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Abstract 

This doctoral thesis describes the design, synthesis, and evaluation of compounds 

whose antibacterial activity can be controlled using light. In the first chapter, a brief 

historical perspective in photochemistry and the use of light in medical therapy is 

introduced. From the evolution of these two areas have emerged different alternatives 

that rely on light stimuli to treat diverse diseases. 

The second chapter focuses on some of these alternatives: the 

photopharmacological approach and the use of photoreleasable protective groups to 

cage drugs. Photopharmacology is based on bioactive molecules that incorporate in 

their structure a molecular switch. The photoactive moiety can undergo an 

isomerization process that induces changes in the molecule properties like dipole 

moment, geometry, or electronics. These changes can result in isomers with different 

biological activity. Thus, a reversible system can be created where one isomer 

presents activity against the desired target while the other does not. On the contrary, 

the use of a photoreleasable protective group to cage a drug creates an irreversible 

system. The protective group is linked in a position that renders the drug inactive, 

upon light irradiation, the drug is released recovering its activity. These two options 

can help to solve some of the problems that classic pharmacological agents present. 

More specifically, the work here described is aimed at antibiotic drugs. 

The objectives of this thesis are listed in the third chapter. 

The fourth chapter focuses on the photopharmacological approach. Several 

molecules were designed with their structure based on quinolone antibiotics and a 

molecular switch linked in different positions. The molecular switches employed were 

based on the hydantoin structure and the pyrrole of the phytochrome chromophore. 

After their synthesis, their photochemical properties were evaluated. All of them were 

able to carry out the isomerization process with UV or visible light, and different 

photostationary states were found. Furthermore, the characteristics of one of the 

derivatives were studied more in-depth to test its efficiency and stability as a 

molecular switch. Finally, a study to evaluate possible changes in the activity of the 

initial isomers and the photostationary states obtained was carried out. The biological 

study showed that two compounds changed their activity after irradiation. 

The fifth chapter describes the caging process of ciprofloxacin, a quinolone 

antibiotic, using oxime esters. Different oxime parts were synthesized to try to achieve 

a bathochromic shift in their absorption. The coupling reaction between the oxime 

and the antibiotic was designed to form an oxime ester at position 3 of ciprofloxacin. 
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This position is of great importance for the antibacterial activity of the drug. The study 

of the photochemical properties showed strong absorption in the UV region for all 

derivatives. The release reaction was successfully induced in all cases with good 

yields. Moreover, absorption in the visible region was achieved when tetrafluoroboric 

acid was added to the samples in halogenated solvents. A new band in the blue region 

of the spectrum appeared, making possible their irradiation with visible light. Finally, 

to improve the solubility in water of these compounds, one of the oxime esters was 

trapped in a polymeric micelle, which highly enhanced this property.  

Lastly, the sixth chapter also focuses on the caging technique and tries to solve 

some of the drawbacks that oxime esters present. In this chapter, a new 

photoreleasable group was employed, known as BODIPY. Several BODIPY structures 

were synthesized to achieve absorption inside the therapeutic window and make the 

molecules totally or partially soluble in water. This group was coupled at position 3 of 

two quinolones antibiotics: nalidixic acid and ciprofloxacin. All photoreleasable 

quinolones displayed absorption in the visible region varying from the green to the 

NIR region. Irradiation of the samples with visible light allowed the complete release 

of the antibiotic part in all cases. Furthermore, their stability and efficiency were 

evaluated. Finally, a biological study was performed to evaluate possible differences 

in the activity of the caged and uncaged compound. Results showed a strong 

deactivation of the antibacterial properties when the BODIPY group was linked to the 

antibiotic. Upon light irradiation, the activity of the drugs was recovered. 
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Resumen 

Esta tesis doctoral describe el diseño, síntesis y evaluación de compuestos cuya 

actividad antibacteriana puede ser controlada mediante el estímulo de la luz. En el 

primer capítulo, se introduce brevemente una perspectiva histórica de la fotoquímica, 

así como del uso de la luz en la terapia médica. De la evolución de estas áreas han 

surgido diferentes alternativas que se basan en el estímulo de la luz para tratar 

diversas enfermedades. 

 El segundo capítulo se centra en algunas de estas alternativas: el enfoque 

fotofarmacológico y el uso de grupos protectores fotoliberables para enjaular 

medicamentos. La fotofarmacología está basada en moléculas con actividad 

biológica que incorporan en su estructura un interruptor molecular. La parte 

fotoactiva puede experimentar un proceso de isomerización que induce un cambio en 

ciertas propiedades de la molécula como el momento dipolar, la geometría o la 

electrónica. Estos cambios pueden dar como resultado isómeros con diferentes 

actividades biológicas. Por tanto, se puede crear un sistema reversible donde un 

isómero presenta actividad contra el objetivo deseado mientras que el otro no. Por el 

contrario, el uso de un grupo protector fotoliberable para enjaular un medicamento 

da lugar a un sistema irreversible. El grupo fotoprotector se enlaza en una posición 

que hace que el medicamento se inactive. Cuando este es irradiado con luz, el 

medicamento se libera y recupera su actividad. Estas dos opciones pueden ayudar a 

resolver algunos de los problemas que presentan los agentes farmacológicos clásicos. 

Más específicamente, el trabajo aquí descrito está dirigido hacia medicamentos 

antibacterianos. 

 Los objetivos de esta tesis aparecen descritos en el tercer capítulo. 

 El cuarto capítulo se centra en el enfoque fotofarmacológico. Se diseñaron 

varias moléculas con su estructura basada en quinolonas unidas a un interruptor 

molecular en diferentes posiciones. Los interruptores moleculares empleados se 

basaron en la estructura de la hidantoína y en el pirrol del cromóforo del fitocromo. 

Tras su síntesis, se evaluaron sus propiedades fotoquímicas. Todos ellos llevaron a 

cabo el proceso de isomerización con luz UV o visible, encontrándose distintos 

estados fotoestacionarios para cada uno de ellos. Además, se estudiaron más a fondo 

las características de uno de los derivados para comprobar su eficiencia y estabilidad 

como interruptor molecular. Finalmente, se llevó a cabo un estudio para evaluar 

posibles cambios en la actividad de los isómeros iniciales y los estados 

fotoestacionarios obtenidos. El estudio biológico mostró que dos de los compuestos 
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cambiaron su actividad después de ser irradiados. Los mejores resultados mostraron 

un cambio de 4 órdenes. 

 El quinto capítulo describe el proceso de fotoliberación del ciprofloxacino, un 

antibiótico perteneciente a las quinolonas, usando ésteres de oxima. Se sintetizaron 

diferentes oximas para intentar conseguir un desplazamiento batocrómico en su 

absorción. La reacción de acoplamiento entre la oxima y el antibiótico se diseñó para 

que el éster de oxima se formase en la posición 3 del ciprofloxacino. Esta posición es 

de vital importancia para la actividad antibacteriana del medicamento. El estudio de 

las propiedades fotoquímicas mostró una fuerte absorción de todos los derivados en 

la zona UV del espectro. El proceso de liberación se llevó a cabo satisfactoriamente en 

todos los casos con buenos rendimientos. Además, se logró la absorción en la región 

visible del espectro cuando se añadió ácido tetrafluorobórico a las muestras en 

disolventes halogenados. Se descubrió una nueva banda en la región azul del 

espectro, lo que hizo posible la irradiación con luz visible. Por último, para mejorar la 

solubilidad en agua de estos compuestos, uno de los ésteres de oxima fue atrapado 

en una micela polimérica, lo que mejoro notoriamente esta propiedad. 

 Finalmente, el sexto capítulo también está centrado en la estrategia de 

fotoliberación y trata de resolver algunos de los inconvenientes que presentan los 

esteres de oxima. En este capítulo, se utilizó un nuevo grupo fotoliberable conocido 

como BODIPY. Se sintetizaron varios BODIPYs con el fin de lograr la absorción dentro 

de la ventana terapéutica y hacer las moléculas total o parcialmente solubles en agua. 

Este grupo se acopló en la posición 3 de dos quinolonas: ácido nalidíxico y 

ciprofloxacino. Todas las quinolonas fotoliberables mostraron absorción en la zona 

visible del espectro, variando desde la región verde hasta el infrarrojo cercano. La 

irradiación de las muestras se llevó a cabo con luz visible y permitió la completa 

liberación del antibiótico en todos los casos. Además, también se evaluó su 

estabilidad y eficiencia. Por último, se realizó un estudio biológico para evaluar 

posibles diferencias en la actividad de los compuestos enjaulados y liberados. Los 

resultados obtenidos mostraron una fuerte desactivación de las propiedades 

antibacterianas cuando el grupo BODIPY estaba unido al antibiótico. Tras la 

irradiación con luz, la actividad del medicamento se recuperó. Los mejores resultados 

mostraron una diferencia de diez ordenes de cambio en la actividad. 
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Abbreviations and Acronyms 

 quantum yield 

13C-NMR carbon nuclear magnetic resonance 

1H-NMR proton nuclear magnetic resonance 

Å angstrom  

ACS American Chemical Society 

Boc group tert-butyloxycarbonyl protecting group    

BODIPY boron-dipyrromethene 

brs broad singlet (in NMR spectroscopy) 

Calcd. calculated 

CFU colony-forming unit 

CP ciprofloxacin 

d  doublet (in NMR spectroscopy) 

DAEs diarylethenes 

DASAs donor-acceptor Stenhouse adducts 

DCM dichloromethane  

dd doublet of doublets (in NMR spectroscopy) 

DIPEA N,N-diisopropylethylamine  

DMAP 4-(dimethylamino)pyridine 

DMF N,N-dimethylformamide 

DMSO dimethyl sulfoxide 

DNA deoxyribonucleic acid 

EC50 half-maximal effective concentration  

FDA Food and Drug Administration  

GABA gamma-aminobutyric acid 

GSH glutathione 
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HGT horizontal gene transfer 

HPLC high-performance liquid chromatography 

HR ESI-MS high-resolution electrospray ionization mass spectrometry 

IC50 half-maximal inhibitory concentration 

IR infrared 

J coupling constant (in NMR spectroscopy) 

LED light-emitting diode 

Levo levofloxacin  

LORR loss of righting reflex 

LOXs lipoxygenases 

m  multiplet (in NMR spectroscopy) 

MBC minimum bactericidal concentration 

MC merocyanine 

MEK-1 mitogen-activated protein kinase 1 

MIC minimum inhibitory concentration  

NIR near-infrared  

NOESY nuclear Overhauser effect spectroscopy 

NPV net present value 

PDT photodynamic therapy  

PPG photoreleasable protective group 

ppm parts-per-million 

PSS photostationary state 

PTFE  polytetrafluoroethylene  

q quartet (in NMR spectroscopy) 

qd quartet of doublets (in NMR spectroscopy) 

quint quintet (in NMR spectroscopy) 

RGB red green and blue 
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s  singlet (in NMR spectroscopy) 

SP spiropyran 

t triplet (in NMR spectroscopy) 

TBTU  O-(benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium                    

tetrafluoroborate 

TEA triethylamine 

TFA trifluoroacetic acid 

THF tetrahydrofuran 

tR  retention time (in high-performance liquid chromatography) 

UV ultraviolet 

Vis visible 

vs. versus 

δ chemical shift 

ε molar extinction coefficient 

λ wavelength 
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1.1 Photochemistry: early discoveries and evolution 

Reactions induced by light are significantly older than life itself. Solar radiation is the 

fundamental energy source in Earth evolution, from its accretion phase till now. It is 

safe to say that photochemistry on our planet started as soon as the dust began to 

settle.1 

Solar energy has been used by people since the beginning. First humans used it 

as a source of light and heat. Egyptians were able to use solar light inside the pyramids 

to build the tombs thanks to mirrors. It is widely believed that Archimedes, also 

employing mirrors, could destroy the Roman fleet in the battle of Syracuse. 

Besides making use of the physical interactions of light with materials, some 

pioneer scientists realized that light could also interact with the chemical nature of 

them. Several sunlight-induced changes in the appearance of materials or their 

functionality were noticed. Some examples are the bleaching effect on dyed fibers, the 

preservation of paintings,2 or the peeling and fading in exterior paints. 

The use of sunlight for laboratory experiments is documented as early as 1599 

when Conrad Gesner described “The maner of Distilling in the Sunne”.3 Fifty years later, 

John French designed two setups based on the heat capacity of different materials to 

rectify spirits.4 

In the 18th century, Priestly observed two photoreactions in two different fields: 

inorganic chemistry and photosynthesis. Upon exposing partially filled vials of nitric 

acid to sunlight, he noted a change in the liquid’s color due to the formation of 

nitrogen dioxide.5 Priestly is also given credit for discovering the basic principles of 

photosynthesis. Following his steps, in 1804 Nicholas Theodore de Saussure 

demonstrated the influence that light has in plants to consume water and carbon 

dioxide and to produce oxygen.6  

In the following decades, several scientists contributed either by choice or by 

chance to the development of photochemistry. Some of the first reactions discovered 

were light-induced halogenations, [2+2]-cycloadditions, photoreductions of carbonyl 

compounds, photodimerizations, and geometric isomerizations. 

Regarding organic compounds and photochemistry, the photoreaction of 

santonin might be the first one discovered. In 1834, Hermann Trommsdorff reported 

that upon exposure of santonin to sunlight, the color changed from white to yellow, 

followed by a crystal burst.7 Furthermore, he studied how different wavelengths 

affected the reaction using a prism. He realized that the yellow crystals only appeared 
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after irradiation with direct sunlight and also with blue and violet rays, but 

interestingly, not with yellow, green, or red beams. 

At the end of the 19th century, photochemistry was a small field of the expanding 

science of chemistry. Only a limited number of reactions were discovered, and the sun 

was the only light source.  

At the beginning of the 20th century, Ciamician and Silber began a methodical 

investigation of photochemical reactions. Thanks to their effort, photochemistry 

began to be considered a major branch of chemistry. They discovered 

photopinacolization, intramolecular cycloadditions, and both - and β-cleavage, 

which later proved to be of immense importance for the development of molecular 

photochemistry.   

 

Figure 1. Giacomo Ciamician and Paolo Silber on the roof of the chemistry building in Bologna. In order 

to perform photochemical experiments, samples were exposed to sunlight. Reprinted with permission 

from Sistema Museale di Ateneo. ©Copyright 2020 - ALMA MATER STUDIORUM. 

The value of their work not only consisted of the number of new 

photoreactions they discovered but also in Ciamician’s effort to compile all the work 

established to date in the area of photochemistry. Ciamician drew a visionary picture 

of future applications of light-driven reactions in organic synthesis as well as in 

industry. 
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1.2 The use of light in medical therapy 

Phototherapy has been employed since ancient times as a treatment for different 

diseases. Through sunlight exposure, people were treated for several conditions, from 

locomotor disorders to an array of skin diseases. There are manuscripts as old as 

Papyrus Ebers, which recorded the treatment of vitiligo through the ingestion of a 

boiled extract from a weed growing in the Nile Delta, followed by sun exposure.8 

Modern phototherapy was possible thanks to achievements made by a few 

scientists. Isaac Newton discovered the color wheel using a prism to split a light beam 

into seven basic colors. Friedich Wilhelm Herschel discovered in 1800 the sun’s 

infrared spectrum. One year later, Johann Wilhelm Ritter and William Hyde Wollaston 

discovered the ultraviolet radiation.9 At the end of the 19th century, the transition from 

heliotherapy to artificial phototherapy was possible thanks to the development of 

electric sources of irradiation. 

In 1877, Downes and Blunt proved that sunlight has a bactericidal effect and 

could kill Bacillus anthracis.10 In 1896, Finsen, aware of this effect, developed a 

“chemical rays” lamp to treat lupus vulgaris successfully.11 The importance of this 

discovery must be remarked because, at that time, no anti-inflammatory or antibiotic 

drugs were available. In 1903, due to the relevance of his research, Finsen was 

awarded the Nobel Prize in medicine. 

At the beginning of the 20th century, a new form to use light with medical 

purposes was created. By combining a light source, a photosensitizer, and tissue 

oxygen, photodynamic therapy was able to treat malignant tumors of the skin and 

subcutaneous tissue.12  

A few years later, in 1956, Sister Jean Ward observed that sunshine decreased 

neonatal jaundice, which in conjunction with tests made by hospital biochemists,13 

led to the use of light as an effective therapy for infantile hyperbilirubinemia.14 

Nowadays, exposure to sunlight or UV light keeps being the treatment of choice for 

newborns with this condition. 

More modern uses of light for medical applications include 

photopharmacology and optogenetics. Both methodologies enable light-induced 

manipulation of cellular activity. To accomplish this objective, they use optically 

active components that are introduced into the desired target. In optogenetics, 

photoreceptors are introduced at the genetic level, enabling the control of diverse 

biological networks. In contrast, photopharmacology relies on photochromic 

compounds that need to be externally supplied. 
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2.1 An insight into antibiotics 

Antibiotics are one of the most important milestones in medicine. Although the first 

antibiotics were discovered in the early 20th century, they were used for a long time 

before. It is a fact that Egyptians used honey and bread on which filamentous fungi 

grew, to treat wounds and burns.1 At the end of the 19th century, several scientists 

noticed that some bacteria could inhibit others. Louis Pasteur and his colleague 

François Joubert observed in 1877 that the growth of Bacillus anthracis was inhibited 

when co-cultivated with common aerobic bacteria.  Even though these observations 

had been made, no antibacterial molecule was purified. It was in 1909 when Paul 

Ehrlich discovered arsphenamine, an arsenic derivative active against Treponema 

pallidum, which causes syphilis.2 The antibiotic was marketed in 1911 with the name 

Salvarsan®, later Mapharsen®. A few years later, in 1930, Gerhard Domagk discovered 

that sulphanilamide,3 a molecule synthesized 22 years before by Paul Gelmo,4 had 

antibiotic activity. This molecule was commercialized under the name Prontosil®.  

Antibiotics are not a human invention as they are produced by microorganisms 

such as Streptomyces or fungi as weapons to eliminate bacteria that are competing for 

the same resources.5 First antibiotic agents were isolated from natural secretions of 

environmental bacteria or fungi. Moreover, natural products isolated from 

microorganisms have been the source of most antibiotics currently on the market.6 In 

1941, Selman Waksman coined the term antibiotic to describe those natural 

molecules that could inhibit the growth of bacteria.7 Nowadays, this term has been 

expanded to include also synthetic products with similar activity. 

Research and development of new antibiotic agents seem to be a major issue. 

The majority of the marketed antibiotics in recent years are based on natural 

chemotypes. Between 1982 and 2002, 70 out of 90 antibiotics commercialized had 

their origin in natural products.6 Most of the remaining products belonging to 

quinolones. Research on synthetic antibiotics is decreasing due to a poor return on 

investment.8 Meanwhile, the research of natural products is following the same 

tendency because of the lack of success. As shown in figure 1, the number of new 

compounds that reach the market has been steadily decreasing to reach the critical 

number of only 2 specialties approved by the FDA for the period 2008-2012.9 
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Figure 1. Evolution of the FDA-approved antibiotics since 1983. In blue, the new antibiotics approved 

during that time interval. In grey, the total amount of antibiotics approved from 1983 until the year 

specified. Data obtained from reference 9. 

2.2 The problem of antibiotic resistance 

While the discovery of new antibiotics keeps decreasing, the problem with antibiotic 

resistance is rising to a dangerously high level. Antibiotic resistance occurs when 

bacterial pathogens develop defense mechanisms against different antibiotics used 

for their treatment. These resistant bacteria receive the name of “superbugs”. 

Examples of these superbugs are Staphylococcus aureus (MRSA) and Mycobacterium 

tuberculosis among Gram-positive bacteria and Klebsiella pneumoniae among Gram-

negative bacteria. The rising of these superbugs is a major global healthcare problem 

in the 21st century. 

Although now accessible to the majority of the population in developed 

countries, antibiotics were initially scarce and very expensive, only restricted for use 

by the military during World War II.10 Over time, new formulations were developed, 

and the manufacturing processes were simplified, making antibiotics accessible to a 

large number of people. Seen at that time as miraculous drugs, they were used to treat 

even the most common and trivial types of infections, many of these, non-bacterial in 

nature. One could think that this mistake would have been corrected over the years, 

with a better knowledge of how these drugs work. However, the use of antibiotics to 

treat non-bacterial infections is currently one of the main reasons of antibiotic 

resistance. 

The first cases of antibacterial resistance appeared in the late 1930s and the 

1940s, soon after introducing the first antibiotic classes, sulfonamides, and penicillin. 
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Sir Alexander Fleming warned in 1945 that inappropriate use of penicillin could drive 

to the selection of resistant “mutant forms” of Staphylococcus aureus, which later 

could lead to more severe infections in the host or the people that the host was in 

contact.11 He was right, and after a year of widespread use of this drug, several strains 

of this bacterium became resistant to penicillin. Only a few years later, over 50% were 

no longer susceptible to this antibiotic.11 Unfortunately, this was not only an isolated 

case as further discoveries of new antibiotics were also followed by this threat.12  

 

Figure 2. Timeline representing how resistance appears after a new antibiotic is introduced in the 

market. Data obtained from reference 12. 

Therefore, what in the beginning could look like the eradication of most 

common infectious diseases from humanity with the discovery of antibiotics, soon 

tended to indicate that we were moving in the opposite direction, facing a future with 

a growing number of resistant bacteria responsible of new epidemics. 

For the most part, bacterial resistance is developed at the genetic level. 

Meaning if a bacterium generates antibiotic resistance, the genetic make-up of the 

previously susceptible bacteria has to change, either via mutation or by the 
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introduction of new genetic information. To this day, there are still many unknowns 

about how bacteria develop resistance, but significant efforts are being made to 

expand knowledge on this subject. Recent studies have led to the identification of 

many genes that are responsible for intrinsic resistance to antibiotics of different 

classes.13-14 

It is estimated that in Europe, 33000 people die each year due to multidrug-

resistant bacterial infections, which cost over € 1.5  billion annually in healthcare costs 

and productivity losses.15 In the United States, more than 2.8 million people are 

infected with antibiotic-resistant bacteria annually, with 35000 deaths as a direct 

result.12 By 2050, it is expected that the number of deaths attributable to resistance to 

antibiotics will approach the number of 10 million people per year, more than road 

traffic accidents or even cancer.16 

 

Figure 3. Graphic displaying the estimated causes of death by 2050. Data obtained from reference 16. 

Different factors can contribute to this problem. In the following paragraphs, 

the most relevant will be discussed.  

As mentioned before, consumers have an important role when it comes to 

antibiotic resistance. The overuse of these drugs drives the evolution of resistance. 

Antibiotics remove drug-sensitive competitors, leaving resistant bacteria behind to 

reproduce as a result of natural selection.17 

Incorrectly prescribed antibiotics also contribute to the promotion of resistant 

bacteria. Studies have shown that choice of agent, treatment indication, or duration 

of antibiotic therapy is incorrect in many cases.16, 18 Incorrectly prescribed antibiotics 

have questionable therapeutic benefits. Drug intake in lower concentrations such as 
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subinhibitory or subtherapeutic ones can promote the development of resistance by 

supporting genetic alterations, like changes in gene expression, horizontal gene 

transfer (HGT), and mutagenesis.19 

Of course, other factors are critical besides the way antibiotics are prescribed 

and consumed. In both the developed and developing world, antibiotics are widely 

used to prevent diseases and promote growth in animals raised for food.16 An 

estimated 80% of these drugs sold in the United States are directed to livestock.20 The 

transmission route for resistant bacteria may occur through direct or indirect contact. 

Direct contact happens after humans have been exposed to animals and biological 

substances (such as blood, feces, urine, saliva, milk, and semen) and enhances the 

easy and rapid dissemination of resistant bacteria from host-to-host. In addition, the 

human population can be indirectly exposed to this threat via contact or consumption 

of contaminated food products.21-22   The sequence in which this happens is explained 

next: first, the antibiotic is administrated to the animal, killing or suppressing 

susceptible bacteria, allowing the resistant ones to survive and thrive; then, resistant 

bacteria are transmitted to human through food; finally, these bacteria can cause 

infections once they are present in the human body. But these are not the only way 

bacteria go from animal to human, the agricultural use of antibiotics also affects the 

environmental microbiome.22-23 Up to 90% of the antibiotics given to livestock are 

excreted in urine and stool, and then widely dispersed through fertilizer, groundwater, 

and surface runoff.22 

Another element that should not be overlooked is the antibacterial products 

sold for hygienic or cleaning purposes accompanied by excessive utilization of them. 

Cleaning for hygiene purposes does not necessarily imply applying antimicrobial 

products that may increase antibiotic resistance in the microbiome. Consequently, 

immune-system versatility can be compromised, possibly increasing morbidity and 

mortality due to infections that would not usually be virulent.24 

Because antibiotics are used to treat punctual infections, which means 

relatively short periods of treatment, these drugs are not as profitable as others that 

treat chronic conditions like diabetes or asthma.25-26 A cost-benefit analysis by the 

Office of Health Economics in London estimated the net present value (NPV) of a new 

antibiotic in $50 million, while the value for a drug used to treat neuromuscular 

disease is $1 billion.20 When comparing these two values, it is clear why 

pharmaceutical companies prefer to invest in other types of drugs. Besides antibiotics 

been short-time treatments, the price of these drugs is relatively low compared to 

others on the market.  
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With these data in mind, it is evident that the problem of antibiotic resistance 

is one of the most serious threats to human health today. Although this fact has been 

demonstrated, and the message has grown stronger in recent years, it seems like a 

large part of the world population is not taking it seriously. Believing that this 

increasing threat can be solely solved by the development of new drugs is illusory. As 

long as a new antibiotic reaches the market, the risk of resistance is nearly inevitable. 

