part of the mixture that is exposed 

to the microwave radiation overheat and the alkyl bromide starts to react with alcohol groups. 

To avoid this from happening the vial should be heated to fuse the product to allow an efficient 

stirring since the beginning of the reaction. 

3.2 Spectroscopic attribution of rifampicin 

Prior to the synthesis of the desired final compounds, it was crucial to perform the total 

attribution of our drug, rifampicin, by NMR and FTIR spectroscopies. As rifampicin is not a 

new molecule, we based our attributions in literature and then confirmed these attributions 

with bidimensional NMR experiments. The referred spectra will be in Appendix 1, 2, 3, 4 and 

5 that are 1H NMR, 13C NMR, COSY, HSQC and HMBC, respectively. 

 
Figure 3.3 – Chemical structure of rifampicin and respective carbon numbering. 
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In this work, attribution of all 1H NMR signals of rifampicin total was needed consid-

ering changes in shifts of signals can indicate interactions that are important for this work. 

This is particularly crucial in this thesis as rifampicin was combined with both anions and 

cations, due to its zwitterionic nature. 

 
Figure 3.4 - 1H-NMR spectrum of rifampicin in DMSO-d6. 

 

An easy start for the attribution of this complex spectra is observing the signals in the 

9.0-5.0 ppm range. These are attributed mainly to protons in double bonds. We acknowledged 

every signal in this range integrated to 1 proton, except for the signals between 6.3-6.1 ppm. 

These integrate to two protons and is composed of a superimposition of two signals. All the 

following attributions are either based or corroborated by literature [75]. In Figure 3.5, we ob-

serve the COSY correlation between the proton 18 with both protons 17 and 19. We can distin-

guish between these two signals considering H-17 presents as a doublet and H-19 as a doublet 

of doublets. From these we can attribute H-30, H-19 and H-20. By process of elimination, pro-

tons H-29 and H-28 can be identified due to the COSY correlation. To distinguish between 

these signals, H-29 is the doublet at δ 6.20 and then we attribute H-28, which in turn, couples 

with H-27. Hence H-28 is the double of doublets at δ 4.93 ppm. 
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Figure 3.5 - Expansion of COSY correlation of rifampicin. 

Moving on to Figure 3.6, it is possible to observe that H-28 has a COSY correlation with 

proton 27, that then has a weak correlation with proton 26. Proton 26 correlates to methyl 

group 34 and proton 25. From proton 25, we do not have more correlations, which can be due 

to the three-dimensional orientation of the molecule. Based on literature [50], we proceeded to 

look into attributing the respective carbon signal with HSQC and looking for a correlation in 

the HMBC. Unfortunately, carbon 25 only has a new correlation: methyl group 33 that we can 

attribute due to the integration. However, methyl group 33 has a COSY correlation with pro-

ton 24. Continuing the COSY correlation chain, proton 24 has correlation with superposition 

of 43 and 23. Please note this signal is comprised of a methyl group and single proton, consid-

ering the integration is for four protons. This superposition only has one more correlation with 

a non-carbon bonding proton. The only possible correlation is alcohol group 23. We can final-

ize the attribution of the side chain by using proton 20 that was attributed before. This proton 

correlates to proton 21 and methyl group 31. Proton 21 has a correlation with proton 22 but 

once again, with this signal, the COSY chain is broken. 

The remaining signals were attributed by process of elimination and using literature. 

The signals from protons 39, 40, 41 and 42 that constitute the piperazine ring are superimposed 

by water and DMSO.  
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Figure 3.6 - COSY correlations rifampicin in DMSO-d6 

Following the complete identification of the 1H-NMR spectra we turned to its FTIR 

spectrum. Considering literature reports from Liu et al.[76] and Agrawal et al. [77], a  rough 

attribution of bands of this drug can be made (Figure 3.7): 3481 cm-1 is attributed to O-H and 

N-H bonds stretching vibrations, 3000-2800 cm-1 to C-H bonds stretching, 1726 cm-1 to C=O 

bond stretching, 1645 cm-1 to C=N bond stretching, and 1564 cm-1 to aromatic C=C bonds. 

Unfortunately, in this work, FTIR was not used as extensively as in other works by our group 

due to the complex nature of rifampicin's spectrum. However, FTIR spectroscopy can be used 

to identify ionization of the sulfonic acids into sulfonates upon combination with Rifampicin. 
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Figure 3.7 - IR spectrum of rifampicin. 