The solution to this issue is not as simple as to correct one thing but a global endeavor. 

It is necessary to educate people in order to change old and wrong behaviors. By doing 

so, we can extend the useful life of these meds. Besides, a more considerable 

economic effort by private and public industry is crucial to discover new types of 

antibiotics or maybe new ways of administration and to have a better knowledge of 

bacteria. Without research, there is not future. 

2.3 Photopharmacology 

Photopharmacology is a new and growing area of medicine. While classic 

pharmacotherapy offers the possibility to cure diseases and alleviate symptoms 

through the administration of drugs, it also presents many problems that are a major 

concern. The administration of conventional drugs is often followed by unwanted or 

adverse effects due to the lack of selectivity.27 Consequently, poor selectivity lowers 

the threshold level of toxicity, limiting the allowed dose of the desired drug to inferior 

concentrations of the active compound.28 The problem with selectivity is also one of 

the reasons why many new drugs in clinical research are discarded.29 Increasing 

selectivity is not an easy task because the treatment of some diseases must rely on 

targets present in both healthy and diseased tissues.28 Not less serious is the problem 

of drug resistance, explained in previous paragraphs for antibiotics. 

These drawbacks can be solved by designing a method that allows drug 

delivery in a specific part of the body. Light is a powerful tool to achieve this goal 

because it presents many advantages such as very high spatiotemporal precision, 

facile control over the intensity and wavelength, and lack of residues. The 

combination of these two concepts, photochemistry and pharmacology, is known as 

photopharmacology. 

2.3.1 Photodrugs requirements 

Photopharmacological agents are bioactive molecules that have been modified to 

include a synthetic molecular switch in their structure.30 Thus, photopharmacology is 

focused on the design, synthesis, study, and application of drugs whose activity can 
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be regulated by light. As if drug development were not hard enough, this new field of 

pharmacology adds some difficulties that will be explained next.  

First of all, it is important to differentiate between the types of change that light 

can induce in the photoactive part of the molecule, which might be reversible or 

irreversible. Reversible molecules can be interconverted between two or more states 

upon light stimulus through several cycles without losing their properties. Controlling 

the activity of biomolecules in a reversible manner can be accomplished including a 

molecular switch in their structure. Two types of photoswitches have been used in 

photopharmacological applications. The first group includes molecular switches that 

can be interconverted between cis and trans isomers, azobenzenes being the most 

common. The second group includes those that are interconverted between open and 

closed forms. By using this reversible strategy, two isomers of the biomolecule are 

obtained, allowing the possibility to create an “on/off” system. For this to happen, the 

isomerization process must be able to take place once the biomolecule is attached to 

the molecular switch. Besides, the structural change in the molecule upon irradiation 

should be big enough to produce a difference in the activity of the two isomers. 

 

Figure 4. Illustrative example of a molecular switch with biological activity. On the left, the active 

isomer is able to interact with the target. On the right, when the isomerization process takes place either 

by light irradiation or thermally, the inactive isomer obtained is unable to interact with the target. 

Reversion can be carried out with light irradiation or thermally. 

On the contrary, irreversible strategies to photocontrol bioactive molecules are 

based on the cage strategy. These molecules contain a photoreactive moiety 

covalently attached to an active compound in a way that renders the ligand inert to its 

target receptor. This means that once the caged compound is exposed to light 

irradiation, the active molecule is released and cannot come back to the initial form.  
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Figure 5. Illustrative example of a caged compound. On the left side, the bioactive molecule activity is 

being blocked. Upon light irradiation, the photoactive moiety (represented in green) is released, and 

the activity of the biomolecule (represented in yellow) is recovered. 

As of yet, it is not clear whether this last group can be considered inside the 

photopharmacological approach. Some researchers only consider molecular switches 

because of their reversible properties compared to caged compounds. Others, 

however, recognize both strategies, reversible and irreversible, to be part of this field. 

For this reason, the work here presented will separate both groups in different 

sections. 

Drugs structure is designed and optimized to get the maximum potency and 

efficacy.31 One of the first things to consider when doing modifications to introduce 

the photoactive moiety is that biological activity needs to be retained in at least one 

of the states. Changes in the structure of bioactive molecules will potentially lead to a 

decrease in the activity. In order to solve this problem, further optimization of the 

photoactive compounds will need to be performed to obtain the best results of 

potency and efficacy. Always considering that one of the states of the photodrug 

should be active while the other should not present activity against the target.  

When the drug is linked to the photoactive moiety, its photochemical 

properties must be considered. To achieving good performance, the molecular switch 

should fulfill a number of criteria. The most relevant are listed below: 

• Active isomer: ideally, the thermodynamically favored state should be 

the inactive form of the drug. This would allow the direct administration 

of the drug without previous steps of deactivation. After administration, 

the isomerization process would be induced to activate the drug where 

needed.  
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• Conversion of the initial isomer to the photoisomer: in the interest of 

obtaining the highest difference of activity between the initial state and 

the final one, the isomerization process must be efficient. Considering 

that this process allows going from the active to the inactive isomer or 

vice versa, higher percentages of conversion from one isomer to the 

other are desired.  

• Quantum yield: this value relates the number of molecules of 

photoisomer obtained with the number of photons absorbed at the 

irradiation wavelength by the molecular switch. The quantum yield is 

also related to the effectiveness of the process of isomerization, so high 

values are preferred. 

• Reversion process: since molecular switches can go from one state to 

the other reversibly, reversion from the thermodynamically less stable 

isomer to the stable one should be performed until completion. Hence, 

restoring the properties of the initial isomer.  

• Stability: the isomerization process should be stable for an infinite 

number of cycles with no degradation of the molecule since these 

systems are expected to be switched on/off repeatedly. High stability 

implies retaining the properties of the system for several cycles. 

Besides, it is important to avoid the formation of non-desired products 

that might be toxic to the biological environment. 

Another crucial factor is the type of light necessary to carry out the irradiation 

of the photodrug. When designing the photoactive part, it is possible to make some 

modifications in the structure with the purpose of changing the absorption spectrum. 

Wavelength selection is aimed towards the red region of the spectrum in order to 

avoid phototoxicity and to improve tissue penetration.  
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Figure 6. Ultraviolet, visible, and infrared light spectrum. Wavelengths displayed from 100 nm (UVC) 

to 1 mm (IRC).  

The toxicity of UV light has been studied and prove to be carcinogenic.32 It also 

can cause mutations33 and can induce cell apoptosis.34 Therefore, considering this 

information, UV light should be avoided when working with living tissues, which 

means that UV light absorbing photodrugs should not be used for biological 

applications involving direct irradiation. Besides UV light toxicity, this type of 

irradiation barely offers tissue penetration.35-36 The depth of penetration of light into 

tissues is limited by both optical scattering and absorption by endogenous 

chromophores. Inside the visible region of the spectrum, light absorption is bigger for 

the longer wavelengths. While the depth of penetration varies with the tissue type, it 

is assumed that red light can reach up to 1 cm. Moving up to longer wavelengths, 

light’s maximum penetration can be achieved using wavelengths around 800 nm 

corresponding with the IRA region. This light can penetrate into skin 2 cm,37 which 

makes it the ideal light source for biological applications. Wavelengths longer than 

1200 nm are absorbed by water.38 Thus, the therapeutic window of the skin is 

restricted between 600 to 1200 nm. 
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Figure 7. Image showing the tissue penetration for different types of light from UVC to IRC. Data 

obtained from reference 35. 

Reversible systems present an additional factor to consider when working with 

photodrugs. Once the irradiation of the sample has been carried out, it is important to 

consider the process that the molecule undergoes in order to come back to the initial 

state. This process can be performed either through irradiation with a different 

wavelength or thermally. Preferences in the way reversion is performed will depend 

on the specific application of the photodrug. 

For the first option, the ideal scenario would be that the two isomers presented 

absorption in different regions of the spectrum. This would ensure the irradiation of 

each isomer separately, allowing higher photostationary states (PSS). 

 

Figure 8. Illustrative example of a molecular switch based on cis/trans isomerization linked to a 

bioactive molecule. Form A being the inactive one which upon light irradiation with λ2 can be converted 

to the active form B. Reversibility can be achieved when irradiating form B with λ1 to obtain form A.  
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The second option is a thermal way. After irradiation, conversion from isomer 

B to isomer A can be completed heating the sample, since this last one is the 

thermodynamically stable isomer. Thermal relaxation opens the possibility of 

temporal control of the drug activity.39 The photopharmaceutical agent can be 

activated before administration and completely turned into the inactive form by the 

time it is excreted thanks to body temperature, maintaining the activity enough time 

to find the target if the half-life is appropriately chosen. 

By combining both methods, light irradiation and thermal relaxation, a variety 

of scenarios can be created in order to control the activity of the biomolecule.39 

When working in biological applications, it is essential to address the solubility 

and stability of the compounds in the cellular environment. The molecules should be 

total or partially soluble in water in their different states.  This will ensure no 

precipitation once they are introduced in the environment.  The degradation of the 

molecules is a possibility either via enzyme-mediated40 or glutathione (GSH)-

mediated reduction.41-43 This last one, been the most studied since the concentration 

of GSH in cells can reach up to 10 mM.44 

Finally, the toxicity of the photopharmaceutical agents should be considered, 

studying not only the photodrug and its different forms but also the possible sub-

products that can occur when irradiating the samples in biological environments.  

2.3.2 Advantages and limitations of photodrugs  

Although there is still a long way to go, significant accomplishments have been made 

in the field of photopharmacology. There are several advantages to this new way of 

drug administration. For instance, the selectivity it could offer when treating only the 

specific part of the body where the disease is localized, instead of been present in 

some parts where its activity can be not beneficial. By targeting the specific area, the 

dose of the drug could be adjusted and increased without the threat of adverse effects. 

In addition, the total amount of active compound present in the body will be lower 

than with conventional drugs, because it is only active in a small region, which could 

help with the problem of drug resistance. Related to this problem is also the 

environmental buildup of drugs. By using light-activated drugs, it is possible to 

deactivate them before being expelled of the body when using a reversible strategy. 

Figure 9 shows a representation of the different approaches herein described. 
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Figure 9. Representation of oral intake for different types of drugs. Conventional drugs are active in 

their initial form, spreading through the body and finally excreted. Reversible photodrugs could be 

administrated in their inactive form and switched to the active form only in the specific target where 

the disease is localized. Finally, they could be switched off again, leaving no active residues to be 

expelled. Irreversible photodrugs could be administered in their inactive form and released in the 

affected area. Eventually, only a small fraction of the active molecule would be eliminated. 

Designing biomolecules that can be controlled by light is not an easy task, and 

the most crucial requirements have been explained in previous paragraphs. After 

obtaining the photodrug, one of the main challenges is how to deliver light in the part 

of interest. As mentioned before, light penetration can reach up to 2 cm into tissue 

when working with IRA light. With this knowledge, a classification of the different 

targets in the human body can be made.30 Class 1 includes the most superficial organs, 

easily accessible by light like skin and eyes. Class 2 covers those organs that can be 

accessible by endoscopy such as gastrointestinal (GI) tract, mouth and throat, sinuses, 

respiratory system, cervix, and biliary tract. Class 3 organs are those that are lying just 

below the skin, making them accessible to light irradiation without the need of 

incision. Examples of this class are thyroid, testicles, lymph nodes, and muscles and 

bones lying just under the skin.  Class 4 consists of organs accessible through minor 

incision like peritoneum, liver, ovaries, stomach, intestines, and prostate. Finally, in 

class 5 belong organs only accessible through major incision such as brain and bone 

marrow.  
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Besides having this limitation, photopharmacology should only be considered 

when the disease is localized in a specific target, not when it is spread through the 

body. 

2.4 Previous works in photopharmacology  

Photopharmacology has experienced a big development in the last decade. Although 

being a relatively new field, it has aroused interest in the scientific community, and 

considerable efforts are being made to begin the clinical phase. Related to these 

advances, are those made in the way light is delivered.45 Photodynamic therapy can 

help in this area because it presents the same problem, but contrary to 

photopharmacology, it is well established. Therefore, photodynamic therapy devices 

could be adapted and employed to control the activity of drugs. Delivering light to a 

specific target where the disease is localized can be achieved by combining suitable 

light sources and optimal fiber optic delivery devices. 

Even though photopharmacology is a new area with a lot to discover, many 

examples can be found in the literature, which will be discussed in the next 

paragraphs. These examples will include the most recent advances in the control of 

the activity of bioactive molecules using light. 

Gaining control of a biomolecule in a reversible way can be accomplished by 

combining the active molecule with a molecular switch. There are many types of 

molecular switches, but the most commonly used for biological applications are two 

types: based on cis/trans isomerization and those that can be interconverted between 

open and closed forms. With that being said, azobenzenes are, without a doubt, the 

most widely used thanks to their properties that will be explained next. Regarding the 

election of the bioactive molecule, a variety of them can be found in the bibliography. 

2.4.1 Azobenzenes 

Azobenzenes were discovered in the mid-1800s.46 Originally employed in the dye 

industry as synthetic coloring agents, their properties as molecular switches were 

unnoticed until several years later. In 1937, Hartley discovered that azobenzenes 

could go from the trans to the cis isomer when they were irradiated with UV light.47 In 

order to recover the initial isomer, it is necessary to either irradiate with blue light or 

leave the sample in the dark. The process of isomerization can be steadily repeated, 

without product decomposition or other side reactions, making azobenzenes stable 

during several cycles, and therefore a good choice for their use as molecular switches. 

The robustness of the photoisomerization process even when the initial molecule is 
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modified to introduce new groups,48 as well as the ease of the synthetic procedure that 

can be customized to obtain a huge variety of derivatives, make azobenzenes a 

popular photoswitch in diverse fields. In addition, it should be noted that the end-to-

end distance of each isomer is significantly different. The distance between the trans 

and cis isomer among the carbons at the para positions changes by approximately 3.5 

Å,48 which makes azobenzenes extremely interesting for the control of certain types of 

biomolecules. Finally, the isomerization process occurs on picoseconds, a timescale 

suitable for biological processes that are usually slower. 

Pioneers in this field were the group of Erlanger and Nachmansohn. They 

studied azobenzenes-based inhibitors of acetylcholinesterase in 1969 and 1971 

respectively.49-50  

More recently, in 2012, Trauner and co-workers achieved photocontrol of 

Propofol.51 Propofol was discovered in 1980 and became the most widely used 

intravenous general anesthetic.52 The mechanism of action of Propofol is not fully 

understood yet, but it is commonly accepted that it induces anesthesia from 

potentiation of GABA-induced currents. In his work, Trauner synthesized several azo-

Propofols. Azo-Propofols are derivatives of Propofol including azobenzenes in their 

structure and making them photoswitchable versions of the anesthetic. 

 

Figure 10. On the left, p-4-AziC5 Propofol, a photoreactive derivative of Propofol. On the right AP1-AP16 

all of the azo-Propofol derivatives synthesized, AP-2 showing the best results. Reprinted by permission 

from reference 51. Copyright © 2012 Wiley‐VCH Verlag GmbH & Co. KGaA, Weinheim. 

To evaluating the anesthetic power, one of the azo-Propofols was tested in vivo 

as well as Propofol. Groups of albino Xenopus laevis tadpoles were placed in aqueous 

solutions containing either Propofol or azo-Propofol and tested every five minutes for 

the loss of righting reflexes (LORR).  The loss of righting reflexes happened in 10 

minutes for Propofol and 25 minutes for azo-Propofol. Irradiation of azo-Propofol with 

UV light shifted the EC50 value from 1.1 M (non-irradiated) to 4.6 M (irradiated).  

When tadpoles were exposed to 3 M of azo-Propofol it produced LORR, and after 

irradiation with UV light, all of them spontaneously righted themselves. This work is 
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one of the first examples of a photodrug whose activity can be controlled in a 

reversible way.  

 

Figure 11. Optical control of anesthetic. a) Effect of Propofol before and after irradiation. Light 

produces a small shift from 1.1 M to 2 M. b) Effect of light in azo-Propofol. Light produces a big shift 

from 1.1 M to 4.6 M thanks to the isomerization process. Reprinted by permission from reference 51. 

Copyright © 2012 Wiley‐VCH Verlag GmbH & Co. KGaA, Weinheim. 

In 2013, Feringa and co-workers designed a series of novel molecules that 

included in their structure a part based on quinolones, known for their antibacterial 

properties.53 They exchanged the piperazine unit in the quinolone structure with an 

aryldiazo moiety. The goal of this project was to modulate the antibacterial activity 

using light. 

Conversion from the trans to the cis isomer occurred when samples were 

irradiated with UVA light. Reversion to the initial isomer was carried out with visible 

light. The isomerization process could be repeated for at least 3 cycles without 

presenting signs of side products. Some of the molecules displayed a good PSS with 

>95% trans before irradiation and >85% cis after irradiation. In order to test the 

antibacterial activity, Escherichia coli CS1562 was used. MIC values between the non-

irradiated samples and the PSS proved to be different for some of the compounds, the 

larger difference been MIC ≥ 64g ml-1 for the non-irradiated (trans, mostly) and MIC = 

16 g ml-1 for the irradiated form (cis, mostly). 



Literature Review 

33 
 

 

Figure 12. Control of bacterial growth with photoswitchable antibacterial agents. a) Structure of 

quinolone antibacterial agents. b) Modifications made to introduce azobenzenes in the structure of 

quinolones and irradiation process. Isomerization to obtain the cis isomer was achieved with UV light. 

Reversion to the trans isomer was carried out with visible light or thermally at ambient temperature. c) 

Growth curve of E. coli CS1562 for the non-irradiated compounds. d) Growth curve of E. coli CS1562 for 

the irradiated compounds. Reprinted by permission from reference 53. Copyright © 2013, Springer 

Nature. 

Additionally, the pharmacodynamics for the compound with better results 

were studied. The same type of bacteria was incubated with 40 g ml-1 of the 

compound in different states: the active form (cis isomer), cis isomer switched to trans 

after 30 min and cis isomer switched to trans after 60 min. Results obtained exhibited 

a similar behavior for the cis isomer, and the cis isomer switched to trans after 60 min. 

These experiments indicate that the quinolones exhibit their antibacterial effect in the 

exponential phase. 
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Figure 13. Pharmacodynamic study for the photoswitchable quinolone with better results. Reprinted 

by permission from reference 53. Copyright © 2013, Springer Nature. 

A few years later, in 2017, Feringa and co-workers improved these results by 

synthesizing derivatives of trimethoprim.54 Trimethoprim is an antibiotic that belongs 

to the group of antifolates. They attached several azobenzenes in the trimethoprim 

core structure, some of them absorbed in the red region of the spectrum. This shift can 

be achieved with the synthesis of azobenzenes bearing fluoro, chloro or methoxy 

substituents in all ortho positions of the azo moiety.55-56 Hence, the isomerization of 

the molecules was carried out with red light, compatible with biological systems. 

Differences between the activity of the initial isomer and the PSS were observed for 

some of the compounds, demonstrating once again that antibacterial properties 

could be modulated by light. This work opens the possibility for future localized and 

reversible antibacterial treatments that will present important advantages over the 

ones currently used. 

In 2018, Abell and co-workers designed several peptides based on the structure 

of gramicidin S.57 The new derivatives included an azobenzene moiety introduced to 

gain optical control over the structure of the peptides. Gramicidin S is a natural cyclic 

peptide with antibiotic properties that have been attributed to its well-defined β-sheet 

secondary structure and amphiphilic character.58  
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Figure 14. Gramicidin S structure and derivatives synthesized with the azobenzene moiety highlighted 

in red. Reprinted by permission from reference 57. Copyright © 2018 Wiley‐VCH Verlag GmbH & Co. 

KGaA, Weinheim. 

It was expected that one of the isomers of azobenzene, more specifically the cis 

isomer, would maintain the well-defined secondary structure of the peptide and, by 

doing so, to also maintain the antimicrobial properties. On the contrary, when the 

azobenzene was in its trans form it was expected to disrupt the β-sheet, therefore 

losing the activity. Additionally, other modifications on the peptide structure were 

made to check the effect of positive and negative charges on antimicrobial activity. 

The importance of amphiphilicity was studied by introducing some basic amino acids 

residues into the peptide backbone. 

The thermally stable isomer for all the peptides was the trans isomer. 

Irradiation with UVA light (352 nm) allowed isomerization to the cis form with PSS 

values varying from 90-64%.  Conversion from the cis to the trans form was carried out 

with visible light (405 nm) with PSS between 88-66%. To checking the secondary 

structure of the peptides, 1H NMR studies were performed. It was determined that cis 

isomers presented a better-defined β-strand structure than trans isomers in all cases. 



Chapter 2 
 

36 
 

The antimicrobial activity was tested against S. aureus ATCC 49775. Although 

MIC values for all the synthesized peptides were higher than for gramicidin S (MIC 2 g 

ml-1), which means a lower activity than the natural peptide, differences between cis 

and trans isomers were observed in some cases. Peptides 2a and 2b in their cis forms 

were 4 times more active than in their trans forms, with the more potent being 2b-cis 

(MIC 32 g ml-1).  This work is a beautiful example of how the structure in peptides is 

key for their properties and how photochemistry can be used to control them.  

In 2019, Szymanski and co-workers designed several BRAFV600E inhibitors with 

photocontrolled activity.59 Mutations in BRAF kinase drive the formation of melanoma, 

the most deadly and challenging type of skin cancer.60 Nowadays, two types of 

BRAFV600E inhibitors are used in clinical practice;61-62 however, both present significant 

disadvantages. Because these drugs are active in both healthy and cancerous tissue, 

they can cause cell death in melanoma, whereas in healthy cells, they can also boost 

the activity and result in increased proliferation, which can lead to the formation of 

tumors.63 By introducing azobenzenes in the structure of BRAFV600E inhibitors, it was 

expected to obtain two forms, one active, to use in cancerous cells and one inactive 

that would not affect healthy cells. 

 

Figure 15. Structures of BRAFV600E inhibitors Vemurafenib, Dabrafenib, and their common motif. On the 

bottom part, structure of the derivatives synthesized, including the azobenzene moiety highlighted in 

blue and isomerization process. Reprinted by permission from reference 59. Copyright © 2019 Elsevier 

Masson SAS. 



Literature Review 

37 
 

Different derivatives were synthesized, and their photochemical properties 

were determined. The irradiation of the samples was carried out using UVA light, and 

various PSS were found with the values varying between 55-94% of the cis isomer. All 

compounds had relatively long half-lives (> 10 h). In order to check their activity, an 

assay with purified recombinant BRAFV600E with inactive MEK-1 as a substrate was 

performed. The compound that presented better results had a difference of 10-fold in 

activity between the initial isomer and the PSS (trans IC50 1.680.62 M, PSS IC50 

15647 nM). In comparison, Vemurafenib, one of the two drugs in trial, presents an IC50 

of 9.63.3 nM. In addition, the reversibility of this compound was demonstrated when, 

upon thermal re-isomerization, the original activity was recovered.  With this project, 

Szymanski proved how by the introduction of a molecular switch that leads to an 

“on/off” system, the selectivity of an existing pharmaceutical agent can be potentially 

improved and, as a result, reduce its adverse effects. 

Nowadays, there is a fair amount of published articles focused on the 

photocontrol of different molecules employing azobenzenes. Moreover, the number 

of publications related to this line is increasing every year. The possibilities for the 

reversible control of biomolecules are wide and can be extended from small molecules 

such as antibiotics53-54 and ion channel blockers64-65 to more complex systems like 

lipids,66-67 and peptides.57, 68-69 No matter the size of the system all of them have a 

common objective, the reversible control of their properties using light. Great 

achievements have been made to create drugs that can be turned “on/off” in a specific 

part of the body. These new photodrugs could help solve the problem of drug 

resistance or avoid the adverse effects of classical drugs in the future. Furthermore, 

photopharmacology offers fascinating prospects to control more complex functions 

like vision restoration70-71 or insulin release.72-73 

2.4.2 Other molecular switches  

It seems obvious that in the field of photopharmacology azobenzenes are the main 

choice. In fact, in a review published in 2018 by professor Trauner about in vivo 

photopharmacology,74 of the 123 examples mentioned, only 9 belonged to a distinct 

type of molecular switch. However, several projects employing a variety of molecular 

switches can be found for this field like diarylethenes, fulgimides, hemithioindigos, 

spiropyrans, or donor-acceptor Stenhouse adducts. 

The first examples of thermally irreversible photochromic diarylethenes were 

reported in 1967.75 Diarylethenes (DAEs), present some advantages on their own, such 

as really efficient photoisomerization, thermal stability, and fatigue resistance.76 The 

isomerization process in DAEs consists of a reversible photochemically induced 
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cyclization, which consequently changes the electronic properties and flexibility of the 

molecule.  The open-ring form is generally colorless and can be converted to the 

closed-ring form using UV light. On the contrary, the closed-ring form is generally 

colored and can be reverted to the open-ring form using visible light. When working 

with photodrugs, the inactive isomer, and therefore the one administrated should be 

the closed-ring form. Upon irradiation with visible or near-infrared light, the active 

form could be obtained.  

The photocontrol of peptides with diarylethenes has been studied over the last 

years. As exposed previously, the natural peptide gramicidin S presents antibacterial 

properties.58 The activity of derivatives based on the structure of gramicidin S has been 

successfully photomodulated by inserting different molecular switches like 

azobenzenes, synthesized by Abell,57  or diarylethenes synthesized by Ulrich and 

Komarov.77 In 2016 Ulrich and Komarov, inspired by their previous results, decided to 

synthesize a second-generation of diarylethene-based peptidomimetics to 

photocontrol their cytotoxic activity against cancer cells lines.78 Besides the properties 

as an antibiotic, gramicidin S is highly cytotoxic to prokaryotes and eukaryotic cells 

and can also inhibit tumor growth in vivo.79 

 

Figure 16. Structures of the peptide mimetics of gramicidin S with the diarylethene unit highlighted in 

blue and red. On the left (blue), first-generation (GS-Sw) synthesized previously as an antibacterial 

peptide. On the right (red), second-generation (GS-DProSW) synthesized to study its cytotoxicity in 

cancer cells. Modified by permission from reference 78. Copyright © 2016 WILEY‐VCH Verlag GmbH & 

Co. KGaA, Weinheim. 

Once the analog was synthesized, the cytotoxicity of the two isomers was 

tested in a standard MTT assay against HeLa and COLO-205 cell lines. Results showed 

good cytotoxicity for the open-ring form with IC50 values very close to those found in 

the natural peptide. The closed-ring form presented about 5.5-8.0-fold lower 

cytotoxicity.  Encouraged by these promising results and after testing the stability of 

the analogs in blood and the isomerization process in tumor tissues (> 75% 

conversion), an in vivo experiment was set up using the LLC model in C57B1/6 mice. 
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After administration of the peptidomimetic in its less active form, mice were locally 

irradiated with visible light for 20 minutes. The data exhibited a rate of animal survival 

improved by 60% compared to the control (mice without treatment). Future studies 

in this line could lead to the development of oxygen-independent PDT for cancer. 

In 2018, Yin designed a series of antibacterial agents linked to dithienylethene 

switches.80 In a similar way as in the previous work by Feringa,53-54, 81 it was expected 

that the properties of the antibacterial agents could be modulated thanks to the 

photoactive moiety. Norfloxacin and ciprofloxacin were used as antibiotics. The 

photoswitchable derivatives were synthesized by an amide condensation reaction 

between the corresponding dithienylethene-mono-carboxylic acid and the secondary 

amine in the piperazine ring of the antibiotic. 

 

Figure 17. Use of dithienylethene switches for the control of antibacterial activity. a) Structures of the 

antibiotics employed, norfloxacin and ciprofloxacin which belong to the fluoroquinolone class. b) 

Isomerization process that dithienylethene undergoes. c) Structure of the derivatives synthesized 

combining an antibiotic and the molecular switch. Modified by permission from reference 80. Copyright 

© The Royal Society of Chemistry 2018. 

Isomerization from the open-ring to the closed-ring isomer was carried out 

with UV light (λ = 254 nm), and a change in the color of the sample was observed. The 

initial isomer presented a yellow color, whereas the final isomer was pink. Reversion 

from the closed-ring to the open-ring isomer occurred when irradiating with visible 

light (λ > 402 nm).  To test the antimicrobial activity, MIC was determined on E. coli and 

S. aureus. The MIC values before irradiation (open-ring form) obtained were 16-32 g 

ml-1 for E. coli and 8-32 g ml-1 for S. aureus. After irradiation of the samples, differences 

in the activity of the closed-ring form were observed, the most significant for 



Chapter 2 
 

40 
 

compounds 1b and 3b, 4 times more active in their PSS (MIC = 2 g ml-1) versus the 

initial isomer (MIC = 32 g ml-1). 

Additional examples in the literature include the use of DAEs in photochromic 

dopamine,82 enzyme inhibitors83 and cytotoxic platinum complexes.84 

As well as with diarylethenes, the isomerization mechanism of fulgimides is a 

process of cyclization. Fulgimides display excellent photochemical properties like 

high photostationary states and a really low degradation after several cycles. 

However, examples with these molecular switches are less frequent. The first article 

that can be found addressing the incorporation of fulgimides into biological structures 

was reported in 1992 by Willner.85 In his project, Willner incorporated a fulgide unit, a 

precursor of fulgimides, in the structure of concanavalin A in order to modulate the 

binding of the substrate photochemically. More recent projects include photochromic 

dopamine receptors82 and the first peptide containing a fulgimide unit,86 both 

published by König and co-workers in 2017 and 2019, respectively.  

Another group of molecular switches that are being used for 

photopharmacological applications is hemithioindigos. Hemithioindigos (HTIs) 

combine a thioindigo and a stilbene part connected by a double bond responsible for 

the isomerization. One of the best qualities of HTIs is their red shifted absorption, 

which makes possible to induce photoisomerization with visible light in both 

directions Z to E and E to Z. Besides, they have high photostationary states, excellent 

fatigue resistance, and enhanced thermal stability.  

In 2006, Kuhn designed a photoswitchable inhibitor of the lipid-peroxidizing 

lipoxygenases (LOXs).87 LOXs are implicated in the pathogenesis of bronchial asthma,88 

atherosclerosis,89 and osteoporosis.90 

 

Figure 18. Photoswitchable inhibitor of LOXs and isomerization process. On the right, dose-response 

curves for inhibition of native rabbit 12/15-LOX for both isomers and PSS. Modified by permission from 

reference 87. Copyright © 2006 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 

ΔT 
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The irradiation process of the hemithioindigo was carried out with visible light 

(405 nm). The PSS obtained presented 62% of photoisomer (E). In a first assay, the 

inhibitory potency of both isomers, purified by HPLC, was tested on purified 

mammalian 12/15-LOX. As shown in figure 18, E isomer was able to strongly inhibit the 

enzyme. Isomer Z, however, appeared to be ineffective. These results prove that 

hemithioindigos can be a good alternative when designing photodrugs.  

The fourth group of molecular switches is spiropyrans (SP). Their 

photochromism was discovered in 1952.91 The photoisomerization of spiropyrans 

takes place through a mechanism of cyclization. The Cspiro-O bond in the closed ring 

form (SP) undergoes heterolytic cleavage upon UV light irradiation, resulting in the 

formation of a zwitterionic conjugated system, usually called merocyanine form 

(MC).92 The change between both forms induces a huge difference in the polarity of the 

molecule (8-15 D). SP are also sensitive to solvents, pH, temperature, or mechanical 

stimuli. 

In 2011, Önfelt and Andréasson designed a novel photochromic spiropyran 

with cytotoxic properties.93 The compound reached a PSS of 60% of the open form 

when irradiated with UV light. The reverse reaction was induced by visible light (λ > 

465 nm) to obtain 100% of the closed form.  

 

Figure 19. Structure and isomerization process of spiropyran derivative with light-induced cytotoxic 

activity. Reprinted by permission from reference 93. Copyright © The Royal Society of Chemistry 2011. 

Firstly, the cellular uptake was tested using HEK 293 cells. It was proved that 

only the closed form was able to penetrate the cell membrane, whereas the open form 

displayed very low penetration, probably associated with changes in polarity. In order 

to check if the isomerization process was viable inside the cells, the cells containing 

the closed form were irradiated with UV light. The results were positive, and the 

cytotoxic effects were evaluated next. The data showed that the initial isomer, the 

closed form, did not have effect on the cellular survival, but when the cells were 

irradiated, inducing the photoisomerization, the open form was able to cause cell 

death. In the future, similar compounds to this spiropyran derivative may be used as 

substitutive for photodynamic therapy in cancer treatment.   
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Spiropyrans have also been employed by Feringa and co-workers to achieve 

light-induced control in antibiotics. It has been previously mentioned how in 2013, 

Feringa synthesized photoswitchable antibiotics using azobenzenes as molecular 

switches.53 In 2015, a similar work was published but with some interesting 

differences.81 This time, a commercial antibiotic was chosen, instead of designing a 

derivative. The antibiotic selected was ciprofloxacin, and the molecular switch was 

attached in the position of the secondary amine of the piperazine unit. Two types of 

molecular switches were synthesized, azobenzene and spiropyran.  

 

Figure 20. Structure and isomerization process of spiropyran derivative (CP = ciprofloxacin). MC form 

can be obtained upon irradiation with UV light (λ = 365 nm). Reversion to the SP form is carried out with 

visible light irradiation or thermal relaxation. Reprinted by permission from reference 81. Copyright © 

2015 American Chemical Society. 

The spiropyran derivative reached a PSS value of 82% of the MC form when it 

was irradiated with UV light (λ = 365 nm). To testing the antibacterial properties, MIC 

values were measured on E. coli CS1562 and M. luteus ATCC 9341. The results 

presented differences between both isomers on E. coli. Spirofloxacin had a MIC of 1.25 

M when spiropyran was the predominant form (82%). However, when the majority of 

the compound was in the merocyanine form, the value was 0.625 M. In this case, 

spiropyran exhibited better properties than azobenzene as a molecular switch able to 

induce a change in the activity of ciprofloxacin. 

Other biological applications of spiropyrans include the synthesis of a 

photoresponsive polymeric membrane surface,94 the first reversible sensor for -

Glutamyl-cysteinyl-glycine (GSH)95 or the development of spiropyrans compounds 

with the ability to interact with G-quadruplex (G4) structures.96 

Finally, the last group of photoswitches of this section is donor-acceptor 

Stenhouse adducts, also known as DASAs. DASAs are the newest group of 

photoswitches herein discussed as they were discovered in 2014 by Read de Alaniz and 

co-workers.97-98  The mechanism of isomerization of DASAs has been recently 

proposed.99 It is a really complex pathway in which photochemistry is only responsible 

for a part of the overall process. In a simpler way, it could be described as a cyclization 
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process. Irradiation of the strongly colored elongated triene form with visible light, 

leads to the formation of a colorless cyclopentenone, producing a large structural 

change. Reversion from the cyclopentenone to the triene form can be carried out with 

thermal relaxation exclusively. In the presence of polar solvents like water or 

methanol, DASAs undergo cyclization albeit slowly even without the presence of 

light.100  

As has been described, molecular switches are commonly employed to create 

an “on/off” system with different bioactive molecules. However, the use of DASAs for 

pharmacological applications could be more directed towards drug release. These 

compounds suffer a big change in structure and polarity when they are irradiated. 

Such a molecular contraction can be used to disrupt aggregates. In 2016, Read de 

Alaniz and co-workers designed a DASA with a hydrophilic tail at the donor end, and 

long alkyl chains on the 1,3-dialkyl barbituric acid acceptor, creating an amphiphile 

that could assemble into micelles.101 When the aqueous samples were irradiated with 

visible light (530-570 nm), isomerization of the DASA was induced, which resulted in 

the non-amphiphilic form leading to the disassembly of micelles. This was 

demonstrated by using Nile red to study micelle behavior.  

 

Figure 21. On the top, isomerization process of DASAs. The hydrophobic part is highlighted in pink and 

the hydrophilic part in blue. On the bottom, simulation of micelle formation in an aqueous medium to 

encapsulate hydrophobic cargo. Upon irradiation with visible light, the disruption of micelles is 

triggered, and the cargo molecules released. Modified by permission from reference 101. Copyright © 

The Royal Society of Chemistry 2016. 

Finally, micelles were loaded with paclitaxel, a drug used for the treatment of 

different types of tumors. Samples were incubated with MCF-7 cells to verify the 

controlled release of the drug from the micelle. Results proved that paclitaxel was 

successfully delivered to the cancer cells when samples were irradiated, triggering the 

release of the drug. Consequently, a decrease of 46% in the viability of cells was 
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observed. Samples kept in the dark displayed a significantly lower cell death because 

the chemotherapeutic agent remained inside the micelles. This work presents new 

possibilities for molecular switches, not only as tools to induce a change in the activity 

of a biomolecule but also as new materials for the construction of light-activated 

micelles. The approach of Read de Alaniz is related to the next section of this thesis in 

which the strategy of photocaged compounds will be discussed.  

In these paragraphs, the most used molecular switches in the field of 

photopharmacology have been considered.  Some of them, like azobenzenes, 

discovered long ago and with a large number of articles in the bibliography. Others, 

like DASAs, have been recently designed, and their applications remain to be explored.  

Although big steps have been made in the right direction, some properties 

remain to be improved. If photopharmacology aspires to be a modern alternative to 

classic pharmacotherapy, the development of new structures more compatible with 

biological systems is necessary. Another decisive factor is trying to achieve a more 

significant difference in activity between both forms of the molecule. In order to fulfill 

these criteria, the field of photopharmacology is quickly evolving. The research of 

molecular switches intended to control pharmacological agents has not reached its 

peak yet as new structures are currently being studied for their future application in 

this area.102-103    



 

 
 

λ2/Δ 

Table 1. Photophysical properties of most used molecular switches in photopharmacology.104 Modified from reference 104. 

Molecular 
switch 

Mechanism λirr (O/E )[a] λirr (C/Z) [a] Thermal stability[b]/ 
Thermal half-life 

Fatigue resistance 
(aqueous solution)[c] 

Switching 
effect 

Azobenzenes 
 

310-440 nm 420-900 nm - / days + 
conformation, 

dipole moment 

DAEs 

 

230-300 nm 530-980 nm + + 
rigidity, 
electronics 

Fulgimides 

 

270-481 nm 470-825 nm + + 
rigidity, 

electronics 

HTIs 

 

480-514 nm 400-415 nm - / hours + 
conformation, 

dipole moment 

Spiropyrans 

 

320-380 nm 440-660 nm - / hours - 
conformation, 
polarity 

DASAs 

 

450-700 nm n/a[d] - / minutes n/a 
geometry, 

polarity 

[a]: λirr = irradiation wavelength employed to obtain O→C / E→Z or C→O / Z→E.  [b]: + → thermally stable, - → thermally unstable. [c]: + → several cycles 

of isomerization performed without sign of decomposition in aqueous solution. - → no reversible switching in aqueous solution. n/a → non-applicable. 
No data available for fatigue resistance in water due to spontaneous cyclization in polar solvents like water. [d]: Reversion from the closed to the open 
form only possible via thermal relaxation. 
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2.5 Photoreleasable groups  

Photoreleasable protective groups (PPGs), also called photoremovable, 

photocleavable or photoactivatable, are another important tool that provides spatial 

and temporal control over bioactive molecules. Light activation of pharmacological 

agents in an irreversible way presents an alternative to photopharmacology and can 

be achieved with the photocaging technique. This approach is based on the 

modification of a known drug, in order to covalently attach the PPG in a critical 

position, which renders the molecule inactive. When the caged compound is 

irradiated, the PPG is removed, and the drug recovers its activity. This process is 

irreversible, meaning when the drug is cleaved, reversion to the initial inactive form is 

not possible (see figure 5). 

The use of PPGs to create bioactive molecules that can be activated in specific 

targets where the disease is localized offers a new way of drug administration. 

2.5.1 Requirements of a photocage in biological applications  

The requirements for a photocage are slightly less strict than those previously exposed 

for molecular switches because it is an irreversible system. Therefore, reversion 

processes do not have to be considered. In this case, the caged compound should not 

present activity, and the release process should be efficient, allowing the total release 

of the active compound in shorts amounts of time and without forming any 

photoproduct other than the desired. Regarding the rest of the requirements, most of 

them match the ones explained in section 2.3.1. 

The PPG should have strong absorption at wavelengths compatible with the 

therapeutic window (between 600 and 1200 nm) to prevent phototoxicity and allow 

maximum tissue penetration.  

The photoreaction should be clean, avoiding the formation of non-desire 

products. High quantum yields of release are preferred. The quantum yield is equal to 

the number of released molecules divided by the number of photons at the irradiation 

wavelength, therefore higher quantum yields mean better release efficiencies. Ideally, 

the photochemical byproducts once the release takes place should be transparent at 

the irradiation wavelength. Thus, preventing competitive absorption, which would 

entail a decay in the release efficiency. 

Besides, the PPG should be soluble in cellular environments as it is being tested 

for biological applications. Stability in this environment is required prior to and during 
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the photolysis. Furthermore, PPG toxicity should be studied before and after the 

release takes place. 

2.5.2 Advantages and limitations of photocages 

As well as with the photopharmacological approach, the use of photocages for the 

release of drugs implies several advantages over traditional methods.  

This new administration method provides a solution to common problems 

such as low selectivity, drug dosage, and adverse effects. Attaching a photoreleasable 

group to a pharmacological agent allows the controlled photorelease of the active 

form in a specific target. Consequently, the drug would be in its inactive form in the 

rest of the body, where its effect could be damaging, which would improve remarkably 

the selectivity of the agent. Improved selectivity would allow a better adjustment in 

drug dosage. Higher doses could be used in the affected part only, removing the 

adverse effects in the other healthy areas.  

Whereas when working with molecular switches the activity of the compounds 

once the photoactive moiety has been attached must be re-evaluated and will be 

potentially affected, the use of PPGs does not affect to the final activity of the 

molecule, making them an easier option to control the activity of biomolecules. 

However, the irreversible character of PPGs removes the option of deactivation 

after the damaged area has been treated. Small fractions of the active drug will face 

the process of elimination and could possibly affect the organs involved, such as 

kidney and liver. After the elimination, these fractions will end in the environment, but 

at a much lower concentration than with conventional administration (see figure 9). 

2.5.3 Previous works in drug photorelease  

Photoreleasable protective groups have been widely studied over the last decades, 

becoming of great interest in delivering bioactive molecules through light stimulus. 

Traditional PPGs based on nitrobenzyl, nitroanilide, or phenacyl moieties are 

responsive to UV light, which has been extensively explained to be not compatible 

with biological applications. Nevertheless, the uncaging reaction implies the 

dissociation of the covalent bond formed between the PPG and the leaving group, 

which requires energy. UV light is more energetic than visible light, and thus, it is easier 

to break a bond with UV light that with visible. Despite this fact, scientists, encouraged 

by the potential use of PPGs in biological fields, have reported several PPGs working 

with visible light over the last years. This section will be focused on these recent 
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advances in the design of photocages. More specifically, in the photorelease using 

organic structures that directly release the substrate with single-photon absorption. 

However, it should be mentioned that the release of molecules with visible light can 

also be achieved by other methods, like via photoinduced electron transfer,105-106 via 

metal-ligand photocleavage107-108 or by using photosensitizers.109-111  

Coumarins were first employed as a photoreleasable group by Givens in 

1984.112 Some of their properties include high molar absorption coefficients, fast 

release rates, good stability, and fluorescent properties, which can help monitor the 

reaction course. Besides, their structure can be modified in order to improve their 

solubility in aqueous media. First coumarins were responsive to UV light, but during 

these past years, new and improved versions have been synthesized with absorption 

in the visible region.  

In 2006, Hayashi, Kiso, and co-workers synthesized the first photoresponsive 

prodrug of paclitaxel.113 Paclitaxel has been described in previous examples as one of 

the most important drugs in cancer therapy. A derivative of coumarin was carbamate-

linked to suppress the pharmacophore activity. 

 

Figure 22. Release mechanism of paclitaxel caged with a coumarin PPG. First step is the irradiation with 

visible light (430 nm) of compound 2. The coumarin unit is removed to obtain prodrug 3. Second step 

involves O-N intramolecular acyl migration of 3 to obtain paclitaxel 1. Modified by permission from 

reference 113. Copyright © 2006 Elsevier Ltd. 

Prodrug 2 was irradiated with visible light (λ = 430 nm), and the release was 

followed by UV-Vis absorption spectrum and HPLC. Paclitaxel was released with a 69% 

yield in 30 minutes. This value might be related to partial decomposition of prodrug 

or the intermediate due to their photoinstability. The prodrug was observed to be 

stable in solution in the absence of light for at least 1 month, and in solid state up to 4 

months. 

New advances in the design of coumarins were made by Kele and co-workers 

in 2019.114 They described the synthesis of a new class of coumarins with shifted 

absorption toward the red region. In addition, these new structures showed good 

water solubility and high release yields. 
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Another group that presents promising properties as PPG for future biological 

applications are quinones. The use of quinones as PPG was reported by Steinmetz for 

the first time in 2005.115 Quinones have maximum absorption in the green region, but 

the band can extend to the red region. Thus, the release can be carried out with red 

light (626 nm).116 Besides, their structure can be modified in order to gain water 

solubility. Compared to coumarins absorbing in the visible region, quinones display 

lower molar extinction coefficients (εcoumarins = 30000-40000 M-1cm-1 vs. εquinones = 1900-

2600 M-1cm-1)114, 116 but improved quantum yields (ɸcoumarins = 0.14-1.09 % vs. quinones = 

0.27-5.7 %).114, 116 Nowadays, quinones have only been employed to release small 

organic molecules.115-117 However, given their good properties, they are a promising 

candidate for the release of bioactive molecules. 

Perhaps one of the most studied photocages in the last years is BODIPYS. This 

family of chromophores offers tunable absorptions throughout the visible/near-IR 

region (450-800 nm), high molar absorption coefficients (30000-80000 M-1 cm -1),118 and 

known biological compatibility.119 Furthermore, they have a sharp absorption profile 

that would not interfere with the wavelengths required for fluorescence observation, 

which allows the visualization of caged compounds. In addition, the structure of 

BODIPYs is quite versatile, and several positions can be employed to link the cargo 

molecule, as shown in figure 23. 

 

Figure 23. Possible positions in the BODIPY structure where the leaving group (LG) can be linked. In 

blue, photo-caging at the 4-position.120 In red, meso-position photo-caging.118 In green, N-O cleavage 

photo-caging.121 

BODIPYs were used for the first time as photocages in 2014 when Urano and co-

workers serendipitously discovered that 4-aryloxy BODIPY derivatives were 

photocleavable at the 4-position by visible light irradiation.120 In order to apply this 

new role of BODIPYs in a biological study, they chose histamine, which plays an 

important role in many physiological processes, as the cargo molecule. The terminal 

amine group of histamine was caged with BODIPY through a benzyloxycarbonyl linker. 
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Figure 24. Release process for the BODIPY linked to histamine (13 and 18). Upon light irradiation with 

visible light (475-490 nm), the phenolate group is released and further decomposes to produce free 

histamine. On the right, time course of 18 consumption (in black) and histamine production (in blue) 

when irradiated. Adapted with permission from reference 120. Copyright © 2014 American Chemical 

Society. 

In vitro studies were performed on HeLa cells. Although 13 exhibited good 

photocleavability, it failed to stimulate the cells, probably due to mismatched 

localization of the caged compound and target receptor. As for 18, in vitro irradiation 

showed a release yield of 40%. 

BODIPY caging at the 4-position was also employed by Chakrapani and co-

workers to uncage levofloxacin, a known fluoroquinolone.122 The synthesized BODIPY 

incorporating levofloxacin linked through a B-O bond (BDP-Levo)  had a release yield 

of 31%. To testing the antibacterial activity of BDP-Levo, assays were performed in 

Staphylococcus aureus. Results displayed a clear inhibition of bacteria growth for the 

samples containing BDP-Levo once the samples were exposed to light. Samples kept 

in the dark did not show growth inhibition. As was demonstrated, the strategy of 

uncaging can be employed to achieve the controlled release of antibiotics.  

A second position for photocaging in the core of BODIPY was discovered in 2015 

by the groups of Weinstain123 and Winter.124 The new meso-substituted BODIPY proved 

to be effective for the release of small organic molecules with green light and proved 

to have higher release yields than those reported at the 4-position. A few years later, 

in 2018, Winter and co-workers expanded the range of absorption to the NIR region 

with new structures.118 This new position has also been used for biological 

applications like the release of hydrogen sulfide,125 or an anticancer drug.126 

Recently, a third position for photocaging has been reported by Zhang and co-

workers.121 They described a new BODIPY oxime ester as a new platform to uncage 

aromatic and aliphatic carboxylic acids. Green light irradiation allows the cleavage of 

the weak N-O bond. In order to demonstrate the application of this new position in 

drug delivery, an anticancer drug was photouncaged. 
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Photocages have been used longer than molecular switches to regain control 

of bioactive molecules by light. However, the problems they face are similar to the 

ones previously explained for photodrugs. While there is a vast amount of 

photoprotective groups, only a few are responsive to visible light. Besides, other 

properties like water solubility or release efficiency need to be improved if they want 

to substitute classic pharmacological agents in the near future. For this reason, the 

design of new photoremovable groups that are compatible with biological 

applications has raised the interest of researches over the last few years.  
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This doctoral thesis has as the main goal of designing antibacterial molecules whose 

properties could be modulated using light as a stimulus. In order to achieve this, a 

series of secondary objectives have been laid out and are presented next: 

• Design of novel structures with potential antibacterial properties that 

incorporate a molecular switch in their structure. Perform their synthesis, 

characterization, and finally evaluate their properties which include: 

• The wavelength of absorption of the synthesized molecules. Preferably, 

in the visible region in order to obtain molecules suitable for biological 

applications.  

• The solubility in aqueous media, either complete or partial, by 

employing a certain amount of an organic solvent miscible with water. 

This will ensure their compatibility with biological studies. 

• The photoswitching behavior, once it is linked to the antibiotic moiety, 

following the isomerization process to quantify the photoisomer 

formed. 

• The thermal reversion of the photoswitch once the photoisomer is 

obtained.  