3.3 Cationic approach for rifampicin-OSILs’ synthesis 

Rifampicin is a zwitterionic drug, allowing us to explore two different synthetic ap-

proaches. The cationic approach uses rifampicin as a cation combined with several anions as-

sociated to diverse anions. The synthesis of compounds in this approach occurred without 

major setbacks. The resin methodology previously developed and reported by the research 

group was found to be suitable in the case of Rifampicin, so there was no need for its optimi-

zation. In fact, as purification of the final product was not required with this methodology, all 

compounds were obtained in quantitative yields.   

 
Figure 3.8 - Scheme of cationic approach synthesis. 
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Figure 3.9 – Counter-ions used in the cationic approach 

In this approach, direct protonation of rifampicin with sulfonic acids was performed 

(illustrated in Figure 3.8) to obtain Rif-OSILs with counter-ions represented in Figure 3.9. Suc-

cessful synthesis of these compounds could be observed by both 1H-NMR and FTIR. 

 
Figure 3.10 - Figure 11 — Expansion of 1H-NMR spectra of [RifH][C1SO3]. 

In the case of 1H-NMR, we could observe slight changes in chemical shifts of protons 

in the molecule as a whole, but the most compelling evidence is presented in figure 11. This 

figure demonstrates the formation of new signals, evidenced by the arrows, that we attribute 

to protons of the piperazine ring (protons 39, 40, 41, and 42). These could not be observed in 

rifampicin's spectra due to superimposition with water and deuterated DMSO. All signals in-

tegrate to two protons but in the HSQC correlation, it is observed a coupling between each 

signal and two separate carbons. With this observation, it is possible to conclude that each 

signal has two equivalent protons from different carbons.  

In conclusion, signals A and D each possesses one proton from secondary carbons 39 

and 42, and signals B and C have each one proton from  40 and 41. This significant change not 

A B C 
D 
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only is consistent with an interaction between our drug and the desired counter-ion, but also 

a possible change in the structure of the drug to accommodate this counter-ion.  

Another method to prove this interaction is IR spectroscopy. Rifampicin is a complex 

compound where the changes in the IR spectrum are not obvious. In particular, the ammo-

nium group in the piperazine ring does not present a distinct observable band. As an alterna-

tive, we can track the counter-ion ionization itself in the cases where this is possible, for exam-

ple in the case of NMR spectra from [RifH][TolSO3]. In this case, it is possible to compare the 

spectra of different possible components of the formulation. In  Figure 3.11, it is clear that the 

bands of the starting reagent named para-toluenesulfonic acid (TolSO3H) are either absent in 

the product's spectra, e.g. 1100 cm-1, or slightly deviated, e.g. 683 cm-1. The bands in the spec-

trum of the ionized counter-ion sodium para-toluenesulfonate (Na[TolSO3]) are a better match 

for the new product's spectrum. With this comparison, it is proof of ionization of the counter-

ion and, by extension, the ionization of our drug.  

 
Figure 3.11 - Comparison of infrared spectra of [RifH][TolSO3] and possible components of the mixture. 

In this approach, only sulfonates were used as counter-ions. This is due to the observa-

tion that the drug and the counter-ion separated. This fact was observed when PBS solubility 

studies were conducted and in order to corroborate our findings, the partition coefficient of 

[RifH][TolSO3] was performed. It is important to emphasize that this compound was selected 

due to both ions absorbing  in the UV-Vis range.  

After the experiment, rifampicin and the counter-ion are almost fully separated with  

most of rifampicin in the octanol phase. In Figure 3.12, the band at 221 nm is attributed to the 

1100 1030 562 683 
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counter-ion para-toluenesulfonate that is in its majority in the aqueous phase after the experi-

ment.  

Due to these findings no more compounds were synthesised in this approach. The sep-

aration was to be expected considering the predicted pKa of the deprotonated alcohol is 

around 1.7 [23]. With such a low pKa, this alcohol deprotonates easily, making rifampicin's 

formal charge zero, separating from the counter-ion. 

 
Figure 3.12 - Comparison of UV-Vis spectra from partition coefficient studies of [RifH][TolSO3]. 
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3.4 Anionic approach for rifampicin-OSILs’ synthesis 

The anionic approach focuses on the use of rifampicin as an anion combined with di-

verse cations. We experimented with two major types of cations, methyl-imidazoles and am-

moniums, compounds previously synthesised and used as counter-ions by the group [37], [78]. 

In parallel with the cationic approach, the synthetic protocols were already optimized by the 

group and were consistent throughout this work. A scheme of this process can be observed in 

Figure 3.13 while the selected counter-ions are represented in Figure 3.14. 