• The stability of the molecular switch after irradiation through several 

cycles, to monitor possible products of decomposition.  

• The analysis of the efficiency of the isomerization process. 

• The antibacterial activity of both isomers. Studying possible differences 

between the initial isomer and the photoisomer.  

• Design of new molecules consisting of a photoreleasable protective group and 

an antibiotic. Carry out their synthesis and characterization to finally evaluate 

a series of properties, including: 

• The wavelength of absorption. Preferably in the visible region to make 

them suitable for biological studies. 

• Their solubility in aqueous media, complete or partial by using mixtures 

of water with other organic solvents.  

• The release of the antibiotic once it has been linked to the 

photoprotective group and quantification of the process. 

• The possible formation of byproducts when the molecule is irradiated. 

• The thermal stability in the dark.  

• The analysis of the efficiency of the release process. 

• The antibacterial activity of both forms caged and uncaged. Studying 

possible differences before and after irradiation of the molecules.  
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4.1 Introduction 

Resistance to antibiotics is one of the biggest healthcare problems of this century. 

From a chemical point of view, the ways to solve this problem go from the design and 

synthesis of new antibiotics to the development of new routes of administration. 

Photopharmacology addresses this last option, employing light as a stimulus to 

deliver the bioactive compound in a specific target. 

 In this chapter, the design, synthesis, and study of the photochemical, and 

antimicrobial properties of new photopharmacological agents will be described. Two 

components form this reversible system, an antibiotic part, and a molecular switch.  

Combining both, it is expected to create a system whose antibacterial properties could 

be optically controlled in a reversible way. 

4.1.1 Quinolone antibiotics 

In the last decades, quinolones have become some of the most frequently prescribed 

antibacterials in the world.1-2 Their increased use is due to a number of characteristics 

like rapid bactericidal effect against most susceptible organisms and their 

extraordinary tissue penetration.3  

The first quinolone was isolated by George Lesher and co-workers in 1962 as a 

byproduct in the synthesis of chloroquine, an antimalarial agent.4 Nalidixic acid is not 

a proper choice for the treatment of systemic infections as it has moderate Gram-

negative activity and low oral absorption. However, urinary concentrations are high, 

making nalidixic acid a perfect antibiotic for the treatment of urinary tract infections 

(UTIs).5  

The real breakthrough of quinolones came in the early 1980s when a new 

generation of these antibiotics was developed. The second generation includes 

compounds with a fluoro-group at position 6 and a major ring substituent (piperazine 

or methyl piperazine) at position 7. A detailed representation of the different positions 

in quinolone antibiotics and their role in the antibiotic activity is displayed in figure 1. 

These compounds are broad-spectrum, meaning they are active against gram-

positive and gram-negative bacteria. In addition, they are well absorbed from the 

gastrointestinal tract, providing adequate blood levels to allow their use for 

systematic infections.6 Examples of this new generation include ciprofloxacin, 

norfloxacin, and ofloxacin, some of them still used today. In fact, ciprofloxacin 

remains one of the most commonly prescribed antibiotics.7  
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Figure 1. Structure-activity relationship of quinolone antibacterials.8 Modified by permission from 

reference 8. Copyright © 1994, The British Society of Antimicrobial Chemotherapy.  

Regarding the adverse effects, quinolones are well tolerated and relatively 

safe. Common adverse effects include gastrointestinal and central nervous system 

(CNS) effects in 2 to 20 percent of patients treated with quinolones.9-11 It has also been 

reported that some quinolones can induce cardiovascular effects such as hypotension 

or tachycardia.  Moreover, they can alter the cardiac rhythm and prolong QT intervals, 

which may result in fatal ventricular arrhythmias. For this reason, patients with a 

known predisposition to arrhythmias should avoid these drugs.9-11  

 The mechanism of action of quinolones is based on a rapid inhibition of DNA 

synthesis by promoting cleavage of bacterial DNA in the DNA-enzyme complexes of 

DNA gyrase and type IV topoisomerase. Increases in the concentration of enzyme-DNA 

cleavage complexes result in rapid bacterial death.6, 12-13  

 The problem of antibiotic resistance has been explained in a previous section, 

and unfortunately, the case of quinolones is not any different. Quinolone resistance is 

becoming a prevalent clinical issue that is threatening the use of these drugs. Three 

mechanisms have been identified to be associated with quinolone resistance: target-

mediated, plasmid-mediated and chromosome-mediated.6, 12 An excessive use of 

these drugs either in the agricultural feed or in clinical medicine will likely reduce the 

effectiveness of quinolones in the near future. 
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Figure 2. Illustrative example of mechanisms of quinolone resistance. (1) Target-mediated resistance: 

mutations in gyrase and topoisomerase IV result in weakened quinolone-enzyme interactions. (2) 

Plasmid-mediated resistance: (2a) Qnr proteins (represented in yellow) decrease topoisomerase-DNA 

binding and protect enzyme-DNA complexes from quinolones. (2b) Aac(6’)-Ib-cr is an aminoglycoside 

acetyltransferase that acetylates the free nitrogen on the piperazine ring, making quinolones less 

effective. (2c) Plasmid-encoded efflux pumps decrease the concentration of quinolones in the cell. (3) 

Chromosome-mediated resistance: (3a) Underexpression of porins in Gram-negative species decreases 

drug uptake. (3b) Overexpression of chromosome-encoded efflux pumps decreases drug retention in 

the cell. Reprinted by permission from reference 12. Copyright © 2014 American Chemical Society. 

4.1.2  Hydantoin-based molecular photoswitches 

Hydantoins, also known as imidazolidine-2,4-diones were discovered by Adolf von 

Baeyer in 1861.14 Since then, they have become a subject of interest in diverse areas of 

science. As a result, more than 3000 research articles and patents in methodological 

and medicinal chemistry have been published.15 Hydantoins are present in some 

natural products16-18 and are used in organic synthesis,19-20 coordination chemistry,21 

polymer science22 and in the design of molecular switches.23 

 Regarding their use as molecular switches, their mechanism of isomerization 

is based on Z/E isomerism, with E isomer being the thermodynamically stable state. 

Their properties include high photostability and fatigue resistance, as they can be 

interconverted between both isomers for several cycles without apparent 

decomposition. Besides, they present strong absorption in the UVA region of the 

spectrum. The reversion process from Z to E can be carried out with light and in some 

cases, thermally. Finally, these switches can be easily synthesized.23 
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Figure 3. Isomerization process of a molecular switch based on the hydantoin structure. Upon 

irradiation with λ1 isomer Z is obtained. Reversion to isomer E can be performed with λ2. Adapted by 

permission from reference 23. Copyright © 2015 American Chemical Society. 

4.1.3 Phytochrome-based molecular switches  

Phytochromes are an essential group of photoreceptors24-25 present in plants and 

microorganisms like bacteria,26 fungi,27 and simple molds.28 They are involved in many 

light-regulated processes, extending from phototaxis and pigmentation in bacteria to 

seed germination and flowering in higher plants. The chromophore of phytochrome, 

also known as bilin, can be interconverted between two states upon light absorption, 

undergoing Z/E isomerization. 

 

Figure 4. Isomerization process of the phytochrome chromophore. Upon light irradiation, the 

photoisomerizable part (highlighted in red) can be reversibly interconverted between Z and E isomers. 

By taking inspiration from nature, the pyrrole scaffold in the chromophore of 

phytochrome responsible for the isomerization can be used as a molecular switch.29 

Interestingly, one of the characteristics of this switch is the presence of hydrogen-

bond interactions, which can control the photoisomerization degree. Other properties 

include their ease of synthesis and strong absorption in the UV region.  

 

λ1 

λ2 
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4.2 Results 

4.2.1 Design of photoswitchable antibiotics 

Our molecular design is based on quinolones. Two antibiotic parts have been 

designed. The first one, inspired in the structure of quinolones like ciprofloxacin or 

norfloxacin, with the presence of a carbon at position 8 (see figure 5). We envisioned 

that the antibacterial properties of the molecule could be retained when exchanging 

the piperazine unit at position 7 either with the hydantoin or the pyrrole of the 

phytochrome chromophore. By the incorporation of a molecular switch, the molecule 

becomes photoresponsive, switching between the Z and E isomers when irradiated. 

The second antibiotic part is inspired in a naphthyridone, with the presence of a 

nitrogen atom at position 8 (see figure 5). The structure of nalidixic acid has been 

modified to incorporate the pyrrole moiety in two different positions. As in the 

previous case, we anticipated that the introduction of the molecular switch based on 

the phytochrome chromophore at position 7 would not seriously affect the 

antibacterial properties. Additionally, the same switch was used at position 3, a critical 

point for the antibacterial behavior of the molecule. The effect of the molecular switch 

in this position will be of great importance in future chapters. Once the molecular 

switches were attached to the antibiotic parts, it was expected that one of the isomers 

presented a higher antibacterial activity than the other. Thus, creating a reversible 

system whose antibacterial properties could be controlled using light as a stimulus. 

 

Figure 5. Design of photoswitchable quinolones. Based on hydantoin structure (A), based on the 

pyrrole of the phytochrome chromophore (B, C). Position 8 is highlighted in red. Substituents at 

positions 3 and 7 are highlighted in blue and pink, respectively. 
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4.2.2 Synthesis 

The synthesis of the quinolone derivatives is a long process involving several steps. In 

these paragraphs, a general overview of the procedure is displayed. A more detailed 

version can be found in section 4.4.5. The route describing the synthesis of the 

antibiotic part based on quinolones, with a carbon atom at the 8 position, and its 

corresponding photoswitchable versions is described in scheme 1. 

Scheme 1 
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The first step was a condensation between 1 and the malonate that resulted in 

the enamine 2. Upon thermal cyclization of 2, compound 3 was obtained. The 

secondary amine of 3 was methylated to obtain the tertiary amine 4, which highly 

improves its solubility in organic solvents. The final step to complete the antibiotic 

part was the acetal deprotection to give the aldehyde 5. Once the antibiotic part was 

synthesized, two different routes were followed to link the molecular switches. The 

hydantoin moiety was linked via acid-catalyzed aldol condensation resulting in 8. The 

pyrrole based in the phytochrome chromophore was attached via base-catalyzed 

aldol condensation ending in 9a. After synthesizing 9a, its sodium salt derivative 9b 

was obtained by the addition of aqueous sodium hydroxide. 

 The second antibiotic part is based on a naphthyridone with a nitrogen atom 

at the 8 position. For the synthesis of this part, nalidixic acid was employed, and two 

modifications were made in its structure to achieve the photoswitchable version. The 

synthetic route of these derivates is described in scheme 2. 
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Scheme 2 
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The aldehyde of nalidixic acid in position 3 (procedure A) was synthesized via a 

modified McFayden-Stevens reaction.30 Nalidixic acid 11 was condensed with 

hydrazine 10, previously synthesized, to form hydrazine 12. The next step was the 

removal of the Boc group to give the hydrazine 13, which can be transformed in the 

aldehyde 14.  The final step involved a base-catalyzed condensation between 14 and 

the pyrrole to obtain 15. 

 In order to link the photoswitch in position 7 of nalidixic acid, procedure B was 

followed. Aldehyde 16 was synthesized by selenium dioxide oxidation, and later base-

catalyzed condensation allowed the formation of 17a. After obtaining 17a, its sodium 

salt derivative 17b was synthesized by the addition of aqueous sodium hydroxide. 

4.2.3 Photochemical properties 

Once the synthesis of the different derivatives was completed, their photochemical 

properties were studied. Such properties provide crucial information about the 

requirements and the performance of the diverse molecular switches obtained.  

First of all, it is important to know the range of absorption for each 

photoswitchable quinolone. UV-Vis spectroscopy was employed to record the 

absorption spectrum of all compounds. Different solvents were used to dissolve the 

samples according to their solubility. The information obtained from the UV-Vis 

spectrum allows choosing an adequate light source to induce the photoreaction. 
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Figure 6. UV-Vis spectra of the different photoswitchable quinolones (8 and 17a dissolved in 

chloroform, 9a and 15 dissolved in methanol, 9b and 17b dissolved in water). All samples were 

prepared in a concentration close to 5E-5M. 
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As shown in figure 6, the absorption varies between the UV and the visible 

region. Compounds 8, 9a and 9b have strong absorption around 300 nm with their 

bands extending to 400 nm. However, compounds 15, 17a and 17b present absorption 

in the visible region, with 17a being the most red-shifted. This difference in the 

absorption range corresponds to the antibiotic part employed in each case. For those 

with a carbon at the 8 position, the absorbance could be found in the ultraviolet 

region. Meanwhile, those whose structure is based on the nalidixic acid, with a 

nitrogen at the 8 position, displayed absorbance in the visible region. Compounds 

with the absorption shifted towards the visible region are favored over the ones 

absorbing only in the UV region, due to better compatibility when working in 

biological applications. Furthermore, compounds soluble in water, like the sodium 

salts derivatives 9b and 17b, are also preferred over those soluble in organic solvents 

for the same reason.  Additional information obtained from this experiment, like the 

absorption maximum or the molar extinction coefficient is collected in table 1.  

Table 1. Maximum absorption and molar extinction coefficient of photoswitchable 
quinolones. 

Compound λmax (nm) ε (M-1cm-1) 

8 263, 314 23800, 10500 

9a 308 21500 

9b 308 17400 

15 364 44500 

17a 391 21800 

17b 381 17100 

Prior to the irradiation process, it is important to know the initial isomer 

obtained after the synthesis, also known as the thermodynamically stable. Once the 

initial isomer is assigned, the isomerization process direction can be established 

either from Z to E or from E to Z, since both of the molecular switches here discussed 

are based in Z/E isomerism. To distinguish what isomer is obtained after the synthesis, 

a two-dimensional magnetic resonance experiment was performed. NOESY data (see 

Appendix A) reported that the isomer found for the phytochrome chromophore in all 

cases was Z with a signal correlating the vinylic proton and the methyl group in the 
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pyrrole. For the hydantoin moiety, no signal was observed so based on the data found 

in the bibliography E isomer was assigned.23 

 

 

Figure 7. Assignation of the thermally stable isomer of the phytochrome chromophore based molecular 

switches. Signaled with the blue arrow are the protons that showed a correlation in the NOESY 

spectrum (see Appendix A). 

With this information, the irradiation of the samples was carried out. Knowing 

the absorption range of the molecules thanks to UV-Vis spectroscopy, two distinct 

light sources were selected. For the molecules absorbing in the UV region, a 125W 

medium-pressure Hg lamp was employed. Additionally, the samples were protected 

with a Pyrex filter to ensure that wavelengths shorter than 290 nm, which may produce 

undesired reactions caused by more energetic transitions, were eliminated. In one 

specific case, a quartz filter was used because shorter wavelengths were considered 

of importance in the isomerization process. For those compounds absorbing in the 

visible region, a white LED lamp was used to irradiate the samples. The emission 

spectra of both light sources can be found in figure 8. Compounds were dissolved at 

0.1M concentration in different deuterated solvents according to their solubility. The 

irradiation process was followed by 1H-NMR during short time intervals which allowed 

to follow the isomerization course until the PSS was reached (see figure 9). The results 

collected for each photoswitch are described in the next paragraphs. 
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Figure 8. Emission spectra for the irradiation sources employed to induce the isomerization process. 

On the left, the emission spectrum of medium-pressure Hg lamp; the use of a Pyrex filter removes the 

shorter wavelengths (λ < 290 nm). On the right, the emission spectrum of a white LED. 

 Compound 8 was dissolved in deuterated chloroform and irradiated with the 

125W medium-pressure Hg lamp since it presented absorption in the UV region. The 

irradiation was carried out employing two different filters: Pyrex and quartz. As can be 

seen in figure 6, this molecule presented two bands, the maximum absorption at 263 

nm and a smaller band at 314 nm. Hence, the quartz filter ensured that the irradiation 

covered both bands, and the Pyrex filter only the band present at 314 nm. As expected, 

the PSS obtained for the Pyrex filter was lower than the one obtained with quartz filter, 

PSSPyrex = 31% photoisomer Z, PSSquartz = 59% photoisomer Z. These results indicate 

that the band at 263 nm participates in the isomerization process.  

 Compound 9a was dissolved in deuterated dimethyl sulfoxide and irradiated 

with the 125W medium-pressure Hg lamp, considering that it mainly absorbed in the 

UV region. Additionally, since this compound presented a small absorption in the 

visible region, a white LED was also employed to induce the photoreaction. Because 

the maximum absorption appeared at 308 nm, a Pyrex filter was selected for the Hg 

lamp and the PSS reached 37% of photoisomer E. For the white LED the PSS reached 

a 25% of E. In a similar way, the sodium salt 9b was dissolved in deuterated water and 

irradiated to give 35% of photoisomer E using the Hg lamp. 

 Compound 15 was dissolved in deuterated methanol and irradiated with the 

white LED because it presented absorption in the visible region. The PSS showed 41% 

of photoisomer E. 

 Finally, compound 17a was dissolved in deuterated chloroform and irradiated 

with the white LED in the visible region reaching a PSS of 50% photoisomer E. The 

sodium salt 17b was dissolved in deuterated water to give a PSS of 40% E. 
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Table 2. Summary of data corresponding to the isomerization process of each 
compound. 

Compound 8 9a 9b 15 17a 17b 

Solvent CDCl3 DMSO-D6 D2O CD3OD CDCl3 D2O 

Initial 
isomer 

E Z Z Z Z Z 

PSS(Z/E) 
59:41[a] 

31:69[b] 

63:37[b] 

75:25[c] 
65:35[b] 59:41[c] 50:50[c] 60:40[c] 

Irradiation 

time (min) 

120[a] 

60[b] 

25[b] 

135[c] 
25[b] 90[c] 20[c] 20[c] 

[a]: Irradiation with 125W medium-pressure Hg lamp using a quartz filter. [b]: 

Irradiation with 125W medium-pressure Hg lamp using a Pyrex filter. [c]: Irradiation 
with white LED. 

 

Figure 9. Irradiation process of 17a followed by 1H-NMR. On the top, 1H-NMR spectrum of the initial 

isomer. On the bottom, 1H-NMR spectrum of PSS, achieved after irradiation with the corresponding light 

source. The photoisomer (blue signals) is obtained in different proportions depending on the 

compound. 
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 After successfully study the isomerization of all the molecular switches 

synthesized, their thermal relaxation was evaluated. Once the PSS has been reached, 

reversion to the initial isomer can be achieved thermally, as the photoisomer is the 

thermally unstable form.  

Table 3. Summary of data corresponding to the thermal relaxation of each compound. 

Compound 8 9a 15 17a 

Temperature 

(°C) 
n/a[a] 110 110 45 

Time (days) n/a[a] 3 3 3 

[a]: Heating at 60 °C did not show signs of reversion, whereas heating at 70 °C resulted 

in the sample decomposition. 

 As can be seen in table 3, thermal relaxation was possible in all cases except for 

compound 8, which decomposed at temperatures higher than 70 °C.  Compounds 9a 

and 15 required harsh conditions to revert to the thermally stable isomer completely. 

Samples were heated at 110 °C for 3 days in DMSO because of the high-temperature 

requirement. Compound 17a was able to revert to the initial isomer under milder 

conditions, 45 °C for 3 days.  

 These data demonstrate the high stability of the photoisomers, as they need 

long periods of heat exposure to achieve thermal relaxation. When thinking in their 

application in a biological context, the photoisomers could be generated in biological 

media and keep their activity for extended intervals. 

 Next, compound 9a was selected to check its photostability. The sample was 

alternately irradiated with UV and visible light to switch between PSSUV (37% E) and 

PSSVis (25% E) for several cycles.  
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Figure 10. Photostability of compound 9a. Cycles performed irradiating alternatively between UV light 

and visible light. The sample was prepared in deuterated DMSO, and isomer E was quantified by 1H-

NMR. 

 Derivative 9a proved to have high stability, and no additional signals of 

byproducts were observed by 1H-NMR. Thus, it can be stated that 9a is extremely 

photostable with no signs of decomposition after several cycles. 

 Finally, to complete the photochemical study, the quantum yield of 9a was 

calculated. This measure relates the number of molecules of photoisomer formed 

with the number of photons absorbed by the molecular switch, resulting in the 

number of photons that effectively participate in the rotation of the C=C double bond 

to induce the photoisomerization. Therefore, this feature gives information about the 

efficiency of the process, so higher quantum yields are desired. 

 =
number of molecules formed of photoisomer

number of photons absorbed by the molecular switch
  

Equation 1. Equation expressing the quantum yield of a photoisomerization process. 

 The quantum yield of 9a was calculated using trans-azobenzene as an 

actinometer, following the procedure described in the bibliography.31 An actinometer 

is a chemical system that undergoes a light-induced reaction, for which the quantum 

yield is known accurately. Trans-azobenzene was selected as a suitable actinometer 

due to its wavelength range between 230-460 nm being compatible with the molecule 

under study. Moreover, trans-azobenzene presents a tabulated F value at 313 nm, 

which is close to the maximum absorption of compound 9a (308 nm). The 
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experimental procedure for the measurements of quantum yield is described in 

section 4.4.3. The calculated value for the quantum yield of 9a was 0.34, which 

confirmed the efficiency of the isomerization process Z → E. 

4.2.4 Antibacterial activity 

In order to test the antibacterial activity of the photoswitchable quinolones, two 

parameters were analyzed: minimal inhibitory concentration (MIC) and minimal 

bactericidal concentration (MBC).  MIC is defined as the lowest concentration of a 

chemical able to prevent visible growth of bacteria. MBC is the lowest concentration 

of a chemical required to kill a particular bacterium. In other words, MIC is associated 

with a bacteriostatic effect, whereas MBC is related to a bactericidal effect. 

 All compounds were tested before and after irradiation. Quinolone sensitive 

Escherichia coli ATCC 25922,32 was incubated with different concentrations either of 

the initial isomer or the PSS. MIC values were determined visually (see figure 12), by 

the presence or absence of turbidity in the well. If the well is clear, it means that the 

compound studied in that concentration has a bacteriostatic effect, inhibiting the 

growth of new bacteria. If the well is turbid, it means the opposite. The results 

obtained for each compound are explained next. 

Table 4. MIC and MBC values of photoswitchable quinolones. 

Compound 8 9a 9b 15 17a 17b 

MIC (g/ml) 
E: 128 

PSS: 128 

Z: 16 

PSS: 64 

Z: 8 

PSS: 16 

Z: - 

PSS: - 

Z: - 

PSS: - 

Z: - 

PSS: - 

MBC (g/ml) 
E: 128 

PSS: 128 

Z: 32 

PSS: 128 

Z: 16 

PSS: 32 

Z: - 

PSS: - 

Z: - 

PSS: - 

Z: - 

PSS: - 

 When performing the antibacterial test, ideally compounds should be soluble 

in water in order to avoid any interference with the cell culture. The use of other 

solvents can have a bactericidal effect in the bacterium under study. Given the lower 

water solubility of compounds 8, 9a, 15, and 17a, different mixtures of methanol and 

water were employed to dissolve them. In order to eliminate any possible mistake in 

the results due to the use of methanol in the sample preparation, additional controls 

were carried out to check the MIC and MBC values of the solvent mixture. Compounds 

9b and 17b did not need any additional control as they were soluble in water. 
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 The molecular switch based on the hydantoin structure 8 did not show any 

difference between the initial isomer E and its PSS (59% Z). Probably because of the 

presence of an ester group instead of an acid in position 3, which have been described 

to have a big role in the activity of quinolones.6 

 Inside the group of derivatives synthesized with a molecular switch based on 

the pyrrole of the phytochrome chromophore, compounds 15, 17a and 17b failed to 

show antibacterial activity. Compound 15 presumably because of the election of the 

position to link the molecular switch. In a similar way as with compound 8, the 

elimination of the acid group in the quinolone structure induced the loss of the 

antibiotic properties. However, compounds 17a and 17b bear the pyrrole in a different 

position, which supposedly should not affect so strongly the antibacterial activity (see 

figure 1). 

 Compounds 9a and 9b proved to have antibacterial activity, and more 

importantly, different values for the PSS and the initial isomer were observed. 

Compound 9a had a four-fold difference in activity (MIC9a-Z isomer = 16 g/ml vs. MIC9a-PSS 

= 64 g/ml). Compound 9b presented a two-fold difference in activity but a lower MIC 

value than 9a which indicates higher activity (MIC9b-Z isomer = 8 g/ml vs. MIC9b-PSS = 16 

g/ml). A similar result was observed for the MBC with 9a and 9b showing a four-fold 

and a two-fold difference in activity respectively (MBC9a-Z isomer = 32 g/ml vs. MBC9a-PSS 

= 128 g/ml, MBC9b-Z isomer = 16 g/ml vs. MBC9b-PSS = 32 g/ml). These results are in 

agreement with the ones obtained for the MIC. It should be mentioned that this 

difference in activity was achieved despite the PSS having a low proportion of 

photoisomer, 37% and 35% for 9a and 9b respectively. A higher percentage of 

photoisomer could imply a bigger difference in the activity. Additionally, MIC for 

nalidixic acid was measured, obtaining a value of 2 g/ml, which is close to the values 

obtained for compound 9b-Z isomer. In figure 11, a comparative between the MIC of 

nalidixic acid and the compounds showing better results can be seen. 
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Figure 11. Graphic comparing MIC on E. coli ATCC 25922 of nalidixic acid, a commercial antibiotic, vs. 

the compounds showing better results (9a and 9b). In dark red is represented the thermodynamically 

stable isomer, Z. In light red, the MIC value of the PSS, 37-35% E isomer. 

 

Figure 12. Growth inhibition of Escherichia coli ATCC 25922 against compound 9b in its initial isomer Z 

(top row) and its PSS (bottom row). – indicates the growth inhibition of bacteria in the well, + indicates 

the growth of bacteria in the well. MIC values are depicted with a red circle. 

4.3 Conclusions 

In this chapter, a series of photoswitchable quinolones have been presented. The 

synthetic procedure has been designed to allow the incorporation of different 

molecular switches in two positions of the antibiotic. Two approaches have been 

followed to design the antibiotic part. In the first one, this part has been synthesized 

from scratch, obtaining after 4 steps a quinolone-based unit with an aldehyde group 

at the 7 position that can be used to link via condensation diverse molecular switches. 

The second approach employs commercially available nalidixic acid, whose structure 

has been modified to incorporate an aldehyde group either at position 3, in a one-step 

route, or at position 7, in 3 steps. After successfully synthesizing six derivatives, their 

photochemical properties have been evaluated. The irradiation of the 

photoswitchable quinolones has been carried out either with visible light or with UV 
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light giving results of 35-59% photoisomer formed. Besides, reversion to the initial 

isomer by thermal relaxation has been possible in all cases except one. For one of the 

compounds, additional measurements have been performed, like photostability and 

quantum yield studies that have proved the good performance of the molecular 

switch. Finally, the antibacterial activity of the derivatives has been studied. Two of 

the six compounds have been found to change their activity upon irradiation with 

visible light. In both cases, the initial isomer presented a higher activity than the PSS. 

Moreover, one of them presents high water solubility, a property of great importance 

when working with bioactive molecules. This work presents an alternative to 

azobenzenes in the photocontrol of antibiotic activity. The prospect to create systems 

that can be turned on/off upon light irradiation to change the antibiotic activity can 

be a future solution to the problem of antibiotic resistance or adverse effects. 

4.4 Experimental section 

4.4.1 Thermal relaxation studies 

All compounds were dissolved in deuterated solvents to obtain a concentration of 

0.1M. The solvents selected for this study were according to the temperature used to 

induce the reversion process. Then, irradiation of the samples was carried out with the 

corresponding light source in each case to obtain the PSS. Finally, reversion to the 

thermodynamically stable isomer was completed by heating the samples. This 

process was followed by 1H-NMR until the signals of the photoisomer wholly 

disappeared.  

4.4.2 Photostability study 

Compound 9a was dissolved in DMSO-D6 to obtain a concentration of 0.1M. The 

sample was irradiated alternatively using a 125W medium-pressure Hg lamp (UV light) 

with a Pyrex filter and a white LED (visible light). When irradiated with UV light, a PSS 

of 37% E isomer was obtained, whereas irradiation with visible light allowed the 

reversion up to 25% of E isomer. The irradiation procedure was followed by 1H-NMR, 

which made possible the quantification of each isomer. 

4.4.3 Quantum yield 

To measure the quantum yield of compound 9a trans-azobenzene was used as an 

actinometer. The actinometer allowed calculating the number of photons absorbed 

by the sample using the following equation. 
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Ep mol of photons·cm−2 · s−1 =
F (𝜆) 𝑥  ΔA(358 nm)

t 
 

Equation 2. Equation expressing the number of photons absorbed by the sample. 

Where ΔA refers to the change in the absorbance at 358 nm of the trans-

azobenzene solution when irradiating at 313 nm, and t is the irradiation time 

responsible for that change. The F factor depends on the wavelength, and it is 

tabulated for different values in the literature. For this specific case at 313 nm, F has a 

value of 5.3E-6 einstein·cm-2. The wavelength of irradiation was selected to have the 

maximum absorption of compound 9a for an F value present in the bibliography.  

 First, a solution of trans-azobenzene in methanol was prepared so that its 

absorbance at 358 nm was close to one. This consideration is important to avoid 

experimental errors since the values of trans-azobenzene quantum yields are 

measured and tabulated for an absorbance close to one at 358 nm. Next, this solution 

was irradiated in a quartz cuvette at 313 nm using monochromatic light. The 

irradiation should induce a change in the absorbance at 358 nm close to 0.02. With the 

data obtained from this measurement, the number of photons absorbed by the 

sample can be calculated using equation 2. 

 Then, a solution of 9a in DMSO was prepared by adjusting the value of 

absorbance at 313 nm to the one displayed by the actinometer. The solution was 

irradiated at 313 nm for a period in which the conversion from Z to E was lower than 

20% to avoid absorption by the photoisomer, which would lead to experimental error. 

This change was quantified by 1H-NMR and allowed to determine the number of 

molecules formed of photoisomer to calculate the quantum yield by using equation 1 

(see section 4.2.3). 

4.4.4 Antibacterial activity 

All compounds were dissolved in mixtures of methanol/water or directly in water to 

prepare the stock solution. Serial two-fold dilutions of the stock solution were made 

in a range of concentrations from 1024 to 1 g/ml.  

MIC was determined by the conventional microdilution method in cation 

adjusted Mueller-Hinton broth (Becton Dickinson).33 Escherichia coli ATCC 25922 strain 

was cultured in Brain-Heart Infusion agar (Becton Dickinson) for 24 hours at 37 °C.  

Overnight colonies were used to prepare an inoculum adjusted to the turbidity of a 0.5 

McFarland in sterile saline (equivalent to 1 x 108 CFU/ml). This suspension was diluted 

in cation adjusted Mueller-Hinton broth to give a final organism density of 5 x 105 
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CFU/ml and exposed to serial twofold dilutions of each compound tested (1-1024 

g/ml) with a final volume of 0.1 ml in a 96 well microdilution tray. The MIC value was 

the lowest concentration of compound where no visible growth was apparent after 

20-24 hours of incubation at 37 °C. Untreated samples were included as positive 

controls of the bacterial growth. Each assay was carried out four times.  

 MBC was calculated by inoculating in Brain-Heart Infusion agar plates 10 µl of 

treated cultures without visible growth in MIC assays. The total number of colonies 

was counted after incubation for 24 hours at 37 °C determining the number of CFU/ml. 

The MBC value was the lowest concentration of compound able to kill ≥ 99.9% of the 

initial bacterial inoculum (5 x 105 CFU/ml). Each assay was carried out four times. 

4.4.5 Synthesis 

4.4.5.1 General information 

For details about general experimental information, see Appendix, section A. 

4.4.5.2 Synthetic procedure 

Diethyl 2-(((3-(1,3-dioxolan-2 yl)phenyl)amino)methylene)malonate (2):  

 

A mixture of acetal 1 (12.1 mmol, 2.0 g) and diethyl ethoxymethylenemalonate (12.1 

mmol, 2.6 g) was stirred for 1 hour at 80 °C. During this time, a light argon flow was 

introduced to the reaction mixture to remove the ethanol formed. Next, the reaction 

mixture was dissolved in DCM (50 ml) and washed with 1M HCl (50 ml) and brine (50 

ml). The organic layer was dried with anhydrous MgSO4, filtered, and the solvent was 

evaporated in vacuo to obtain 3.7 g (92%) of orange oil. 
1H-NMR (300 MHz, CDCl3): δ 11.07 (d, J = 13.7 Hz, 1H), 8.54 (d, J = 13.7 Hz, 1H), 7.37 (t, J 

= 7.8 Hz, 1H), 7.29–7.22 (m, 2H), 7.16–7.10 (m, 1H), 5.79 (s, 1H), 4.35-4.21 (m, 4H), 4.13-

4.02 (m, 4H), 1.38 (t, J = 7.0 Hz, 3H), 1.33 (t, J = 7.0 Hz, 3H). 
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Ethyl 7-(1,3-dioxolan-2-yl)-4-oxo-1,4-dihydroquinoline-3-carboxylate (3): 

 

A solution of 2 (5.3 mmol, 1.8 g) in diphenyl ether (10 ml) was added dropwise to a 

solution of boiling diphenyl ether (50 ml). After heating at 270 °C for 1 hour, the mixture 

was allowed to reach room temperature, and hexane (200 ml) was added. The 

resulting solid was filtered to give 1.1 g (76%) of a brown solid. 
1H-NMR (300 MHz, DMSO-D6): δ 8.57 (s, 1H), 8.17 (d, J = 7.8 Hz, 1H), 7.68 (s, 1H), 7.45 (d, 

J = 7.8 Hz, 1H), 5.89 (s, 1H), 4.29 – 4.15 (m, 2H), 4.10 – 3.94 (m, 4H), 1.27 (t, J = 6.8 Hz, 

3H). 

 

Ethyl 7-(1,3-dioxolan-2-yl)-1-methyl-4-oxo-1,4-dihydroquinoline-3-carboxylate 

(4):  

 

To a solution of 3 (1.6 mmol, 1.5 g) in DMF (10 ml) was added potassium carbonate (4.8 

mmol, 0.7 g) and methyl iodide (16 mmol, 2.2 g). The resulting mixture was stirred at 

room temperature overnight. After that time, DMF was removed in vacuo. The solid 

obtained was dissolved in DCM (50 ml) and washed with H2O (100 ml). The organic 

layer was dried with anhydrous MgSO4, filtered, and the solvent was evaporated in 

vacuo to obtain 0.4 g (90%) of a brown solid. 
1H-NMR (300 MHz, CDCl3): δ 8.53 (d, J = 8.6 Hz, 1H), 8.48 (s, 1H), 7.57-7.51 (m, 2H), 5.93 

(s, 1H), 4.39 (q, J = 7.1 Hz, 2H), 4.16-4.07 (m, 4H), 3.89 (s, 3H), 1.41 (t, J = 7.1 Hz, 3H). 
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Ethyl 7-formyl-1-methyl-4-oxo-1,4-dihydroquinoline-3-carboxylate (5): 

 

A solution of 4 (0.9 mmol, 0.26 g) in 80% acetic acid (30 ml) was stirred at 70 °C for 1 

hour. Next, the solvent was removed in vacuo, and 0.21 g (90%) of a brown solid was 

obtained. 
1H-NMR (300 MHz, CDCl3): δ 10.18 (s, 1Η), 8.69 (d, J = 8.1 Hz, 1H), 8.57 (s, 1H), 7.98 (d, J 

= 1.2 Hz, 1Η), 7.91 (d, J= 8.1 Hz, 1Η), 4.39 (q, J = 7.1 Hz, 2Η), 3.97 (s, 3Η), 1.41 (t, J = 7.1 

Hz, 3Η). 

 

4,5-dihydroxy-1,3-dimethylimidazolidin-2-one (6):  

 

Triethylamine was added dropwise over glyoxal (44 mmol 2.5 g)until pH = 9, keeping 

the temperature between 25-35 °C. Next, a solution of dimethylurea (44 mmol, 3.8 g) 

in water (4 ml) was added to the solution. The mixture was stirred for 16 hours at room 

temperature. After that time, the solvent was removed in vacuo to give 6.1 g (96%) of 

a colorless oil. The oil was used in subsequent steps without further purification. 

 

1,3-dimethylimidazolidine-2,4-dione (7):  

 

A mixture of 6 (42 mmol, 6.1 g) and sulfuric acid (42 mmol, 1.1 g) was stirred for 6 hours 

between 95-100 °C. After that time, the reaction was cooled in an ice bath and 

neutralized with saturated aqueous sodium bicarbonate. The crude was extracted 4 

times with EtOAc (50 ml). The combined organic layers were washed with brine (50 ml) 

twice and dried over anhydrous MgSO4. The solvent was evaporated in vacuo to obtain 

1.8 g (33%) of a white solid. 
1H-NMR (300 MHz, DMSO-D6): δ 3.76 (s, 2H), 2.71 (s, 6H). 
1H-NMR spectrum in agreement with published data.34 
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Ethyl-7-((1,3-dimethyl-2,5-dioxoimidazolidin-4-ylidene)methyl)-1-methyl-4-

oxo-1,4-dihydroquinoline-3-carboxy late (8):  

 

A mixture of aldehyde 5 (0.6 mmol, 0.15 g), ammonium acetate (0.1 mmol, 8 mg), and 

hydantoin 7 (0.6 mmol, 0.08 g) in acetic acid (5 ml) was stirred at 120 °C for 16 hours. 

After that time, the solvent was evaporated in vacuo. The residue was purified by 

column chromathography (EtOAc:MeOH 10:0.1), to give 0.11 g (50%) of a yellow solid.  
1H-NMR (400 MHz, CDCl3): δ 8.67 (d, J = 7.8 Hz, 1H), 8.54 (s, 1H), 7.98 (d, J = 1.1 Hz, 1H), 

7.92 (dd, J = 7.9, 1.2 Hz, 1H), 4.40 (q, J = 7.1 Hz, 2H), 3.98 (s, 3H), 2.97 (s, 6H), 1.42 (t, J = 

7.1 Hz, 3H). 
13C-NMR (100 MHz, CDCl3): δ 173.8, 172.7, 170.0, 165.3, 157.2, 150.7, 140.1, 138.8, 132.5, 

129.2, 125.8, 116.9, 111.9, 61.1, 51.9, 41.6, 29.8, 25.0, 14.5. 

HR-MS (ESI, [M+H]+): Calcd. for C19H19N3O5 + H: 370.1397; Found: 370.1394 

 

7-((4-ethyl-3-methyl-5-oxo-1,5-dihydro-2H-pyrrol-2-ylidene)methyl)-1-methyl-

4-oxo-1,4-dihydroquinoline-3-carboxylic acid (9a):  

 

A mixture of aldehyde 5 (1.2 mmol, 0.3 g), 3-ethyl-4-methyl-1,5-dihydro-pyrrol-2-one 

(2.3 mmol, 0.3 g) and potassium hydroxide (4.6 mmol, 0.26 g) in water (1 ml), was 

dissolved in DMSO (2 ml) and stirred at 60 °C under argon atmosphere for 12 hours. 

The reaction mixture was then poured into water and neutralized with 37% HCl to 

allow the precipitation of the product. The solid was filtered to obtain 0.16 g (50%) of 

an orange solid. 
1H-NMR (400 MHz, DMSO-D6): δ 15.30 (s, 1H), 10.28 (s, 1H), 9.04 (s, 1H), 8.31 (d, J = 8.4 

Hz, 1H), 7.91 (s, 1H), 7.80 (d, J = 8.5 Hz, 1H), 6.41 (s, 1H), 4.16 (s, 3H), 2.31 (q, J = 7.2 Hz, 

2H), 2.14 (s, 3H), 1.04 (t, J = 7.5 Hz, 3H). 
13C-NMR (100 MHz, DMSO-D6): δ 177.2, 172.9, 166.1, 150.3, 141.7, 140.7, 140.7, 140.5, 

133.9, 127.0, 125.7, 123.5, 117.9, 107.4, 105.9, 41.6, 16.3, 13.2, 9.4. 

HR-MS (ESI, [M-H]-): Calcd. for C19H18N2O4 - H: 337.1194; Found: 337.1198 

 



Reversible Control of Quinolone Derivatives 
 

93 
 

Sodium 7-((4-ethyl-3-methyl-5-oxo-1,5-dihydro-2H-pyrrol-2-ylidene)methyl)-1-

methyl-4-oxo-1,4-dihydroquinoline-3-carboxylate (9b): 

 

Compound 9a (0.15 mmol, 0.05g) was dissolved in a solution containing sodium 

hydroxide (0.15 mmol, 6 mg) in water (1 ml). The solvent was removed in vacuo to 

obtain 54 mg (100%) of the sodium salt as an orange solid. 
1H-NMR (400 MHz, D2O): δ 8.20 (s, 1H), 8.00 (d, J = 8.5 Hz, 1H), 7.35 (d, J = 8.5 Hz, 1H), 

7.31 (s, 1H), 5.68 (s, 1H), 3.66 (s, 3H), 2.02 (q, J = 7.4 Hz, 2H), 1.72 (s, 3H), 0.86 (t, J = 7.4 

Hz, 3H). 
13C-NMR (100 MHz, D2O): δ 177.2, 176.6, 172.6, 149.5, 144.1, 140.9, 140.2, 139.6, 133.9, 

126.7, 126.2, 125.1, 117.8, 117.7, 109.9, 41.6, 16.9, 13.3, 9.4. 

HR-MS (ESI, [M+H]+): Calcd. for C19H17N2NaO4: 361.1159; Found: 361.1157 

 

Tert-butyl 2-tosylhydrazine-1-carboxylate (10):30  

 

tert-butyl carbazate (7.5 mmol, 1 g) was dissolved in DMF (10 ml) at 0 °C and potassium 

carbonate (8.3 mmol, 1.2 g), and p-toluenesulfonyl chloride (7.5 mmol, 1.4 g) were 

added in three portions. The mixture was allowed to reach room temperature and 

subsequently was stirred for 1 hour. After that time, the reaction mixture was diluted 

with EtOAc (5 ml), quenched with saturated aqueous ammonium chloride (5 ml) and 

partitioned between EtOAc and H2O. The aqueous layer was extracted with EtOAc (40 

ml) twice, and the combined organic layers were washed with brine (40 ml) twice and 

dried with anhydrous MgSO4. The solvent was evaporated in vacuo, and the residue 

was purified by flash column chromatography (Hexane:EtOAc 5:1) to obtain 1.2 g 

(55%) of a white solid. 
1H-NMR (400 MHz, CDCl3): δ 7.81 (d, J = 8.2 Hz, 2H), 7.31 (d, J = 8.2 Hz, 2H), 6.50 (brs, 2H), 

2,42 (s, 3H), 1.24 (s, 9H). 
1H-NMR spectrum in agreement with published data.30 
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Tert-butyl 2-(1-ethyl-7-methyl-4-oxo-1,4-dihydro-1,8-naphthyridine-3-carbonyl) 

-2-tosylhydrazine-1-carboxylate (12):30 

 

A mixture of nalidixic acid 11 (5.1 mmol, 1.2 g), TBTU (5.7 mmol, 1.8 g), DMAP (0.9 

mmol, 0.1 g), DIPEA (7.0 mmol, 0.9 g), and hydrazine 10 (4.7 mmol, 1.3 g) were 

dissolved in DCM and stirred at room temperature for 2 hours. After that time, the 

reaction was quenched with saturated aqueous ammonium chloride (15 ml) and 

partitioned between EtOAc and H2O. The aqueous layer was extracted with EtOAc (50 

ml) twice, and the combined organic layers were washed with brine (50 ml) twice. The 

organic layer was dried over anhydrous MgSO4, filtered and the solvent was removed 

in vacuo. The residue was purified by flash column chromatography (Hexane: EtOAc 

9:1 to 6:4) to result in 1.4 g (60%) of a white solid. 
1H-NMR (400 MHz, CDCl3): δ 8.62 (d, J = 8.3 Hz, 1H), 8.47 (s, 1H), 8.21 (s, 1H), 8.06 (d, J = 

8.2 Hz, 2H), 7.33 (d, J = 8.3 Hz, 2H), 7.29 (d, J = 8.2 Hz, 1H), 4.49 (qd, J = 13.3, 7.3 Hz, 1H), 

4.35 (qd, J = 13.3, 7.3 Hz, 1H), 2.68 (s, 3H), 2.43 (s, 3H), 1.40 (t, J = 7.3 Hz, 3H), 1.18 (s, 

9H).  
1H-NMR spectrum in agreement with published data.30 

 

N-(1-ethyl-7-methyl-4-oxo-1,4-dihydro-1,8-naphthyridine-3-carbonyl)-4-

methylbenzenesulfonohydrazide (13):30 

 

Compound 12 (2.8 mmol, 1.4 g) was dissolved in a mixture of 1:1 TFA:DCM and stirred 

at room temperature for 2 hours. After that time, the reaction was neutralized with 

saturated aqueous potassium carbonate to allow the precipitation of the product. The 

solid was filtered to give 1.0 g (94%) of a yellow solid. 
1H-NMR (400 MHz, CDCl3): δ 8.55 (d, J = 7.8 Hz, 1H), 8.12 (s, 1H), 8.00 (d, J = 8.2 Hz, 2H), 

7.34 (d, J = 8.2 Hz, 2H), 7.24 (d, J = 8.2 Hz, 1H), 4.91 (brs, 2H), 4.45 (q, J = 7.3 Hz, 2H), 2.66 

(s, 3H), 2.42 (s, 3H), 1.45 (t, J = 8.2 Hz, 3H). 
1H-NMR spectrum in agreement with published data.30 
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1-ethyl-7-methyl-4-oxo-1,4-dihydro-1,8-naphthyridine-3-carbaldehyde (14):30  

 

A mixture of 13  (1 mmol, 0.4 g) and TMS-imidazole (3 mmol, 0.4 g) in toluene (2 ml) 

was stirred at room temperature for 5 minutes. After that time, imidazole (2 mmol, 

0.14 g) was added, and the reaction was stirred at 55 °C for 20 hours. Next, 1M citric 

acid (20 ml) was added, and the reaction was stirred for an additional 2 hours. The 

resulting mixture was partitioned between EtOAc (20 ml) and saturated sodium 

bicarbonate (25 ml). The aqueous layer was extracted with EtOAc twice. The combined 

organic layers were washed with brine (50 ml) and dried over anhydrous MgSO4. The 

solvent was removed in vacuo, and the resulting residue was purified by flash column 

chromatography (Hexane:EtOAc 1:1) to give 0.11 g (53%) of a white powder. 
1H-NMR (400 MHz, CDCl3): δ 10.4 (s, 1H), 8.65 (d, J = 8.2 Hz, 1H), 8.45 (s, 1H), 7.29 (d, J = 

8.2 Hz, 1H), 4.50 (q, J = 6.9 Hz, 2H), 2.69 (s, 3H), 1.51 (t, J = 6.9 Hz, 3H) 
1H-NMR spectrum in agreement with published data.30 

 

1-ethyl-3-((4-ethyl-3-methyl-5-oxo-1,5-dihydro-2H-pyrrol-2-ylidene)methyl)-7-

methyl-1,8-naphthyridin-4(1H)-one (15):  

 

A mixture of aldehyde 14 (0.5 mmol, 0.1 g), 3-ethyl-4-methyl-1,5-dihydro-pyrrol-2-one 

(1 mmol, 0.12 g) and potassium hydroxide (2 mmol, 0.11 g) in water (1 ml), was 

dissolved in DMSO (2 ml) and stirred at 60 °C under argon atmosphere for 12 hours.The 

reaction mixture was then poured into water and neutralized with 37% HCl to allow 

the precipitation of the product. The solid was filtered to obtain 0.15 g (94%) of a 

yellow solid. 
1H-NMR (400 MHz, CD3OD): δ 8.58 (d, J = 8.2 Hz, 1H), 8.41 (s, 1H), 7.36 (d, J = 8.2 Hz, 1H), 

6.04 (s, 1H), 4.57 (q, J = 7.1 Hz, 2H), 2.68 (s, 3H), 2.37 (q, J = 7.5 Hz, 2H), 2.14 (s, 3H), 1.49 

(t, J = 7.1 Hz, 3H), 1.10 (t, J = 7.5 Hz, 3H). 
13C-NMR (100 MHz, CD3OD): δ 177.2, 172.9, 164.8, 149.1, 148.7, 142.3, 138.2, 137.3, 134.8, 

122.1, 120.3, 129.2, 106.7, 47.5, 25.2, 17.7, 15.4, 13.8, 9.6. 

HR-MS (ESI, [M+H]+): Calcd. for C19H21N3O2 + H: 324.1707; Found: 324.1699 
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1-ethyl-7-formyl-4-oxo-1,4-dihydro-1,8-naphthyridine-3-carboxylic acid (16):  

 

A mixture of nalidixic acid 11 (1.8 mmol, 0.4 g) and selenium dioxide (2.6 mmol, 0.30 g) 

was dissolved in DMSO (3 ml) and stirred at 175 °C during 1 hour. After that time, the 

solvent was evaporated in vacuo. The solid obtained was dissolved in hot CHCl3 and 

filtered. The filtrate was washed twice with water (50 ml), and the organic layer was 

dried over anhydrous MgSO4. The solvent was removed in vacuo, and the resulting 

solid was purified by column chromatography (DCM:Hexane:EtOH:AcOH 3:2:0.4:0.1) to 

give 0.1 g (23%) of a dark green solid. 
1H-NMR (300 MHz, CDCl3): δ 10.11 (s, 1Η), 9.37 (s, 1H), 8.96 (dd, J = 8.1, 0.8 Hz, 1H), 8.13 

(d, J = 8.1 Hz, 1Η), 4.74 (q, J = 7.1 Hz, 2Η), 1.48 (t, J = 7.1 Hz, 3Η). 