 

 
Figure 3.13 - Scheme of anionic approach synthesis 

 
Figure 3.14 - Counter-ions used in the anionic approach. 

For us to report these Rif-OSILs, proof of ionization must be provided to justify such 

an interaction. Unfortunately, these observations could not be made by IR, as only minor 

changes in the spectra could be observed, but such bands were not attributed to specific func-

tional groups in the molecule to justify an interaction. Furthermore, the anionic approach used 
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a set of cations that are not protic, and in so, have a static positive charge. In other words, and 

as presented in Figure 3.13, the reaction consists of the deprotonation of Rifampicin’s aromatic 

OH group by the selected cation hydroxides, which are very strong bases. This yields the de-

sired Rif-OSILs and one molecule of water. These counter-ions have a fixed charge, and in so 

do not have a change in IR spectra with interaction with the API. In the case of 1H-NMR spec-

troscopy, variations in the chemical shifts of peaks are observed. The signal at 9 ppm deviated 

slightly but it’s a constant shift throughout spectra associated with this approach. Another 

example is related with the reported peak at 15.5 ppm in Figure 3.15. This signal is often over-

looked in rifampicin's spectra throughout literature due to being a small and wide signal.  

 
Figure 3.15 - Comparison of 1H-NMR of rifampicin and [N1,1,1,2OH][Rif]. 

In Figure 3.15, it is possible to consider that the peak changed significantly, and attribute 

it to proton from alcohol group 4 through HMBC correlations. This can be due to a change in 

the ring's resonance from the interaction between the deprotonated aromatic alcohol 8 and the 

cations, that slows the exchange of OH and obtains a signal with better resolution. Corrobo-

rating evidence of the interaction comes from an increase in the solubility of Rif-OSILs in com-

parison with rifampicin solubility referred to below. 
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3.5 Solubility in water and PBS solution  

The solubility in water of an API is a focal point in drug development. It can determine 

how the API is absorbed, distributed and excreted.  

Rifampicin showed an extremely low water solubility, due to its chemical structure and 

zwitterionic nature. In this context, the  improvement of its water solubility is crucial in order 

to promote absorption as well as to achieve a more balanced permeability and a better diffu-

sion. This augmented solubility could mean a lower liver toxicity but also a lower half-life, this 

being a delicate balance in drug development.  

Holstege, C [79] reports a water solubility of rifampicin of 1.3 mg/mL at pH<6. In this 

work, this drug did not dissolve within our minimum solubility of 0.5 mg/mL at pH≈7 in both 

distilled water and PBS. All results are placed in Table 3.1 The most promising results are 

represented in Figure 3.16. 

 
Figure 3.16 - Distilled water and PBS solubilities of rifampicin and most promising Rif-OSILs. 

In the cationic approach, previously determined not to be ideal due instability of the Rif-

OSIL, we obtained pronounceable increases in solubility with both [RifH][C1SO3] and 

[RifH][C3SO3]. [RifH][C1SO3] was extremely promising, obtaining a higher solubility than us-

ing an inorganic counter-ion, in this case, [RifH]Cl. When added to PBS solution, compounds 

of the cationic approach would form a suspension with a noticeable color change from the 

original dark red into a bright one. One of the possible explanations for this change derives 

from the separation of the Rif-OSILs due to the presence of ions in the PBS solution. These 

results, once again, turn our attention to the anionic approach.  
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In the anionic approach, we can observe a substantial increase in solubility with Rif-

OSILs like [N1,1,1,2OH][Rif], [N1,1,2OH,2OH][Rif] and [C2OHMIM][Rif]. However, only 

[N1,1,2OH,2OH][Rif] showed a higher water  solubility comparing to sodium salt, Na[Rif]. These 

results changed in the solubility studies in PBS solution. The highest PBS solubility is from 

[N1,1,1,2OH][Rif], higher than the inorganic counterpart.  

In both approaches different sizes of alkyl chains were tested, and as expected, consid-

ering rifampicin is nearly insoluble in water, the counter-ions that did not improve this solu-

bility due to larger alkyl chains were insoluble. The solubility of compounds such as 

[C12MIM][Rif] and [C16MIM][Rif] were nearly zero. Even in extremely small quantities, a 

strong orange colour could be observed in the medium with the slightest dissolution. In the 

case of [C12MIM][Rif] and [C16MIM][Rif], no colour was observed at all. However, smaller 

alkyl chain counter-ions contribute for a variety of water solubility data that still increased API 

solubility slightly, such as [N1,1,4,2OH][Rif] and [N1,4,2OH,2OH][Rif]. Although these results can 

seem inconsequential, please note that pharmaceutical development is a fine balance and the 

slight differences these compounds produce in bioavailability can significantly alter the per-

meability and half-life of the API. 

The Rif-OSIL [N1,1,1,2OH][Rif] was considered the most promising compound and the 

first choice for complementary studies involving the toxicity assays and dry powder produc-

tion. Further studies must be performed with [N1,1,2OH,2OH][Rif] to ascertain the reasoning for 

such a difference between solubility profile in water and PBS. 

 

Table 3.1 – Water and PBS solubility data at 37 ºC. 

Compound 

Solubility in 

water at 37 ºC 

(mg/mL) 

Solubility in 

PBS at 37 ºC 

(mg/mL) 

Compound 

Solubility in 

water at 37 ºC 

(mg/mL) 

Solubility in 

PBS at 37 ºC 

(mg/mL) 

Rifampicin <0.5 <0.5 [N1,1,2OH,2OH][Rif] 670 10 

[RifH][C1SO3] 343 <0.5 [N1,4,2OH,2OH][Rif] 8 <0.5 

[RifH][C3SO3] 84 <0.5 [N1,6,2OH,2OH][Rif] 1 <0.5 

[RifH][C6SO3] <0.5 <0.5 [N1,8,2OH,2OH][Rif] <0.5 <0.5 

[RifH][C9SO3] <0.5 <0.5 [C2OHMIM][Rif] 133 55 

[RifH][TolSO3] <0.5 <0.5 [C4MIM][Rif] 4 <0.5 

[RifH]Cl 335 <0.5 [C8MIM][Rif] <0.5 <0.5 

[N1,1,1,2OH][Rif] 255 101 [C12MIM][Rif] <0.5 <0.5 

[N1,1,4,2OH][Rif] 12.0 6 [C16MIM][Rif] <0.5 <0.5 

[N1,1,6,2OH][Rif] <0.5 <0.5 Na[Rif] 530 98 

[N1,1,8,2OH][Rif] <0.5 <0.5    
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3.6 1-Octanol/water partition coefficients (Kow) 

Partition coefficient assays are a means to predict permeability properties of compounds. 

Compounds with Kow lower than 1 are predominantly hydrophilic while the compounds with 

Kow higher than 1 are predominantly lipophilic. In Table 3.2 are placed the results obtained 

from such assays. As compounds from the cationic approach were shown to separate in these 

assays they are not listed. 

 

Table 3.2 -  1-octanol/water partition coefficient assays after 2 hours . 

 

 Several Kow values of the Rif-OSILs showed a considerable improvement of hydro-

philicity of the API, from which, [C2OHMIM][Rif] was the most promising. However, a lower 

Kow was expected for these highly soluble Rif-OSILs, so an assay was done to understand the 

equilibrium process.  

The assay tracked variation of partition coefficient as function of time. In a normal Kow 

assay, this function should show a stabilization between the two phases in the form of a loga-

rithmic type curve into a stabilization at which point the Kow can be calculated. So, if a com-

pound started in the 1-octanol phase, it would gradually transfer to the water phase and reach 

an equilibrium, as depicted in Figure 3.17.B.  

However, the partition coefficient of the Rif-OSILs did not stabilize after several hours. 

This was particularly abnormal because the equilibrium curve was inverted, as represented in 

Figure 3.17.A. As the compound started in the 1-octanol phase, it quickly reached a maximum 

concentration in the water phase, indicated by the Kow near to 1. Unexpectedly, the 

Compound 
Octanol/Water   

Partition Coefficient  
Compound 

Octanol/Water   

Partition Coefficient  

Rifampicin 4.5±0.4 [N1,8,2OH,2OH][Rif] >25a 

[N1,1,1,2OH][Rif] 1.9±0.1 [C2OHMIM][Rif] 1.6±0.1 

[N1,1,4,2OH][Rif] 2.9±0.02 [C4MIM][Rif] 3.7±0.3 

[N1,1,6,2OH][Rif] 8.9±0.9 [C8MIM][Rif] >25a 

[N1,1,8,2OH][Rif] >25a [C12MIM][Rif] >25a 

[N1,1,2OH,2OH][Rif] 1.8±0.03 [C16MIM][Rif] >25a 

[N1,4,2OH,2OH][Rif] 3.2±0.1 Na[Rif] 1.5±0.2 

[N1,6,2OH,2OH][Rif] 9.0±0.8   
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concentration of compound in water started to decline as an increase of Kow is observed. Due 

to this increase, this method is no longer applicable to rifampicin and Rif-OSILs.  