 

1-ethyl-7-((4-ethyl-3-methyl-5-oxo-1,5-dihydro-2H-pyrrol-2-ylidene)methyl)-4-

oxo-1,4-dihydro-1,8-naphthyridine-3-carboxylic acid (17a):  

 

A mixture of aldehyde 16 (0.4 mmol, 0.1 g), 3-ethyl-4-methyl-1,5-dihydro-pyrrol-2-one 

(0.8 mmol, 0.1 g) and potassium hydroxide (1.6 mmol, 0.09 g) in water (1 ml), was 

dissolved in DMSO (2 ml) and stirred at 60 °C under argon atmosphere for 12 hours.The 

reaction mixture was then poured into water and neutralized with 37% HCl to allow 

the precipitation of the product. The solid was filtered to obtain 0.07 g (50%) of a 

yellow solid. 
1H-NMR (400 MHz, CDCl3): δ 14.51 (s, 1H), 9.64 (s, 1H), 8.91 (s, 1H),  8.75 (d, J = 7.9 Hz, 

1H), 7.45 (d, J = 8.4 Hz, 1H), 6.06 (s, 1H), 4.57 (q, J = 6.7 Hz, 2H), 2.44 (q, J = 7.6 Hz, 2H), 

2.16 (s, 3H), 1.70 (t, J = 6.8 Hz, 3H), 1.17 (t, J = 7.5 Hz, 3H). 
13C-NMR (100 MHz, CDCl3): δ 178.3, 171.9, 166.4, 160.1, 149.2, 148.8, 146.6, 140.9, 137.1, 

136.9, 123.5, 119.1, 110.4, 101.7, 48.8, 17.2, 14.8, 13.3, 9.7. 

HR-MS (ESI, [M+H]+): Calcd. for C19H19N3O4 + H: 354.1448; Found: 354.1452 
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Sodium -1-ethyl-7-((4-ethyl-3-methyl-5-oxo-1,5-dihydro-2H-pyrrol-2-ylidene) 

methyl)-4-oxo-1,4-dihydro-1,8-naphthyridine-3-carboxylate (17b):  

 

Compound 17a (0.14 mmol, 0.05g) was dissolved in a solution containing sodium 

hydroxide (0.14 mmol, 5.5 mg) in water (1 ml). The solvent was removed in vacuo to 

obtain 52 mg (100%) of the sodium salt as an orange solid. 
1H-NMR (300 MHz, D2O): δ 8.20 (s, 1H),  7.87 (d, J = 8.0 Hz, 1H), 6.64 (d, J = 8.2 Hz, 1H), 

5.17 (s, 1H), 3.61 (m, 2H), 1.82 (m, 2H), 1.41 (s, 3H), 0.96 (t, J = 6.3 Hz, 3H), 0.72 (t, J = 6.9 

Hz, 3H). 
13C-NMR (100 MHz, D2O): δ 176.5, 173.4, 171.4, 157.1, 148.4, 148.0, 142.9, 142.9, 136.9, 

135.4, 123.3, 120.5, 118.7, 104.9, 47.3, 16.8, 13.7, 13.0, 9.1. 

HR-MS (ESI, [M+H]+): Calcd. for C19H18N3NaO4 +H : 376.1268; Found: 376.1269 
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5.1 Introduction 

The controlled release of a drug in a specific target is another strategy currently used 

to avoid many of the problems that conventional drugs present. The irreversible 

control of a drug can be achieved by covalently attaching a protective group in the 

structure of the pharmaceutical agent. This group should be linked in a position that 

cancels the activity of the drug. Initially, the inactive form will be obtained, which upon 

release of the protective group will result in the active form. Moreover, if the control 

wants to be induced by using light as a stimulus, the protective group should be 

photoresponsive, meaning that when it is irradiated with the adequate wavelength, 

the release reaction is produced. This reaction can only take place in one direction, as 

opposed to the reversible systems explained in chapter 4. Once the pharmaceutical 

agent is released, the inactive form can no longer be obtained, which makes this 

process irreversible. The use of the caging strategy presents an alternative to the 

irreversible control of drugs seen in the previous chapter. 

 In this chapter, the irreversible control of quinolone derivatives will be studied, 

from the design of the molecules to the synthesis and study of their photochemical 

properties. Two components form this irreversible system, an antibiotic part, and a 

photoreleasable protective group. By combining both, it is expected to create a 

system whose antibacterial properties could be optically controlled in a non-

reversible way. 

5.1.1  Oxime esters 

Oxime esters are present in many bioactive compounds with a range of activities like 

antibacterial,1-2 antifungal,3 anti-inflammatory,4 and cytotoxic.5-6 Oximes can be easily 

made by the treatment of an aldehyde or ketone of choice with hydroxylamine 

hydrochloride and a base. Subsequently, transformation into the oxime ester can be 

achieved in a one-step reaction of the oxime with an acyl halide or anhydride.7 Besides 

their simple synthesis, oxime esters can be made in large scales and stored for a long 

time under adequate conditions. These compounds have many uses in organic 

synthesis as they can be transformed among others in amines,8-9 amides,10-11 and 

heteroaromatic systems.12-13 Furthermore, they are relevant starting materials in the 

preparation of photosensitive compositions.14 

The primary photochemical process of oxime esters is a homolytic scission of 

the weak N-O bond. This fragmentation results in an iminyl radical and an oxygen-

centered radical. In addition, a second process of isomerization of the N=C double 
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bond can be photoinduced, resulting in two isomers Z and E. These two processes can 

compete with each other. 

 

Figure 1. Possible reaction pathways of oxime esters upon light irradiation. On the left, the N=C double 

bond can undergo Z/E isomerization. On the right, the N-O bond can be cleaved, generating two 

radicals. 

In order to cleave the N-O bond, it is necessary to irradiate with UV light, since 

these molecules present strong absorption in the 250-350 nm range. The dissociation 

of the bond is a homolytic fission that produces two fragments with one of the 

originally bonded electrons. Apart from the isomerization, no additional 

fragmentation processes compete under normal conditions.  

The scission of the N-O bond results in two radicals, which in turn, can follow 

different pathways. The iminyl radical can terminate by bimolecular combination to 

give the corresponding hydrazine.15 Besides, it can undergo dissociation, resulting in 

the analogous nitrile and the release of a C-centered radical by β-scission.15 The iminyl 

radical can also abstract hydrogen atoms to obtain imines.16 Finally, if the iminyl 

radical has an alkenyl side chain, it can go through cyclization with the formation of 

pyrrolomethyl type radicals.17 
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Figure 2. Photoinduced pathways for the iminyl radical: a) bimolecular combination, b) dissociation, c) 

H-atom abstraction, d) cyclization. 

 Regarding the oxygen-centered radical, also known as acyloxyl radical, the 

most common reaction is a decarboxylation process followed by the release of a C-

centered radical.18-19 However, if the lifetime of the radical is sufficient, it can 

participate in other processes like abstraction, addition or cyclization.20-22  

 Oxime esters have been used in biological applications as protective groups for 

drug delivery. The bioactive molecule can be caged by the formation of the N-O bond 

with an oxime, which later, can be released upon application of the adequate 

stimulus. Among these stimuli are pH23 and light irradiation.5, 24 More specifically, their 

use as photoprotective groups has been directed towards DNA cleavage and DNA 

binding due to their ability to act as metal-free DNA photocleavers. The homolysis of 

the N-O bond generates acyloxyl radicals able to attack DNA.20  

5.2 Results 

5.2.1 Design of photoreleasable antibiotics using oxime esters 

The design of our photoreleasable antibiotics can be described as a combination of 

two parts: a quinolone antibiotic and an oxime. Based on our previous studies about 

quinolone derivatives (see chapter 4), we realized that upon modification of the acid 

group at position 3, the antibacterial properties of the molecule were severely affected 

to the point of deactivation of the antibiotic. Having these results in mind, we 

conceived that the incorporation of a photoreleasable group in that position would 
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have a similar effect to the one previously reported, blocking the antibacterial 

properties. Hence, the release of the quinolone would afford spatial and temporal 

control over the antibiotic activity. Moreover, the acid group at position 3 can be easily 

transformed into an oxime ester in a few steps. In order to carry out this study, we 

chose ciprofloxacin, a broad-spectrum quinolone, as the antibiotic part. As to the 

photoreleasable group, several oximes were designed with the purpose of achieving a 

bathochromic shift in the absorption spectra. This shift would imply the use of longer 

wavelengths to induce the release, which, in turn, would make the process compatible 

with biological applications. By combining both parts, ciprofloxacin and the 

corresponding oxime, the acid group of ciprofloxacin can be converted into an oxime 

ester. It was expected that upon irradiation, the release reaction would take place to 

give the iminyl and acyloxyl radicals and generating subsequently, the molecule of 

ciprofloxacin. Thus, creating an irreversible system that would allow the optical 

control of the selected quinolone.  

 

Figure 3. Irreversible control of ciprofloxacin derivatives. On the left, structure of ciprofloxacin a 

second-generation quinolone antibiotic. Position 3 is highlighted in green. On the right, general motif 

of oxime esters of Boc-ciprofloxacin. The oxime ester is generated at position 3. 

5.2.2 Synthesis 

The synthesis of oxime esters can be separated into two routes. First, the oxime part 

was made either through procedure A or B described in scheme 1. 

 

 

 

 

 

 

 



Irreversible Control of Quinolone Derivatives Using Oxime Esters 
 

107 
 

Scheme 1 

 

 Both procedures involve the condensation of a ketone with hydroxylamine. In 

procedure A, the base employed was sodium acetate with ethanol as a solvent, 

whereas procedure B used pyridine as base and solvent, which allowed higher 

temperature conditions. 

Once the oximes were synthesized, the oxime esters can be easily generated 

following the procedure described in scheme 2. 

Scheme 2 
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 The route started by protecting the secondary amine group in the piperazine 

unit of ciprofloxacin with a Boc group, to avoid possible side reactions of the amine in 

the next steps. Then, acyl chloride 6 was synthesized from carboxylic acid 5 using 

oxalyl chloride with DMF as a catalyst. Finally, the acyl chloride 6 combined with an 

oxime (1-4) gave the corresponding oxime ester (7-10). 

5.2.3 Photochemical properties 

After successfully synthesizing several oxime esters of ciprofloxacin, a study to 

evaluate their photochemical properties was performed. This study provided 

information about the requirements of the photocleavable group to carry out the 

release reaction. Besides, some interesting features were observed and will be 

discussed in the next paragraphs.  

With the purpose of knowing the range of absorption of these compounds, UV-

Vis spectroscopy was employed to record the absorption spectrum of all of them. The 

samples were prepared in concentrations close to 5E-5M, and all of them were 

dissolved in dichloromethane. The information provided by the UV-Vis spectra 

allowed to choose a suitable light source to carry out the irradiation of the samples 

and induce the release reaction.  
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Figure 4. UV-Vis spectra of the different oxime esters of Boc-ciprofloxacin. All compounds (7-10) 

dissolved in DCM in a concentration close to 5E-5M. 

As shown in figure 4, all oxime esters presented a similar absorption centered 

in the UV region. Compounds 7 and 9 corresponding to the benzophenone and 2-
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aminobenzophenone oximes presented the maximum absorption at slightly longer 

wavelengths (290 nm) compared with the other two structures (259 and 274 nm for 8 

and 10 respectively). Unfortunately, neither of the molecules displayed absorption in 

the visible region, and the most extended band barely reached 375 nm for the oxime 

of tetraphenylcyclopentadienone 10. The information obtained in this experiment, 

such as the absorption maximum or the molar extinction coefficient, is collected in 

table 1. 

Table 1. Maximum absorption and molar extinction coefficient of the oxime esters of 
Boc-ciprofloxacin. 

Compound λmax (nm) ε (M-1cm-1) 

7 290  38300 

8 259 42300 

9 290 38200 

10 274 34200 

  

After considering these results, two types of light sources emitting in the UV 

region were selected to carry out the irradiation of the samples: a 125W medium-

pressure Hg lamp and a photoreactor provided with UVA lamps. When the Hg lamp 

was used, samples were protected with a Pyrex filter to avoid radiation at wavelengths 

shorter than 290 nm. Even though all of the compounds presented absorption under 

290 nm, this action was taken to avoid non-desired reactions caused by more 

energetic transitions. This step was no necessary when irradiating with the UVA lamps 

since their emission starts at 280 nm. The emission spectra of both light sources are 

displayed in figure 5. All samples were prepared in a 0.1M concentration in deuterated 

solvents, and the irradiation process was followed by 1H-NMR and mass spectroscopy. 
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Figure 5. Emission spectra of the UV light sources employed to induce the release process. On the left, 

the emission spectrum of medium-pressure Hg lamp; the use of a Pyrex filter removes the shorter 

wavelengths (λ < 290 nm). On the right, the emission spectrum of UVA lamps.  

Compound 7 was irradiated in two different solvents, methanol and 

acetonitrile, with the 125W medium-pressure Hg lamp. These two solvents were 

selected with the purpose of testing the differences between protic and aprotic 

solvents. Results showed that the oxime ester in methanol was able to release Boc-

ciprofloxacin (> 95%) in 10 minutes. For the compound dissolved in acetonitrile the 

release took place at a slower pace, and it was necessary to irradiate for 20 minutes to 

obtain Boc-ciprofloxacin (92%). When UVA lamps were used to induce the release of 

the antibiotic in acetonitrile, longer times were required due to the lower potency of 

these lamps compared to the Hg one. Regarding the solvent selection, it was expected 

for the protic solvent to display a higher release yield than the aprotic one. This can be 

explained when taking into consideration the mechanism of the reaction. As shown in 

figure 6, when the oxime ester is irradiated, two radicals are generated, the iminyl and 

the acyloxyl radicals. The acyloxyl radical, corresponding to the antibiotic part, can 

undergo a decarboxylation process, or it can abstract a hydrogen atom from the 

solvent to regenerate the Boc-ciprofloxacin structure. This last option was the one 

observed, and no product of decarboxylation was found. Hence, to generate the 

antibiotic molecule, hydrogen atoms are needed in the medium, which are easier to 

be provided for the protic solvent than the aprotic one. As to the iminyl radical, its 

general reactivity has been explained in the previous section (see figure 2). After 

carrying out the photorelease of compound 7, it was found by mass spectroscopy that 

the iminyl radical of benzophenone went through a bimolecular combination to give 

the corresponding hydrazine. 
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Figure 6. Reaction pathway for compound 7. After light irradiation, the acyloxyl and iminyl radicals are 

obtained. The acyloxyl radical can abstract a hydrogen atom from the medium to generate Boc-

ciprofloxacin (5), the antibiotic part. The iminyl radical undergoes a bimolecular combination to give a 

hydrazine. 

 Compound 8 was also irradiated using both lamps. For the Hg lamp, 

acetonitrile and chloroform were used as solvents due to product solubility. 

Irradiation in acetonitrile showed faster release rates (92% yield in 17 minutes) than 

chloroform, with a similar yield obtained for an irradiation time of 35 minutes. The 

photocleaved acyloxyl radical formed Boc-ciprofloxacin 5, and no signs of 

decarboxylation were observed either through 1H-NMR, or mass spectroscopy. 

Regarding the iminyl radical, the product corresponding to the bimolecular 

combination was found by mass spectroscopy. When the UVA lamps were employed, 

slower release rates were observed, similarly to 7. 

 The irradiation of compound 9 could not be studied because the product was 

found to be unstable in solution. Assays involving short times like 1H-NMR, UV-Vis, or 

mass spectroscopy were performed. However, studies requiring more extended times, 

like 13C-NMR or light irradiation of the sample were not possible due to product 

decomposition.  

 Finally, compound 10 was irradiated using acetonitrile as a solvent with both 

lamps. One more time, the Hg lamp showed a faster release (90% yield in 30 minutes), 

whereas the irradiation time was 3 times longer to achieve the same release 

percentage with the UVA lamps. The acyloxyl radical generated Boc-ciprofloxacin 5, 

and no signals of decarboxylation were observed. Unlike previous examples 7 and 8, 

the iminyl radical did not undergo bimolecular combination. Probably due to steric 

hindrance since the N-centered radical is surrounded by two bulky groups. However, 

the product of abstraction of a hydrogen atom to generate the 

tetraphenylcyclopentadienone imine was detected by mass spectroscopy. 

λ 
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Table 2. Summary of data related to the release process of each compound. 

Compound Solvent 
Release yield 

(%) 

Irradiation time 

(min) 

7 

CD3OD 95[a] 10[a] 

CD3CN 92[a] 20[a] 

CD3CN 92[b] 50[b] 

8 

CD3CN 92[a] 18[a] 

CDCl3 92[a] 35[a] 

CDCl3 92[b] 120[b] 

9 n/a n/a[c] n/a[c] 

10 
CD3CN 90[a] 30[a] 

CD3CN 90[b] 100[b] 

 

[a]: Irradiation with 125W medium-pressure Hg lamp using Pyrex filter. [b]: Irradiation with 
UVA lamps. [c]: Irradiation of the sample could not be carried out due to the decomposition of 

the sample in solution. 

 After studying the behavior of the synthesized compounds when exposed to UV 

light, we discovered a very interesting property of these molecules. When they were 

exposed to stoichiometric amounts of an acid, a new band in the visible region 

appeared. The most plausible explanation for this new band is the protonation of the 

nitrogen in the N-O bond of the oxime ester. 
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Figure 7. UV-Vis spectra of the different oxime esters of ciprofloxacin before and after the addition of a 

stoichiometric amount of tetrafluoroboric acid. All compounds (7-10) dissolved in DCM in a 

concentration close to 5E-5M. 

 It should be mentioned that the development of this new band only took place 

when halogenated solvents like dichloromethane or chloroform were used. The 

presence of acid in polar solvents such as dimethyl sulfoxide or acetonitrile did not 

produce changes in the UV-Vis spectrum. 

 As can be seen in figure 7, the new band displayed absorption between 350-450 

nm with a maximum near to 400 nm. This new finding offered the possibility to carry 

out the irradiation of the samples with new light sources emitting in the visible region. 

In order to test this possibility, compound 10 was selected as a representative 

molecule to irradiate in the visible region. Two light sources were selected to induce 

the release process, a 500 mW LED with the emission centered around 390 nm, and a 

30 W RGB LED in blue mode with emission between 430-500 nm. The emission spectra 

of both light sources are represented in figure 8. The samples were prepared at 0.1M 

concentration using deuterated chloroform as a solvent, and a stoichiometric amount 

of tetrafluoroboric acid was added to achieve protonation of the nitrogen atom. The 

irradiation process was followed by 1H-NMR and mass spectroscopy, like previous 

examples.  
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Figure 8. Emission spectra of the visible light sources employed to induce the release process of 

compound 10. On the left, the emission spectrum of the 390 nm LED lamp. On the right, the emission 

spectrum of the blue LED lamp. 

 The release of the antibiotic part was possible with both LEDs, albeit slower 

than when using UV light. A 70% release was observed for both samples with an 

irradiation time of 700 and 450 min for the 390 nm and the blue LEDs, respectively. The 

significant time difference as a result of the disparity in the potency of the two LEDs.  

No product of decarboxylation was observed. 

5.2.4 Enhancing water solubility 

One of the problems for the use of oxime esters in biological applications is their low 

solubility in water. However, oxime esters are not an isolated case, as the solubility of 

drugs in aqueous media is a major concern in the pharmaceutical industry. More than 

40% of NCEs (new chemical entities) developed in this industry are practically 

insoluble in water.25 Solubility is an important parameter related to drug 

concentration in the systemic circulation, which is essential for achieving a good 

pharmacological response. Hence, the drug needs to be in aqueous solution at the site 

of absorption.25 Many approaches have been developed to enhance the water 

solubility of these compounds. These techniques can be divided into three categories: 

physical modifications, chemical modifications, and other techniques. Physical 

modifications are based on methods that reduce the particle size of the drug or create 

dispersions in different carriers. Meanwhile, chemical modifications make changes in 

the structure of the molecule through pH variations, derivatization, complexation, etc. 

Belonging to this group is also salt formation, which is the most common approach to 

improve the water solubility of acidic and basic drugs. This technique has been 

applied previously in chapter 4, where the sodium salt of the photodrug was 

synthesized to improve its water solubility. The last group includes procedures like the 

use of surfactants, solubilizers, or supercritical fluids. 
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 Surfactants can be used to enhance water solubility of poorly soluble drugs by 

reducing the surface tension. Micelle formation occurs when the surfactant 

concentration exceeds their critical micelle concentration (CMC). This value is 

typically between 0.05-0.10% for most surfactants. If the drug is present in the 

solution, micelle formation will entrap it within the micelles. There are many 

surfactants available in the market that have been employed to encapsulate drugs 

with low solubility.26-28 Among all these examples, polymers have become of great 

interest in micelle formation.29-31 

 Polymeric micelles mimic aspects of biological transport systems in terms of 

structure and function.32 They offer great versatility as their chemical structure can be 

modified to change properties such as specificity for an organ or tissue or make them 

responsive to an external stimulus.33 Pluronic® polymers have emerged in recent years 

as promising candidates for drug delivery, and they are approved by the FDA for 

pharmaceutical and medical applications. Their structure consists of a hydrophilic 

part of ethylene oxide (EO) and a hydrophobic part of propylene oxide (PO), which are 

arranged in a triblock structure EOx-POy-EOx often described as PEO-PPO-PEO. The 

ethylene oxide part can have a length between 2-130 units, and the propylene oxide 

part can vary between 16-70 units. Because of their excellent properties, Pluronic® F-

127 was selected to form micelles containing the oxime esters. A schematic 

representation of the experimental procedure is described in figure 9. A more detailed 

version of the procedure can be found in section 5.4.1. 
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Figure 9. Use of polymeric micelles to enhance water solubility of oxime esters. a) Structure of Pluronic® 

F-127(x and y with averaged values of 101 and 56 units, respectively). b) Method of encapsulation of the 

cargo inside the micelle. Oxime esters were encapsulated using the solvent evaporation method. The 

polymer and the cargo are initially dissolved in a volatile organic solvent. Evaporation of the solvent 

leads to the formation of a drug/polymer film. Finally, the film is reconstituted in water by vigorous 

shaking to allow micelle formation. 

 Compound 7 was selected to study its solubility change upon micellar 

encapsulation. Initial attempts to dissolve 7 in water led to turbid solutions with solid 

particles in suspension, proving the low solubility of the oxime ester. Nonetheless, 

when 7 was inside the polymeric micelles, the water solubility changed drastically, 

resulting in a clear solution of this compound in water. Micelle encapsulation was also 

controlled by UV-Vis spectroscopy. The resulting spectra, as well as pictures of the 

samples, are shown in figure 10. 
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Figure 10. UV-Vis spectra of 7 in water. In pink, spectrum of compound 7 before micelle encapsulation 

and a picture of the cuvette containing the sample. In purple, spectrum of compound 7 after forming 

polymeric micelles, which facilitates its water solubility and a picture of the cuvette containing the 

sample. 

 As can be seen in the UV-Vis spectra, initial efforts at solubilizing 7 in water were 

unsuccessful, with the compound displaying no absorption due to its low solubility. 

However, when polymeric micelles were formed, the UV-Vis spectrum changed 

drastically, displaying the absorption of the compound thanks to its solubilization in 

water. This result proved that the oxime ester was successfully trapped within the 

micelle. Additionally, the protonated version of 7 was also effectively trapped inside 

the polymeric micelles, but unfortunately, the spectrum did not show absorption in 

the visible region, and the result was similar to the non-protonated version. It should 

not be forgotten that this was also observed when polar solvents were used to dissolve 

the oxime esters, and the development of the new band in the visible region was not 

detected. 

 No further experiments were performed as these data did not offer the 

prospects we were initially looking for, which included absorption in the visible region 

and moderate to high water solubility. Thus, the characteristics displayed by the 

oxime esters made the study of their properties in vivo not suitable.  
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5.3 Conclusions 

In this chapter, several photoreleasable derivatives of ciprofloxacin have been 

studied. The synthesis has been designed to generate an oxime ester in position 3 of 

ciprofloxacin, which is crucial for the activity of the antibiotic. The procedures to 

obtain these compounds involve only 4 steps which can be easily achieved. Once the 

oxime esters were prepared, their photochemical properties were evaluated. The 

irradiation of the photoreleasable derivatives of ciprofloxacin was initially carried out 

using UV light, giving release yields between 90-95%, and no product of 

decarboxylation was detected in any case. Additionally, it was observed that in the 

presence of stoichiometric amounts of acid in halogenated solvents, a new band 

appeared in the visible region. This discovery opened the possibility of visible light 

irradiation, which was tested in one derivative. The irradiation with visible light 

induced the antibiotic’s release with a yield of 70%, although longer times were 

needed. Moreover, oxime esters of ciprofloxacin have low solubility in water; for this 

reason, a method to enhance their solubility was employed. One of the 

photoreleasable drugs was successfully encapsulated in polymeric micelles of 

Pluronic® F-127, making possible their solution in water. However, once within the 

micelle, the protonated oxime ester no longer presented absorption in the visible 

region, which made it not possible to carry out biological assays of the samples.  

5.4 Experimental section 

5.4.1 Preparation of oxime ester loaded micelles 

Micelles were prepared following the solvent evaporation method. Polymer and oxime 

ester solutions were prepared in a 10:1 w/w ratio. Compound 7 (11 mg, 0.018 mmol) 

and Pluronic® F-127 (111 mg) were dissolved separately in DCM (5 and 10 ml, 

respectively). The solution containing 7 was added over the polymer solution and 

stirred for 30 minutes. After that time, the solvent was removed in vacuo to obtain a 

thin film of oxime ester/polymer. For the micelle formation, an ultrasound bath heated 

at 50 °C was employed. The film container was introduced in the heated bath, and 

water (10 ml) at 50 °C was added. The sample was sonicated for 10 minutes. Non-

encapsulated oxime ester was separated by centrifugation of the micelle suspension, 

followed by filtration of the supernatant using a 0.2 m filter.  