 

 
Figure 3.17 - A) Graphic of octanol/water partition coefficient of [C2OHMIM][Rif] as function of time (ilustrated 

trendline offset from data points for clarity); B) Expected trendline of partition coefficient as function of time. 

The most likely cause for such an increase would be slow separation of rifampicin and 

respective counter-ion. This hypothesis was refuted when a 1H-NMR spectrum of the Kow 

water phase was analyzed. If separation was indeed occurring, a higher concentration of coun-

ter-ion should be observed in the water phase, and hence an increased counter-ion integral. 

When comparing integrals from both ions, no distinguishable difference was observed when 

compared with the original compound, in so refuting this hypothesis. 

An alternative hypothesis would be a non-binding interaction between 1-octanol with 

the Rif-OSIL maintained by hydrogen bonds and Van der Waals interactions that would di-

minish the solubility of the compound when in the water phase. As the solubility of the com-

pound decreased, the respective Kow would increase, as observed in Figure 3.17.  

 In conclusion, this method is ineffective to determine Kow and it was only used to com-

pare Rif-OSILs within this work. In further studies, membrane permeation studies should be 

considered as an alternative to Kow. 
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3.7 In vivo toxicity assays in zebrafish 

3.7.1 Glutathione-S-transferase (GST)  

GST activity assays were assessed in the whole fish cytosolic fraction  following expo-

sure to two different compounds, the commercial rifampicin and Rif-OSIL [N1,1,1,2OH][Rif] at 

three concentrations. The results are shown in Figure 3.18.  

 
Figure 3.18 - GST activities in fish (asterisk represents statistically significant differences comparing with respec-

tive controls). 

 During the exposure assays no mortality was observed. Statistical analysis of the GST 

activity showed relevant differences (p< 0.05) between control fish and fish exposed to 1.25 

mg/L and 2.5 mg/L of [N1,1,1,2OH][Rif]. Rifampicin has been observed as a non-competitive 

inhibitor of some GST enzymes in zebrafish [80]. This apparent concentration-dependent de-

crease in Rif-OSIL activity can be related to a higher inhibition effect on GST activity due to 

the greater bioavailability of the tested compound.  
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3.7.2 Catalase (CAT) 

CAT activity assays were performed in the whole fish cytosolic fraction after exposure 

to the two different compounds tested, the commercial rifampicin and Rif-OSIL 

[N1,1,1,2OH][Rif] at three concentrations. CAT activity results are shown in Figure 3.19. 

 
Figure 3.19 - CAT activities results (asterisk represents statistically significant differences comparing with respec-

tive controls). 

As evidenced by the results, rifampicin, in the concentrations tested, does not cause a 

significant change in CAT activities compared to the respective controls, which may suggest 

that the compound does not cause oxidative stress. However, a relevant decrease in CAT ac-

tivities in fish exposed to the several concentrations of Rif-OSIL is observed. Rifampicin is a 

very strong inducer of P-450 cytochrome, which can generate toxic metabolites that bind to 

hepatic macromolecules [81]. This can explain the reduction of activity of these enzymes due 

to higher bioavailability of the Rif-OSIL when comparing with rifampicin. 
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3.7.3 Lipid peroxidation (LPO) assays 

LPO assays were performed in the whole fish cytosolic fraction after exposure to the 

two different compounds tested, the commercial rifampicin and Rif-OSIL [N1,1,1,2OH][Rif] at 

three concentrations. LPO results (MDA content) are presented in Figure 3.20. 

 
Figure 3.20 - LPO results (asterisk represents statistically significant differences comparing with control). 

In general, the results of LPO (MDA content) show no changes in exposed fish to both 

compounds compared to the respective controls. The statistical analysis of Figure 3.20 indicate 

no substantial differences (p< 0.05) in lipid peroxidation between exposed fish and the respec-

tive controls, for both compounds tested. These results are congruent with assays done in al-

bino rats reported by Olufusho et al. [82] which describes a statistical irrelevance in the in-

crease of MDA when the animals were treated with rifampicin.  