 For micelle formation of compound 7 in the presence of acid, tetrafluoroboric 

acid was added in a stoichiometric amount to the solution containing the oxime ester 

in DCM. After that, the same procedure was followed. 
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5.4.2 Synthesis 

5.4.2.1 General information 

For details about general experimental information, see Appendix, section A. 

5.4.2.2 Synthetic procedure  

Benzophenone oxime (1): 

 

Benzophenone oxime was synthesized following procedure A (see scheme 1). Sodium 

acetate (0,50 g, 6.1 mmol) was dissolved in water (4 ml) and added over a solution of 

hydroxylamine hydrochloride (0.42 g, 6.1 mmol) in water (4 ml). The resulting mixture 

was added over benzophenone (1 g, 5.5 mmol) dissolved in ethanol (10 ml) and heated 

at 35 °C. Next, the sample was stirred for 8 hours at 80 °C. After that time, the reaction 

was cooled at room temperature, and cold water was added to allow the precipitation 

of 1.04 g (96%) of 1 as a white solid. 
1H-NMR (300 MHz, CDCl3): δ 7.5-7.43 (m, 7H), 7.37-7.30 (m, 3H). 
1H-NMR spectrum in agreement with published data.34 

 

9-fluorenone oxime (2): 

 

9-fluorenone oxime was synthesized following procedure A (see scheme 1). Sodium 

acetate (0.50 g, 6.1 mmol) was dissolved in water (4 ml) and added over a solution of 

hydroxylamine hydrochloride (0.42 g, 6.1 mmol) in water (4 ml). The resulting mixture 

was added over 9-fluorenone (1 g, 5.5 mmol) dissolved in ethanol (10 ml) and heated 

at 35 °C. Next, the sample was stirred for 8 hours at 80 °C. After that time, the reaction 

was cooled at room temperature, and cold water was added to allow the precipitation 

of 1.04 g (96%) of 2 as a white solid. 
1H-NMR (300 MHz, CDCl3): δ  8.40 (dt, J = 7.6, 0.9 Hz, 1H), 8.33 (brs, 1H), 7.74 (dt, J = 7.5, 

0.9 Hz, 1H), 7.69 – 7.61 (m, 2H), 7.48 – 7.28 (m, 4H). 
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2-aminobenzophenone oxime (3): 

 

2-aminobenzophenone oxime was synthesized following procedure B (see scheme 1). 

2-amino benzophenone (1 g, 5.1 mmol) was dissolved in pyridine (15 ml), and 

hydroxylamine hydrochloride was added (1.8 g, 25.4 mmol). The reaction was then 

stirred for 8 hours at 110 °C. After that time, the solvent was removed in vacuo and re-

dissolved in EtOAc (50 ml). The organic phase was then washed with 0.5M HCl (50 ml) 

and twice with H2O (50 ml), dried over anhydrous MgSO4, and filtered. The solvent was 

evaporated in vacuo to give 1.02 g (95%) of white solid. 
1H-NMR (300 MHz, CDCl3): δ  7.52 – 7.42 (m, 3H), 7.36 – 7.31 (m, 2H), 7.12 (ddd, J = 8.2, 

7.2, 1.6 Hz, 1H), 6.76 (ddd, J = 13.6, 8.1, 1.2 Hz, 2H), 6.58 (td, J = 8.2, 7.7, 1.2 Hz, 1H), 5.99 

(brs, 2H). 

 

Tetraphenylcyclopentadienone oxime (4): 

 

Tetraphenylcyclopentadienone oxime was synthesized following procedure B (see 

scheme 1). Tetraphenylcyclopentadienone (1 g, 2.6 mmol) was dissolved in pyridine 

(15 ml), and hydroxylamine hydrochloride was added (0.9 g, 13 mmol). The reaction 

was then stirred for 8 hours at 110 °C. After that time, the solvent was removed in vacuo 

and re-dissolved in DCM (50 ml). The organic phase was then washed with 0.5M HCl 

(50 ml) and twice with H2O (50 ml), dried over anhydrous MgSO4, and filtered. The 

solvent was evaporated in vacuo to give 0.98 g (95%)of dark purple solid. 
1H-NMR (300 MHz, CDCl3): δ 7.32 – 7.18 (m, 10H), 7.13 – 6.98 (m, 7H), 6.87 – 6.76 (m, 4H). 
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7-(4-(tert-butoxycarbonyl)piperazin-1-yl)-1-cyclopropyl-6-fluoro-4-oxo-1,4-

dihydroquinoline-3-carboxylic acid (5): 

 

Ciprofloxacin (2 g, 6.0 mmol) and di-tert-butyl dicarbonate (1.4 g, 6.6 mmol) were 

dissolved in THF (60 ml). Next, a solution of sodium hydroxide (0.48 g, 12.0 mmol) in 

water (12 ml) was added, and the mixture was stirred overnight at room temperature. 

After that time, the solvent was removed in vacuo, and the residue was taken into 

aqueous saturated ammonium chloride (200 ml). The aqueous phase was extracted 

with DCM (200 ml) three times. The organic phase was washed with brine (400 ml), 

dried over anhydrous MgSO4, and filtered. The solvent was evaporated in vacuo to 

obtain 2.51 g (97%) of white solid. 
1H-NMR (300 MHz, CDCl3): δ 14.94 (s, 1H), 8.71 (s, 1H), 7.96 (d, J = 12.9 Hz, 1H), 7.35 (d, J 

= 7.1 Hz, 1H), 3.72 – 3.61 (m, 4H), 3.59-3.50 (m, 1H), 3.34 – 3.21 (m, 4H), 1.49 (s, 9H), 1.41-

1.35 (m, 2H), 1.26 – 1.15 (m, 2H). 
1H-NMR spectrum in agreement with published data.35 

 

Tert-butyl 4-(3-(chlorocarbonyl)-1-cyclopropyl-6-fluoro-4-oxo-1,4-dihydro 

quinolin-7-yl)piperazine-1-carboxylate (6): 

 

To a solution of compound 6 (0.2 g, 0.46 mmol) in dry DCM (5 ml) under argon 

atmosphere, oxalyl chloride (0.17 g, 1.38 mmol) and one drop of DMF were added. The 

reaction was stirred for 2 hours at 40 °C. After that time, the solvent was removed in 

vacuo to give 0.21 g (100%) of an orange solid that was immediately used in the next 

step. 
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Tert-butyl 4-(1-cyclopropyl-3-((((diphenylmethylene)amino)oxy)carbonyl)-6-

fluoro-4-oxo-1,4-dihydroquinolin-7-yl)piperazine-1-carboxylate (7): 

 

To a solution of compound 6 (0.21g, 0.46 mmol) in dry DCM (5 ml) under argon 

atmosphere, oxime 1 (0.09 g, 0.46 mmol) and pyridine (74 l, 0.92 mmol) were added. 

The reaction was stirred at room temperature for 4 hours. Next, the solvent was 

removed in vacuo, and the resulting residue was purified by column chromatography 

(Hexane:THF 1:1), to give 0.17 g (59%) of white solid.  
1H-NMR (400 MHz, CDCl3): δ 7.96 (s,1H), 7.83 (d, J = 13.2 Hz, 1H), 7.62 – 7.58 (m, 2H), 7.53 

– 7.45 (m, 5H), 7.44 – 7.39 (m, 1H), 7.37 – 7.31 (m, 2H), 7.16 (d, J = 7.1 Hz, 1H), 3.64 – 3.57 

(m, 4H), 3.37 – 3.30 (m, 1H), 3.20 – 3.14 (m, 4H), 1.49 (s, 9H), 1.20 – 1.13 (m, 2H), 0.94 – 

0.87 (m, 2H). 
13C-NMR (100 MHz, CDCl3): δ 172.6, 164.5, 161.3, 154.7, 151.7, 147.7, 144.3, 137.8, 135.0, 

133.2, 130.8, 129.6, 129.2, 129.1, 128.4, 128.4, 122.8, 113.0, 108.2, 105.3, 80.2, 50.0, 43.6, 

34.7, 28.5, 8.1. 

HR-MS (ESI, [M+H]+): Calcd. for C35H35FN4O5 + H: 611.2664; Found: 611.2659 

 

Tert-butyl 4-(3-((((9H-fluoren-9-ylidene)amino)oxy)carbonyl)-1-cyclopropyl-6-

fluoro-4-oxo 1,4-dihydroquinolin-7-yl)piperazine-1-carboxylate (8): 

 

To a solution of compound 6 (0.21g, 0.46 mmol) in dry DCM (5 ml) under argon 

atmosphere, oxime 2 (0.09 g, 0.46 mmol) and pyridine (74 l, 0.92 mmol) were added. 

The reaction was stirred at room temperature for 4 hours. Next, the solvent was 

removed in vacuo, and the resulting residue was purified by column chromatography 

(DCM:EtOAc 2:1), to give 0.14 g (51%) of white solid.  
1H-NMR (400 MHz, CDCl3): δ 9.39-9.30 (m, 1H), 8.69 (s, 1H), 8.07 (d, J = 13.1 Hz, 1H), 7.98 

(d, J = 7.5 Hz, 1H), 7.62 - 7.55 (m, 2H), 7.50 - 7.45 (m, 2H), 7.41 (td, J = 7.5, 1.0 Hz, 1H), 

7.31 - 7.23 (m, 2H), 3.66 - 3.60 (m, 4H), 3.53 - 3.43 (m, 1H), 3.24 - 3.13 (m, 4H), 1.49 (s, 

9H), 1.36 - 1.30 (m, 2H), 1.22 - 1.15 (m, 2H). 
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13C-NMR (100 MHz, CDCl3): δ 172.5, 164.8, 158.8, 154.7, 152.3, 149.7, 144.6, 142.2, 141.5, 

138.1, 135.1, 132.5, 131.5, 131.5, 130.1, 129.3, 128.2, 123.4, 123.4, 120.1, 119.9, 113.7, 

109.2, 105.2, 80.3, 50.0, 43.5, 34.9, 28.5, 8.3. 

HR-MS (ESI, [M+H]+): Calcd. for C35H33FN4O5 + H: 609.2508; Found: 609.2502 

 

Tert-butyl-4-(3-(((((2-aminophenyl)(phenyl)methylene)amino)oxy)carbonyl)-1-

cyclopropyl-6-fluoro-4-oxo-1,4-dihydroquinolin-7-yl)piperazine-1-carboxylate 

(9): 

 

To a solution of compound 6 (0.21g, 0.46 mmol) in dry DCM (5 ml) under argon 

atmosphere, oxime 3 (0.10 g, 0.46 mmol) and pyridine (74 l, 0.92 mmol) were added. 

The reaction was stirred at room temperature for 4 hours. Next, the solvent was 

removed in vacuo, and the resulting residue was purified by column chromatography 

(DCM:EtOAc 2:1), to give 0.14 g (49%) of white solid.  
1H-NMR (300 MHz, CDCl3): δ  8.82 (s, 1H), 8.26 (d, J = 8.1 Hz, 1H), 8.05 (d, J = 13.2 Hz, 

1H), 7.58 – 7.53 (m, 2H), 7.51 – 7.42 (m, 1H), 7.30 - 7.26 (m, 4H), 7.23 – 7.11 (m, 2H), 

3.68 – 3.58 (m, 4H), 3.47 – 3.35 (m, 1H), 3.26 – 3.16 (m, 4H), 1.49 (s, 9H), 1.35 -1.28 (m, 

2H), 1.16 – 1.06 (m, 2H). 
13C-NMR data are not available due to product decomposition in solution for long 

periods of time. 

HR-MS (ESI, [M+H]+): Calcd. for C35H36FN5O5 + H: 626.2773; Found: 626.2797 

 

Tert-butyl 4-(1-cyclopropyl-6-fluoro-4-oxo-3-((((2,3,4,5-tetraphenylcyclopenta-

2,4-dien-1-ylidene)amino)oxy)carbonyl)-1,4-dihydroquinolin-7-yl)piperazine-1- 

carboxylate (10): 

 

To a solution of compound 6 (0.21g, 0.46 mmol) in dry DCM (5 ml) under argon 

atmosphere, oxime 4 (0.18 g, 0.46 mmol) and pyridine (74 l, 0.92 mmol) were added. 
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The reaction was stirred at room temperature for 4 hours. Next, the solvent was 

removed in vacuo, and the resulting residue was purified by column chromatography 

(DCM:EtOAc 2:1), to give 0.15 g (40%) of yellow solid.  
1H-NMR (300 MHz, CDCl3): δ  7.90 (d, J = 13.1 Hz, 1H), 7.41 – 7.37 (m, 2H), 7.34 (s, 1H), 

7.24 – 7.00 (m, 14H), 6.93 (tt, J = 7.4, 1.3 Hz, 1H), 6.86 (dt, J = 6.9, 1.4 Hz, 2H), 6.77 (dt, J 

= 7.0, 1.3 Hz, 2H), 3.67 – 3.59 (m, 4H), 3.23 – 3.11 (m, 5H), 1.50 (s, 9H), 1.20 – 1.14 (m, 

2H), 0.93 – 0.88 (m, 2H). 
13C-NMR (75 MHz, CDCl3): δ 172.7, 165.0, 160.1, 155.1, 154.7, 152.9, 151.8, 147.1, 146.9, 

144.4, 137.8, 137.8, 136.3, 134.0, 133.3, 132.9, 132.2, 131.4, 130.4, 130.1, 129.9, 127.9, 

127.9, 127.8, 127.8, 127.7, 127.5, 127.3, 126.2, 124., 122.70, 113.4, 108.1, 105.2, 80.3, 

50.0, 43.4, 34.7, 28.5, 8.6. 

HR-MS (ESI, [M+H]+): Calcd. for C51H45FN4O5 + H: 813.3447; Found: 813.3445 
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6.1 Introduction 

Gaining control over a drug’s activity using a photoreleasable protective group is a 

widely used strategy that allows the activation of the pharmaceutical agent in a 

specific target. Nowadays, the development of new photocleavable groups is evolving 

towards molecules absorbing in the visible region, since these types of PPGs have 

been less explored than its analogs absorbing in the UV region. What makes this 

property extremely interesting in the photocontrol of bioactive molecules is the 

possibility of using light inside the therapeutic window to carry out the release 

process, which will allow their use in living tissues. 

 This chapter is a continuation of the previous one, where initial studies about 

the irreversible control of quinolone derivatives were described. Herein, a new PPG 

will be used to try to solve some of the drawbacks of oxime esters. The new photolabile 

group will be covalently attached to the structure of a quinolone to generate an 

irreversible system whose antibacterial properties could be controlled using light. 

6.1.1 BODIPYs 

Boron-dipyrromethenes, also known as BODIPYs, are becoming a popular protective 

group for the photorelease of bioactive molecules. Among their characteristics, 

BODIPYs have sharp and tunable absorption throughout the visible/NIR region, they 

are thermally stable in the dark and have high molar absorption coefficients. As has 

been previously mentioned, BODIPYs have three different positions where the leaving 

group can be linked (see chapter 2, section 2.5.3). However, in this chapter, only meso-

substituted BODIPYs will be discussed.  

 The meso-methyl BODIPY PPG was discovered in 2015 by Winter1 and 

Weinstain.2 The structure of these molecules is a derivatization of the boron 

dipyrromethene core that introduces a methylhydroxy moiety at the meso-position. 

Several molecules of interest can be linked through this position, including acids,3 

alcohols,3 and amines.4 The versatility of this PPG makes it of great interest to cage 

different bioactive compounds.  

The mechanism of the release reaction is not fully understood yet, but some 

propositions have been made. It was suggested that the release of the leaving group 

occurs through a photochemical SN1 reaction via a carbocation intermediate and 

consecutive nucleophilic attack of the solvent.5 The leaving group is released in a 

heterolytic fission that results in a meso-methyl cation as an intermediate. This 

carbocation can either recombine to regenerate the starting material, which may be 
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the major nonradiative deactivation process, or be attacked by a nucleophile. When 

the solvent acts as the nucleophile, a solvolysis reaction takes place. 

  

Figure 1. Structure and release process of meso-methyl BODIPY. a) On the left, boron dipyrromethene 

core. On the right, substitution at the meso-position with the methylhydroxy moiety enables the 

attachment of a leaving group. b) Proposed mechanism of photorelease. The irradiation of the BODIPY 

results in the release of the leaving group (LG) and the generation of a carbocation at the secondary 

position, which suffers a nucleophilic attack by the solvent. 

 Despite being a new type of PPG, meso-substituted BODIPYs have been already 

employed in drug release to achieve spatial and temporal control of some 

pharmacological agents. 

 In 2020, Szymanski, Feringa, and co-workers designed a red-sensitive BODIPY 

able to control heart rhythm.6 Extending the -system of boron dipyrromethene by 

adding styryl groups, they achieved a significant bathochromic shift in the absorption 

of the compound. Additionally, the fluorinated atoms on the boron in the BODIPY core 

were exchanged by methyl groups to increase the quantum yield of release. The 

selected drug to be released was dopamine, which plays an important role in 

regulating cardiac function. The activity of the BODIPY containing dopamine was 

tested before and after irradiation with red light on in vitro beating human embryonic 

stem cell (hESC). The activity of the compound after irradiation was similar to the 

activity of dopamine, although the compound before irradiation still exhibited some 

residual activity. The results obtained proved that BODIPYs could have a potential 

used in medical therapy as PPGs. 

λ 
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Figure 2. Control of heart rhythm using light. When protected dopamine (10) is irradiated with red light 

(650 nm), the deprotected drug is obtained. The graphic shows the results obtained. The protected form 

of 10 (BODIPY containing dopamine) displayed some residual activity as the beats per minute measured 

were slightly higher than those for the control. When compound 10 is irradiated with red light, 

dopamine is released (deprotected compound 10), which exhibited similar values as the one obtained 

for the dopamine control. Adapted by permission from reference 6. Copyright © The Royal Society of 

Chemistry 2020. 

 Besides this work, meso-substituted BODIPYs have been employed to achieve 

controlled release of some anticancer drugs.7-8 Although there are not many examples 

in the bibliography of their use as PPG for drugs, due to their recent discovery, BODIPYs 

are promising candidates in this area.  

6.2 Results 

6.2.1 Design of photoreleasable antibiotics using BODIPYs 

The design of these photoreleasable antibiotics displays some similarities with the 

ones explained in the previous chapter. Their structure can be divided into two parts: 

a quinolone antibiotic and a PPG, which in this case, is a BODIPY. As the antibiotics 

part, nalidixic acid and ciprofloxacin were selected, both belonging to the quinolone 

family. Regarding the protective group, we chose BODIPYs because of their ability to 
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carry out the release process with visible light. Different meso-substituted BODIPYs 

were synthesized in order to achieve a bathochromic shift in their absorption range, 

as well as to improve their water solubility.  Thanks to the methylhydroxy moiety, the 

antibiotic part can be combined with the PPG through the acid group at position 3. We 

envisioned that once the corresponding quinolone was protected with the BODIPY, its 

antibiotic properties would be severely affected, ideally, to the point of deactivation. 

Subsequently, when the protected antibiotic would be irradiated with visible light, the 

quinolone would be released in its acid form, recovering its properties. This would 

create an irreversible system that would allow the optical control of quinolones and, 

could be compatible with biological applications.  

 

Figure 3. Structures of quinolone antibiotics and their photoreleasable derivatives. a) Structure of 

nalidixic acid and Boc-ciprofloxacin, first- and second-generation quinolones. Position 3 with the acid 

group is highlighted in green. b) Structure of BODIPY protected antibiotics. The antibiotic part is 

represented as Ant to simplify.  

6.2.2 Synthesis 

The synthesis of photoreleasable quinolones using BODIPYs as PPGs is described in 

the next paragraphs. First, two different photoreleasable groups were synthesized 

following the procedure described by Winter and co-workers for the synthesis of meso-

substituted BODIPYs.3 
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Scheme 1 

 

The first step was a condensation between acetoxyacetyl chloride and 2,4-

dimethylpyrrole followed by in situ complexation with boron trifluoride diethyl 

etherate in the presence of a base to give 1. Next, conversion to the meso-

methylhydroxy BODIPY 2 was achieved upon ester hydrolysis.  

 For the second protective group synthesis, a condensation reaction was 

carried out between compound 1 and 4-(dimethylamino)benzaldehyde in the 

presence of piperidine as a catalyst to obtain 3. Lastly, conversion to the meso-

methylhydroxy form upon ester hydrolysis gave 4. 

Then, the protection of the antibiotics with the two synthesized BODIPYs was 

carried out. Unfortunately, the procedure described in the bibliography for this step,3 

which involved an acid group and a coupling agent in the presence of a base, did not 

work. Because no final product was observed, it seemed like this was not an effective 

method for the coupling between the quinolone and the BODIPY. Hence, a new route 

was designed for this step. By taking advantage of the reactivity studied in the 

previous chapter, the acyl chloride of the antibiotics was prepared, and the coupling 

reaction with the BODIPY was made in the presence of a base. The synthesis of the 

photoreleasable derivatives of nalidixic acid is described in scheme 2.  

 

 

 



Chapter 6 

136 
 

Scheme 2 

 

 The route started with nalidixic acid, a commercially available quinolone. The 

acyl chloride form 5 was prepared using oxalyl chloride and DMF as a catalyst. 

Subsequently, the coupling with the BODIPY moiety was made in the presence of a 

base to give 6 and 7. 

 A similar procedure was used to achieve the ciprofloxacin derivatives. The 

route is described in scheme 3. 
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Scheme 3 

 

 In the case of ciprofloxacin, a previous step to protect the secondary amine in 

the piperazine unit was performed. The protection was carried out using Boc 

anhydride to form 8. Next, the acyl chloride was made using oxalyl chloride and DMF 

as a catalyst to give 9. Finally, the coupling reaction with both BODIPY moieties was 

possible in the presence of a base to obtain 10 and 11. 

6.2.3 Photochemical properties 

Once the photoreleasable quinolone derivatives were synthesized, their 

photochemical properties were explored. As explained in previous chapters, the data 

obtained from this study gives information about the conditions needed to induce the 
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photoreaction, which in this case involves the release of the antibiotics. Besides, the 

performance of the different photoreleasable groups was evaluated.  

 When designing the molecules, the BODIPY part was chosen according to the 

data displayed in the bibliography.3 Thus, a simpler structure (2) was initially 

synthesized to test the viability of the route. Then, a second structure (4) was selected 

based on its range of absorption, well above the lower limit for the therapeutic 

window. After the coupling reaction of Boc-ciprofloxacin or nalidixic acid with the 

corresponding BODIPY, the UV-Vis spectra of the final products were recorded. The 

samples were prepared in concentrations close to 5E-5M, and all of them were 

dissolved in dichloromethane. 
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Figure 4. UV-Vis spectra of the photoreleasable quinolones derivatives. All compounds were dissolved 

in DCM in a concentration close to 5E-5M. 

 The results displayed in figure 4 are in agreement with the ones found in the 

bibliography. Compounds 6 and 10 bearing the BODIPY with a simpler structure 

displayed absorption in the green region of the spectrum, both with the maximum 

absorption at 520 nm. A large bathochromic shift took place when the conjugation of 

the BODIPY part was elongated through the addition of two (dimethylamino)-styryl 

groups. Compounds 7 and 11, bearing this BODIPY displayed absorption in the 

red/NIR region of the spectrum with the maximum absorption at 735 and 744 nm, 

respectively. Hence, the presence of the (dimethylamino)-styryl groups, induces a 

shift of more than 200 nm in the maximum absorption.  
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 Besides, all the compounds presented high molar absorption coefficients, a 

common feature of BODIPYs. A summary of the information obtained from the UV-Vis 

spectra can be found in table 1.  

Table 1. Maximum absorption and molar extinction coefficient of photoreleasable 
quinolone derivatives  

Compound λmax (nm) ε (M-1cm-1) 

6 520 60500 

7 735 58400 

10 520 56200 

11 744 52900 

 The selection of adequate light sources to carry out the irradiation of the 

samples was made according to the information obtained from this experiment. For 

compounds 6 and 10, a 30 W RGB LED lamp was employed in green light mode. 

Compound 7 and 11 were irradiated using a 515 mW far-red LED lamp. The emission 

spectra of both light sources are displayed in figure 5. All samples were irradiated in a 

concentration close to 256 g/ml of antibiotic, considering a total release, and the 

sample volume was 1 ml. Compounds were dissolved in mixtures of dimethyl sulfoxide 

and water in different proportions, 60:40 for 6 and 10, and 80:20 for 7 and 11. The 

irradiation process was followed by mass spectroscopy and HPLC over time (see figure 

6).  

 

Figure 5. Emission spectra of the visible light sources employed to induce the release of the antibiotics. 

On the left, emission spectrum of the 30 W RGB LED lamp in green mode. On the right, emission 

spectrum of the 515 mW far-red LED lamp. 
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 Compounds 6 and 10 showed a total release of the antibiotic when irradiated 

with the green LED lamp in 24 and 18 hours, respectively. Compounds 7 and 11 

achieved a total release of the antibiotic in 58 and 44 hours, respectively, when 

irradiated with the far-red LED. This increment of time due to the lower potency of the 

LED lamp employed. In all cases, the release reaction was carried out until completion, 

and no products of decomposition were observed. 
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Figure 6. Irradiation of compound 6 followed by HPLC at 0, 6, 15, and 22 hours of exposure to the green 

LED lamp. As the release process takes place, the peak corresponding to the antibiotic (tR = 7.9 min) 

increases while the peak of the protected compound 6 (tR = 12.8 min) decreases. 
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Initially, the irradiation times to obtain a total release might seem long, but this 

is due to the sample concentration employed for this assay. Whereas higher 

concentrations allow better visualization of the results with the techniques employed 

to follow the irradiation process, in reality, biological applications require 

considerably lower volumes and concentrations of the antibiotic. 