Despite the usefulness of the assays suggesting some interaction with oxidative stress 

enzymes (GST and CAT) for Rif-OSIL, this apparently does not appear to have caused oxida-

tive stress or damage to cell membrane lipids as suggested by the results of the LPO. In con-

clusion, exposure to Rif-OSILs did not increase API toxicity, although these compounds con-

siderably increased bioavailability. However, more assays must be done to, not only to further 

test more Rif-OSILs and their effects, but also other biomarkers can be performed such as su-

peroxide dismutase (SOD) or glutathione peroxidase (GPx) to determine if other mechanisms 

are involved in the response to exposure to this drug or its respective Rif-OSILs. 
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3.8 Dry powder formulations 

3.8.1 Production of Rif@DPFs and Rif-OSIL@DPFs 

As Mycobacterium tuberculosis infection occurs in alveoli [83], finer dry powders with 

deep lung deposition are expected to obtain optimal tuberculosis treatment although, as of 

yet, no clinical trials of rifampicin administration via inhalation have been reported using ex-

pected therapeutic dosage. In these assays, subtherapeutic loading was used to obtain prelim-

inary results of rifampicin dry powder formulations. 

Rifampicin-loaded dry powder formulations (Rif@DPFs), composed of trehalose and 

leucine as excipient with rifampicin as the API is, so far, a novel approach on rifampicin solid 

powder formulations. The protocol to produce Rif@DPFs was adapted from Costa et al. [84]. 

However, since rifampicin is a poor water-soluble drug, the solvent mixture was adapted to 

water/acetonitrile (50:50, %v/v). For this experiment, a rifampicin entrapment of 91.2% was 

obtained from Rif@DPFs with 53.5% yield. Next, DPFs with a Rif-OSIL (Rif-OSIL@DPFs) were 

also produced. In this experiment, the protocol was not changed and a mixture of water/eth-

anol (85:15, %v/v) was used. [N1,1,1,2OH][Rif] was chosen due to its high water and PBS solu-

bilities and low partition coefficient that represents a good permeability. Furthermore, its 

counter-ion is FDA approved for pharmaceutical applications. The excipient, drug quantities 

and ratios were adapted from Mizoe et al. [85] that used mannitol as excipient. The Rif-

OSIL@DPFs entrapment was 80.6% with 53.5% of process yield (Table 3.3). 
 

Table 3.3 - Results from DPF production. 

 

 

Table 3.3 shows that the process yield is around 50 % for both compounds. This yield 

is related to compound retainment in the apparatus or particles that were not collected by the 

cyclone. Regarding the compounds loading, determined by UV-Vis quantification, no major 

differences between assays were observed. Here, the main difference is in the design of the 

experiment. In fact, it is possible to obtain a similar loading for solid dosage forms produced 

Formulation Compound Solvent mixture Loading (%) Entrapment (%) Yield (%) 

Rif@DPF * Rifampicin 
Water/Acetonitrile 

50:50 
4.3±0.04 91.2±1.8 50.3±0.8 

Rif-OSIL@DPF * [N1,1,1,2OH][Rif] 
Water/ethanol  

85:15 
3.91±0.01 81.9±0.2 53.5±2.7 

*n=2 of independent batches 
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in a process with more water and lower amount of an organic solvent. Besides, ethanol is a 

greener organic solvent compared to acetonitrile. 

3.8.2 Aerodynamic studies 

Andersen-Cascade Impactor measures the flowability and aerodynamics of solid pow-

ders. This experiment simulates a breath intake to drive the powder through a series of pro-

gressively smaller filters. The distribution of the powder throughout these filters can correlate 

to how deep the powder would disperse through the lungs as depicted in Figure 3.21.  

 
Figure 3.21 - Andersen-Cascade Impactor assay representation with lung dispersion correlation. 

In Table 3.4 - Results from ACI assays.are represented the results from the ACI assays 

and powder distribution between stages is represented in Appendix 73. The powders from 

Rif@DPFs are overall finer and have better aerodynamics, as can be observed by a decrease in 

MMAD and an increase in FPF comparing with the Rif-OSIL@DPFs. This difference can be 

due to a better coating of the compound, a more efficient drying process, a lower hydration 

level or due to the disparity between the API polarities. Furthermore, this difference can be 

due to the lower amount of water percentage used in the solvent mixtures of the assays, that 

produce less hydrated and finer particles. Further testing is needed to ascertain the causes of 

such differences.  
 

Table 3.4 - Results from ACI assays. 

 

Formulation Compound MMAD (µm) FPF (%) GSD 

Rif@DPF * Rifampicin 1.08±0.08 56.8±0.00 2.13±0.05 

Rif-OSIL@DPF * [N1,1,1,2OH][Rif] 2.62±0.12 45.75±6.55 2.21±0.15 
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Overall, both API formulations obtained promising results when compared with other 

techniques reported in literature, with average FPF of 50% [86]. However, the MMAD results 

make an important distinction between Rif@DPFs, which reach the alveoli duct, and Rif-

OSIL@DPFs, which can only reach the secondary bronchi. This difference can be due to dis-

tinct API polarities that cause commercial rifampicin to act as a dispersing agent, improving 

the MMAD of the particles. Further assays must be made to improve Rif-OSIL@DPF particle 

sizes and optimize its production protocol. Furthermore, drug loading in these assays were 

minimal so further studies with higher drug loading need to be made to obtain therapeutic 

loading DPFs. 
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4  

 

CONCLUSION AND FUTURE PERSPECTIVES  

 

In this work, diverse organic salts were synthesized from rifampicin following two ap-

proaches based on the charge of the drug. All prepared compounds were analyzed by 1H and 

13C NMR spectroscopy, FTIR, and elemental analysis. The cationic approach was shelved be-

cause the salts synthesized proved unstable in PBS solution. Nonetheless, the anionic ap-

proach showed the use of Rif-OSILs possessing higher water (at least 450 times) and PBS sol-

ubility comparing to original rifampicin solubility. The 1-octanol/water partition coefficient 

of these compounds could not be determined accurately due likely interaction between the 

compounds and 1-octanol.  

Due to time constraints in vivo toxicity assays using zebrafish as animal model were 

only done for commercial rifampicin and prepared [N1,1,1,2OH][Rif]. This compound was se-

lected for being a pharmacologically approved counter-ion named choline with low toxicity 

and high PBS solubility that was expected to have promising results in these assays. This Rif-

OSIL proved to inhibit the activity of both catalase and glutathione-S-transferase, but no in-

crease in lipid peroxidation was observed.  

Some compounds were then used to produce dry powders in order to explore an alter-

native administration process. These were prepared with a lab scale supercritical CO2 spray 

drying apparatus. Commercial rifampicin dry powders had better results than API-OSIL dry 

powders, reaching an FPF of  56.8% and an MMAD of 1.00. Comparing to the literature data, 

these were promising results for rifampicin dry powders, making API-OSIL dry powders in-

teresting to study further to obtain better results with greener protocols. 

The future work should involve the use of membranes for permeation studies as an al-

ternative to 1-octanol/water partition coefficients, to proceed the in vivo toxicity assays. It is 

also important to evaluate the most promising Rif-OSILs against Mycobacterium tuberculosis 

or alternatively Mycobacterium marinum or avium using zebrafish as animal model.  Finally, 

it is also expected to proceed the Rif-OSILs dry powder studies in order to optimize associated 

aerodynamics.  
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Appendix 1 - 1H NMR spectrum of rifampicin in DMSO-d6. 

 
Appendix 2 - 13C NMR spectrum of rifampicin in DMSO-d6. 



87 

 

 
Appendix 3 - COSY correlations of rifampicin in DMSO-d6. 
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Appendix 4 - HSQC correlations of rifampicin in DMSO-d6. 

 
Appendix 5 - HMBC correlations of rifampicin in DMSO-d6 



89 

 

 
Appendix 6 - 1H NMR spectrum of [C4MIM]Br in D2O. 

 
Appendix 7 - 1H NMR spectrum of [C12MIM]Br in DMSO-d6 
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Appendix 8 - 1H NMR spectrum of [N1,1,4,2OH]Br in D2O. 

 
Appendix 9 - 1H NMR spectrum of [N1,1,6,2OH]Br in D2O. 
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Appendix 10 - 1H NMR spectrum of [N1,1,8,2OH]Br in D2O. 
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Appendix 12 - 1H NMR spectrum of [N1,4,2OH,2OH]Br in D2O 
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Appendix 14 - 1H NMR spectrum of [N1,8,2OH,2OH]Br in D2O. 

 
Appendix 15 - 1H NMR spectrum of [RifH][C1SO3] in DMSO-d6. 
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Appendix 16 - 13C NMR spectrum of [RifH][C1SO3] in DMSO-d6. 

 

 

 
Appendix 17 – ATR-FTIR spectrum of [RifH][C1SO3]. 
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Appendix 18 - 1H NMR spectrum of [RifH][C3SO3] in DMSO-d6. 
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Appendix 20 - ATR-FTIR spectrum of [RifH][C3SO3]. 
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Appendix 22 - 13C NMR spectrum of [RifH][C6SO3] in DMSO-d6. 
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Appendix 24 - 1H NMR spectrum of [RifH][C9SO3] in DMSO-d6. 
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Appendix 26 - ATR-FTIR spectrum of [RifH][C9SO3]. 

 

 
Appendix 27 - 1H NMR spectrum of [RifH][TolSO3] in DMSO-d6. 
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Appendix 28 - 13C NMR spectrum of [RifH][TolSO3] in DMSO-d6. 
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Appendix 30 - 1H NMR spectrum of [RifH]Cl in DMSO-d6. 
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Appendix 32 - 1H NMR spectrum of [N1,1,1,2OH][Rif] in DMSO-d6. 
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Appendix 34 - ATR-FTIR spectrum of [N1,1,1,2OH][Rif]. 
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Appendix 36 - 13C NMR spectrum of [N1,1,4,2OH][Rif] in DMSO-d6. 
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Appendix 38 - 1H NMR spectrum of [N1,1,6,2OH][Rif] in DMSO-d6 
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Appendix 40 - ATR-FTIR spectrum of [N1,1,6,2OH][Rif]. 

 
Appendix 41 - 1H NMR spectrum of [N1,1,8,2OH][Rif] in DMSO-d6. 
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Appendix 42 - 13C NMR spectrum of [N1,1,8,2OH][Rif] in DMSO-d6. 
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Appendix 44 - 1H NMR spectrum of [N1,1,2OH,2OH][Rif] in DMSO-d6. 

 

 
Appendix 45 - 13C NMR spectrum of [N1,1,2OH,2OH][Rif] in DMSO-d6. 
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Appendix 46 - ATR-FTIR spectrum of [N1,1,2OH,2OH][Rif]. 

 

 
Appendix 47 - 1H NMR spectrum of [N1,4,2OH,2OH][Rif] in DMSO-d6. 
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Appendix 48 - 13C NMR spectrum of [N1,4,2OH,2OH][Rif] in DMSO-d6. 

 
Appendix 49 - ATR-FTIR spectrum of [N1,4,2OH,2OH][Rif]. 
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Appendix 50 - 1H NMR spectrum of [N1,6,2OH,2OH][Rif] in DMSO-d6. 

 
Appendix 51 - 1H NMR spectrum of [N1,6,2OH,2OH][Rif] in DMSO-d6.  
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Appendix 52 - ATR-FTIR spectrum of [N1,6,2OH,2OH][Rif]. 

 
Appendix 53 - 1H NMR spectrum of [N1,8,2OH,2OH][Rif] in DMSO-d6. 
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Appendix 54 - 13C NMR spectrum of [N1,8,2OH,2OH][Rif] in DMSO-d6. 

 
Appendix 55 - ATR-FTIR spectrum of [N1,8,2OH,2OH][Rif]. 
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Appendix 56 - 1H NMR spectrum of [C2OHMIM][Rif] in DMSO-d6. 

 
Appendix 57 – 13C NMR spectrum of [C2OHMIM][Rif] in DMSO-d6. 
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Appendix 58 – ATR-FTIR spectrum of [C2OHMIM][Rif]. 

 
Appendix 59 - 1H NMR spectrum of [C4MIM][Rif] in DMSO-d6. 
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Appendix 60 - 13C NMR spectrum of [C4MIM][Rif] in DMSO-d6. 

 

 
Appendix 61 - ATR-FTIR spectrum of [C4MIM][Rif]. 
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Appendix 62 - 1H NMR spectrum of [C8MIM][Rif] in DMSO-d6. 

 
Appendix 63 - 13C NMR spectrum of [C8MIM][Rif] in DMSO-d6. 
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Appendix 64 - ATR-FTIR spectrum of [C8MIM][Rif]. 

 
Appendix 65 - 1H NMR spectrum of [C12MIM][Rif] in DMSO-d6. 
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Appendix 66 – 13C NMR spectrum of [C12MIM][Rif] in DMSO-d6. 

 

 

 
Appendix 67 - ATR-FTIR spectrum of [C12MIM][Rif]. 
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Appendix 68 - 1H NMR spectrum of [C16MIM][Rif] in DMSO-d6. 

 
Appendix 69 – 13C NMR spectrum of [C16MIM][Rif] in DMSO-d6. 
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Appendix 70 - ATR-FTIR spectrum of [C16MIM][Rif]. 

 
Appendix 71 - 1H NMR spectrum of Na[Rif] in DMSO-d6. 
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Appendix 72 - ATR-FTIR spectrum of Na[Rif]. 
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