 Additionally, the stability of the compounds at room temperature was 

measured. The samples were kept in the dark for 5 days, and no release or products of 

decomposition were observed by 1H-NMR or HPLC after that time.  

 To finishing the photochemical study, the quantum yield of release was 

measured for all the derivatives. This factor relates the number of antibiotic molecules 

released with the number of photons absorbed by the photocleavable system. The 

resulting value is the number of photons that effectively participate in the fission of 

the C-O bond to release the leaving group.  

 =
number of molecules of antibiotic released

number of photons absorbed by the photoreleasable system
  

Equation 2. Equation expressing the quantum yield of release in the photocleavable system. 

 The quantum yield of compounds 6 and 10 was calculated using potassium 

diamminetetrakis(thiocyanato-N) chromate, commonly known as Reinecke’s salt, as 

an actinometer. Reinecke’s salt was selected because its quantum yield was known 

accurately at 504 nm, which is close to the maximum absorption of the compounds 

under study.9 The experimental procedure for the measures of the quantum yield is 

described in section 6.6.2.1.  

 The quantum yield for the release of the antibiotics of compounds 6 and 10 

was 0.008% in both cases. Although this number is low, the value is in agreement with 

the published data by Winter and co-workers.3 

 The use of Reinecke’s salt in the red/NIR region of the spectrum is limited due 

to its low absorbance. Thus, compounds 7 and 11 required a different method for 

measuring their quantum yield since their maximum absorption appears at 735 and 

744 nm. Inspired by the work of Riedle and co-workers,10 the quantum yield of these 

two compounds was measured instrumentally. The photonic flux emitted by the light 

source, as well as the number of photons not absorbed by the sample, were 

determined using an Ocean Optics USB4000-UV-Vis detector equipped with a cosine 

corrector. The light source from a 515 mW far-red LED (see figure 5) was imaged into 

the sample contained in a quartz cuvette of 1 cm path length with a focusing lens. The 
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use of the lens assures an efficient utilization of the available photons as well as a 

bigger control and reproducibility of the measurement. In order to ensure the correct 

irradiation of the total volume of the sample, the cuvette was provided with a 

magnetic stirrer. Last, a second lens focused the light not absorbed by the sample into 

the cosine corrector. A schematic representation of the setup used can be seen in 

figure 7. Additional details about the experimental procedure followed for this method 

can be found in section 6.6.2.2.  

 

Figure 7. Schematic representation of the instrumental setup used to measure the quantum yield, 

inspired by Riedle’s work.10 The light emitted by the LED is focused through a lens and imaged into the 

sample equipped with a magnetic stirrer. The radiation not absorbed by the sample is collected by a 

cosine corrector. 

The estimated values of quantum yield for the release of the antibiotics of 

compounds 7 and 11 were 0.003% in both cases. These values are lower than the ones 

obtained for the compounds absorbing in the green region, which means that the 

release process is less efficient.  

 In addition, this method was also employed to calculate the quantum yield of 

the compounds absorbing in the green region 6 and 10, previously done with the 

actinometer. The resulting quantum yield with the instrumental setup was 0.006% for 

both compounds. which is close to the previous value 0.008% measured with the 

actinometer. However, both methods should not be directly compared since they 

have different sources of error associated. 
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6.3 Design of a new meso-substituted BODIPY structure  

This section of the thesis was developed during a pre-doctoral stay in the group of 

Professor Arthur Winter at Iowa State University. The name of Professor Winter has 

been mentioned several times during this chapter as one of the discoverers of the 

meso-substituted BODIPY PPG. Not only that but, in recent years, Winter’s work has 

become one of the main contributions of this topic in high impact scientific journals. 

 The objective of this pre-doctoral stay was to design, synthesize, and study the 

photochemical properties of a new type of meso-substituted BODIPY. Some of the 

desired characteristics of this new compound were absorption inside the therapeutic 

window, water solubility to ensure its safe use in biological applications, and better 

release efficiency. With the aim to fulfill these requisites, the structure of the new 

BODIPY included an extended -system and glycol chains. The synthetic route of this 

new derivative is described in scheme 4. A more detailed version can be found in 

section 6.6.4.2. 
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Scheme 4 

 

 The first step was an O-alkylation of 6-hydroxy-1-tetralone to introduce the 

glycol chain and give ketone 12. Next, oxime 13 was obtained by condensation of 

ketone 12 with hydroxylamine. Then, pyrrole 14 was formed via a Trofimov reaction 

between oxime 13 and acetylene in the presence of a strong base. The synthesis of the 

BODIPY was carried out following the common methodology, which involves a 

condensation between acetoxyacetyl chloride and pyrrole 14, followed by in situ 

complexation with boron trifluoride diethyl etherate in the presence of a base 

resulting in 15. After that, conversion to the meso-methylhydroxy BODIPY 16 was 

achieved upon ester hydrolysis. Finally, the coupling reaction between the acyl 
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chloride form of Boc-ciprofloxacin 9, and 16 gave the protected form of the antibiotic 

17. 

 After the synthesis of compound 17, a photochemical study was performed. 

Initially, the UV-Vis spectrum was recorded in order to know the range of absorption.  
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Figure 8. UV-Vis spectra of compound 17, a photoreleasable derivative of Boc-ciprofloxacin. The 

sample was prepared in a concentration close to 5E-5M using DCM as a solvent. 

 As shown in figure 8, the new derivative displayed strong absorption in the 

visible region, and more importantly, inside the therapeutic window. The range of 

absorption was centered between 600-700 nm, with the maximum absorption at 671 

nm. As in previous examples, compound 17 had a high molar extinction coefficient of 

80500 M-1cm-1. 

 The irradiation of the BODIPY was carried out using a halogen lamp with a 

water filter to prevent heating of the sample and was followed by 1H-NMR over time. 

The sample was prepared in a concentration of 256 g/ml of antibiotic, considering a 

total release, and a volume of 1 ml. 

 The new derivative was able to release the antibiotic completely after 260 

minutes of irradiation. The evolution of the irradiation can be seen in figure 9. As the 

irradiation time increases, the release process advances, and the signals 

corresponding to the antibiotic grow. At the same time, the signals corresponding to 

the protected compound 17 decrease. The byproduct of the photocage was not 

soluble at the concentration required for 1H-NMR and precipitated.   
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Figure 9. Irradiation of compound 17 followed by 1H-NMR at 15, 45, 160, and 260 minutes of exposure 

to the halogenated lamp. As the release process takes place, the signals corresponding to the antibiotic 

(in green) increase, whereas the signals of the protected compound 17 (in blue) decrease. 

 After achieving the release of the ciprofloxacin derivative, a fraction of the final 

compound was sent to the University of La Rioja to complete the photochemical study 

by measuring its quantum yield and, finally, to test its antibacterial activity.   

 As with previous samples absorbing in the red region in the spectrum, the 

quantum yield of compound 17 was measured instrumentally. In this occasion, a 30 W 

RGB LED lamp in red light mode was employed to induce the photoreaction. The 

emission spectrum of the red LED can be seen in figure 10. Although this lamp did not 
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cover the maximum absorption region, a significant part of the emitted light was 

inside the absorption range of 17.  
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Figure 10. Emission spectra of the 30 W RGB LED lamp in red light mode, employed to carry out the 

release of the antibiotic in compound 17.  

 The sample was dissolved in a mixture of DMSO and water 60:40, which makes 

its solubility similar to those activated with green light, but better than the ones 

activated with far-red light. The calculated quantum yield for 17 was 0.006%, which 

means that the release efficiency is similar to those activated by green light and better 

than those activated with far-red light. The total release of the antibiotic was achieved 

with red light in 35 hours. These results suppose a moderate improvement in the 

performance of the BODIPYs activated with light inside the therapeutic window (600-

1200 nm). Moreover, as mentioned, the light source used to induce the release of the 

antibiotic was not the most optimal, because it only covered a fraction of the 

absorbance region where the compound has low absorption. It is expected that 

irradiation with a lamp emitting in the range of 675 nm will give fasters release rates. 

6.4 Antibacterial activity 

To testing the antibacterial activity of the photoreleasable quinolones, their MICs were 

evaluated. The synthesized compounds were studied before and after irradiation. 

Quinolone sensitive Escherichia coli ATCC 25922,11 was incubated with different 

concentrations either of the protected form (BODIPY linked to the antibiotic) or the 

deprotected form (irradiated samples where the antibiotic was released). MIC was 
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determined visually by the presence or absence of turbidity in the well, as shown in 

figure 12. If the well is clear, it means that the compound studied in that concentration 

has a bacteriostatic effect, inhibiting the growth of new bacteria. If the well is turbid, 

it means the opposite. The results obtained for each compound are explained next. 

Table 2. MIC values of photoreleasable quinolones 

Compound 6 7 10 11 17 

MICprotected (g/ml) >32 32 8-16 16 16 

MICdeprotected (g/ml) 4 4 0,5 2 0,5 

 As mentioned in a previous chapter, when performing a study of the 

antibacterial properties, the solvent used to prepare the samples should be water 

ideally. The use of other organic solvents could affect the results if it interferes with 

the bacterium survival rate. In this study, due to the solubility of the synthesized 

structures, it was necessary to employ a mixture of water and DMSO to ensure total 

solubility of the samples. Hence, a stock solution of each compound in a 

concentration of 256 g/ml of the corresponding antibiotic, was prepared either in 

80:20 DMSO/H2O for 7 and 11, or 60:40 DMSO:H2O for 6, 10, and 17. Subsequent 

dilutions to achieve lower concentrations were made with Mueller Hinton broth so 

that the amount of organic solvent was significantly cut down. Therefore, in order to 

check the survival of the bacterium with the solvents employed, a control test was 

made. Solvents were found to not affect the bacterium growth as both mixtures 

employed (80:20 and 60:40) resulted in MIC > 32 g/ml. This control proved that the 

MIC values obtained for all the compounds under study were not affected by the use 

of DMSO.  

The derivatives of nalidixic acid 6 and 7, showed an 8-fold and 6-fold change in 

activity when they were irradiated (MIC6protected > 32 g/ml vs. MIC6deprotected = 4 g/ml, 

MIC7protected = 32 g/ml vs. MIC7deprotected = 4 g/ml). These values were in agreement with 

the control of nalidixic acid, which reported a value of 4 g/ml, indicating that after 

irradiation, the antibiotic was completely released.  

 Boc-ciprofloxacin derivatives showed a 10-fold difference in activity in 10 and 

17 (MIC10protected = 8-16 g/ml vs. MIC10deprotected = 0.5 g/ml, MIC17protected = 16 g/ml vs. 

MIC17deprotected = 0.5 g/ml), and 6-fold change in 11 (MIC11protected = 16 g/ml vs. 
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MIC11deprotected = 2 g/ml).These results were in agreement with the controls made for 

Boc-ciprofloxacin which reported MIC values of 0.5 and 2 g/ml when the stock 

solution (256 g/ml) was dissolved in 60:40 and 80:20 DMSO:H2O. The values once 

again demonstrated that upon irradiation the release yield of the antibiotic was 100%.   

 

Figure 11. Graphic comparing MICs on E. coli ATCC 25922 of the protected and deprotected forms of 

the photoreleasable quinolones. In blue is represented the protected form (BODIPY linked to the 

antibiotic). In pink is represented the activated form (after irradiation of the sample which induces the 

release of the antibiotic). C1 and C2 refer to the control experiments of the antibiotics (C1 = Nalidixic 

acid, C2 = Boc-ciprofloxacin). 

 

Figure 12. MIC study on E. coli ATCC 25922 of the two derivatives showing better results (10 and 17). 

MIC is depicted with a red circle. The protected compounds showed higher MIC values than the 

deprotected ones, which indicates that upon light irradiation, the antibiotic regains its activity. The 

solvent control did not affect bacterial growth.  
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6.5 Conclusions 

In this chapter, several photoreleasable derivatives of quinolones have been 

designed. The photoreleasable group employed, allowed to protect position 3 of the 

quinolone antibiotics, which is crucial for their activity. Different BODIPY structures 

were synthesized in order to induce a bathochromic shift, as well as to try to improve 

their water solubility and release efficiency. The new photoreleasable derivatives 

displayed strong absorption in the visible region. More importantly, three of them 

were inside the therapeutic window, absorbing up to 800 nm. One of the properties 

that remain to be improved is their quantum yield. However, despite showing low 

values, the release process was induced using visible light to completely generate the 

unprotected form of the antibiotic in all cases. These excellent results allowed us to 

test the antibacterial properties of the synthesized molecules in vitro. Although the 

use of mixtures of DMSO and water were needed to achieve total solubility, it was 

found that this did not affect the final results of this study. The MIC assay showed a 

significant deactivation of the antibiotics when they were linked to the BODIPY 

scaffold. When the samples were irradiated, causing the release of the antibiotic, the 

antibacterial activity was recovered in all cases. The best results were obtained for two 

Boc-ciprofloxacin derivatives, which upon irradiation suffered a 10-fold difference in 

activity. This work opens the possibility of activation of antibiotic molecules with 

visible light inside the therapeutic window. Even though some properties need to be 

improved, faster activation processes can be accomplished using adequate 

instrumentation. For example, the lasers employed in PDT, combined with fiber optic 

delivery systems can ensure a high potency of the light source in a reduced area of 

irradiation, which would result in a much faster release of the drug.  

6.6 Experimental section 

6.6.1 HPLC conditions 

A Phenomenex C18 column (250 mm x 4.6 mm x 5 m) was employed as the stationary 

phase. The mobile phase consisted of different mixtures of acetonitrile and water 

containing 0.1% of trifluoroacetic acid. The flow in all cases was 1 ml/minute, and the 

injection volume was 20 l, previously filtered through a 0.45 m PTFE membrane 

filter. The gradient methods used for each compound are described next. 
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Table 3. HPLC method A, used for the analysis of compounds 6 and 10 

Time (min) 
Mobile phase composition (%) 

Acetonitrile Water (0.1% TFA) 

0 80 20 

5 40 60 

7 40 60 

14 10 90 

15 10 90 

 For compounds 6 and 10, the detection was carried out in dual-mode at 254 or 

282, and 520 nm to monitor the release of the antibiotic as well as the remaining 

protected compound. Retention times are indicated next: tR6 = 12.8 min, tR10 = 14.7 min, 

tRNalidixic acid = 8.0 min, tRBoc-ciprofloxacin = 11.3 min. 

Table 4. HPLC method B, used for the analysis of compounds 7, 11, and 17 

Time (min) 
Mobile phase composition (%) 

Acetonitrile Water (0.1% TFA) 

0 80 20 

5 40 60 

7 40 60 

14 10 90 

20 10 90 

For compounds 7 and 11, the detection was carried out in dual-mode at 254 or 

282, and 730 nm in order to monitor the release of the antibiotic and the remaining 

protected compound. For compound 17, the selected wavelengths in dual-mode were 

282 and 675 nm. Retention times are indicated next: tR7 = 15.8 min, tR11= 16.8 min, tR17 

= 15.9 min, tRNalidixic acid = 8.0 min, tRBoc-ciprofloxacin = 11.3 min. 
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6.6.2 Quantum yield  

6.6.2.1 Reinecke’s salt 

Reinecke’s salt is a popular actinometer for the visible region as it is commercially 

available and affordable. However, the experimental procedure is not easy and must 

be precisely followed in order to avoid possible errors in the final value.12 The 

photochemical reaction involving Reinecke’s salt is expressed in equation 2. 

[Cr(NH3)2(NCS)4]-    +    H2O    →    [Cr(NH3)2(NCS)3H2O]    +    NCS- 

Equation 2. Photochemical reaction of Reinecke’s salt. Upon light irradiation, an isothiocyanate ion is 

released and is substituted by a water molecule. 

According to equation 2, the rate of photodissociation is equal to the 

production of the thiocyanate ion. Thus, the amount of thiocyanate ion produced 

during an irradiation time (t), enables the monitoring of the kinetics of the 

photoreaction. For this purpose, several thiocyanate standard solutions between 4E-

4 and 4E-3 M were prepared using potassium thiocyanate. Additionally, an iron 

reagent solution containing 0.1M Fe(NO3)3·9H2O and 0.5 M HClO4 was prepared. Then, 

to a volume of thiocyanate solution were added 3 ml of iron reagent and distilled 

water up to 10 ml. The concentration of thiocyanate ion was determined 

spectroscopically, as it forms a colored complex with iron.   

Table 5. Data of calibration line for the determination of [SCN-] 

[KSCN] 

(M) 

Volume of KSCN 

(ml) 

Volume of iron reagent 

(ml) 

Absorbance  

(452 nm) 

4E-4 2 3 0.322 

8E-4 2 3 0.594 

2.4E-3 1 3 0.920 

3.2E-3 1 3 1.165 

4E-3 1 3 1.414 

 By plotting the absorbance at 452 nm and the concentration of thiocyanate ion 

of the measured solution, a calibration line was obtained.  
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Figure 13. Calibration line obtained for the determination of [SCN-] through UV-Vis spectroscopy at 452 

nm. 

 The calibration line obtained in figure 13 gives an equation that allows the 

calculation of the concentration of thiocyanate ion for a given value of absorbance at 

452 nm. 

Absorbance(452nm) = 3447.3[SCN-] + 0.0579 

Equation 3. Equation obtained from the calibration line for the determination of [SCN-].  

 Next, Reinecke’s salt was treated before its use. This salt is commercially 

available as the ammonium salt and must be converted into the potassium salt since 

ammonia quenches the photochemical reaction. This is possible by dissolving 

Reinecke’s salt in an aqueous solution of 0.1M potassium hydroxide, obtaining a final 

concentration of 0.015M of the actinometer. The solution was stirred for a few minutes 

and subsequently cooled in an ice bath and shaken manually to strip ammonia. Note 

that the whole procedure must be performed in the absence of light. Once the 

ammonium salt was obtained, the sample was irradiated at different times with a 30W 

RGB LED in green mode. At last, the spectrometric analysis sample was prepared as 

follows: 0.5 ml of the irradiated solution, 3 ml of the iron reagent, and 6.5 ml of distilled 

water. The concentration of thiocyanate ion was determined spectroscopically at 452 

nm. The conversion should be below 10% to avoid secondary reactions, such as more 

than one thiocyanate ion substituted by molecules of water. 
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Figure 14. Evolution of [SCN-] in time. Upon photoreaction of Reinecke’s salt, one molecule of SCN- is 

substituted by a water molecule. Irradiation carried out using the green LED. 

 To calculating the concentration of thiocyanate ion, equation 3 was employed. 

From the graphic shown in figure 14, a polynomic equation of second degree is 

obtained. 

[SCN-] = 6.9636E-10t2 + 1.2245E-7t + 7.6390E-5 

Equation 4. Equation obtained from the irradiation of Reinecke’s salt. This formula allows to calculate 

the amount of SCN- produced when the actinometer is irradiated for a known time (t). 

 By calculating the slope of the polynomic equation, the value of k0 was 

obtained, m = k0 = 1.2245E-7. Finally, at 520 nm the quantum yield of the actinometer 

is 0.286. Substituting both values in equation 5 the resulting photonic flux had a value 

of 4.28E-7 einstein L-1 s-1. 

I0 =
𝑘0

ɸ
 

Equation 5. Equation expressing the photonic flux of the lamp. k0 is the slope of the polynomic function 

obtained from the photoreaction of Reinecke’s salt (equation 4),  can be found in the bibliography for 

different wavelengths.9 

 Once the value of I0 is known, equation 5 can be used to calculate the quantum 

yield of the photoreleasable quinolone derivative by finding k0 for the release process. 

With this purpose, a solution of compound 6 or 10 was prepared by adjusting the 

absorbance value at 520 nm to the one displayed by the actinometer. Then the sample 

was irradiated at different times using the same light source as the one used for the 

actinometer. The conversion should be below 10% to avoid competitive absorption 
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between the initial compound and the byproduct of the photocage. The release 

process was quantified by HPLC using method A, described in section 6.6.1. 

 

Figure 15. Photorelease course of quinolone derivatives. Upon irradiation of compounds 6 and 10, 

nalidixic acid and Boc-ciprofloxacin respectively are released.  

 As has been described for Reinecke’s salt, the value of k0 for compound 6 and 

10 can be calculated from the slope of the polynomic equations obtained for the 

release of the antibiotic (figure 15, compound 6 k0  = 3.37E-11 and compound 7 k0 = 

3.33E-11). After that, equation 5 was used to calculate the quantum yield of release of 

each compound.  

6.6.2.2 Instrumental setup 

First, the adequate light source was selected according to the sample under study. 

Compounds 6 and 10 were irradiated with green light using a 30 W RGB LED. 

Compounds 7 and 11 were irradiated using a 515 mW far-red LED. Compound 17 was 

irradiated with a 30 W RGB LED in red light mode. The LED of choice was incorporated 

in the setup represented in figure 7. Samples were prepared in a concentration close 

to 5E-5M and dissolved in different mixtures of DMSO and water according to their 
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solubility. All samples were equipped with a magnetic stirrer to ensure homogeneous 

irradiation of the total volume. Prior to the irradiation process, the sample was 

analyzed by HPLC to check that the protected form of the antibiotic was being 

irradiated. The HPLC conditions for each compound can be found in section 6.6.1. 

 Once the LED was placed in the setup, the light was blocked with a laser 

dimming paper in front of the lens. This allowed the determination of the ambient 

light, which was later substrate from subsequent measurements.  

 Next, the paper was removed, and a reference cuvette containing the solvent 

used to dissolve the samples was inserted. The light not absorbed by the sample was 

collected by a cosine corrector coupled to an Ocean Optics USB4000-UV-Vis detector. 

The transmitted radiant flux (Pref), was obtained in moles of photons·s-1·m-2. 

 Then, the reference was exchanged by a cuvette containing the sample that 

was irradiated for a determined time. During that time, the light not absorbed by the 

sample (Psample) was monitored by continuous acquisition of the transmitted radiant 

flux in moles of photons·s-1·m-2. Note that upon irradiation, the conversion from the 

protected antibiotic to the released form should be below 10% to avoid competitive 

absorption between the initial product and the byproduct of the photocage. After 

irradiation, the sample’s conversion was quantified by HPLC, which allowed the 

calculation of the number of antibiotic molecules released.   

 The light absorbed by the sample can be calculated as the difference between 

the light not absorbed by the reference and the light not absorbed by the sample, as 

expressed in equation 6: 

Pabs = Pref – Psample 

Equation 6. Equation expressing the moles of photons·s-1·m-2 absorbed by the sample. Pref corresponds 

with the transmitted radiant flux measured for the reference with solvent, Psample refers to the 

transmitted radiant flux recorded when the sample was inserted in the setup. 

 To conclude the experiment, the number of photons absorbed by the sample, 

as well as the number of molecules of antibiotic released, were introduced in equation 

1 to obtain the quantum yield (see section 6.2.3). 

6.6.3 Antibacterial activity 

To testing the antibacterial activity of the synthesized compounds, a MIC assay was 

performed on Escherichia coli ATCC 25922 strain following the microdilution method 

in cation adjusted Mueller Hinton broth, according to CLSI protocol (CLSI, 2019).13 
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Escherichia coli ATCC 25922 strain was cultured in Brain-Heart Infusion agar (Becton 

Dickinson) for 24 hours at 37 °C. Overnight colonies were used to prepare an inoculum 

adjusted to the turbidity of a 0.5 McFarland in sterile saline (equivalent to 1 x 108 

CFU/ml).  All compounds were dissolved in mixtures of DMSO/H2O depending on their 

solubility to prepare the stock solution in a concentration of 256 g/ml of the 

corresponding antibiotic considering total release. Serial two-fold dilutions of the 

stock solution were made in a range of concentrations from 32 to 0.03 g/ml. The 

bacterial suspension was diluted in cation adjusted Mueller-Hinton broth to give a 

final organism density of 5 x 105 CFU/ml and exposed to serial twofold dilutions of each 

compound tested (0.03-32 g/ml) with a final volume of 0.1 ml in a 96 well 

microdilution tray. The MIC value was the lowest concentration of compound where 

no visible growth was apparent after 20-24 hours of incubation at 37 °C. Compounds 

were tested before and after irradiation with visible light, green light in 6  and 10, far-

red light in 7 and 11, and red light in 17. Additional controls of the antibiotics (Nalidixic 

acid and Boc-ciprofloxacin), as well as the solvents used, were made. 

6.6.4 Synthesis 

6.6.4.1 General information 

For details about general experimental information, see Appendix, section A. 

6.6.4.2 Synthetic procedure 

(5,5-difluoro-1,3,7,9-tetramethyl-5H-4l4,5l4-dipyrrolo[1,2-c:2',1'-f][1,3,2] 

diazaborinin-10-yl)methyl acetate (1):4 

 

To a solution of 2,4-dimethylpyrrole (10.5 mmol, 1.08 ml) in dry DCM (40 ml) under 

argon atmosphere, was added acetoxyacetyl chloride (6.0 mmol, 0.64 ml) and the 

mixture was stirred in the dark at room temperature for 24 hours. Then, TEA (31.5 

mmol, 4.4 ml) was added. The resulting mixture was allowed to stir for 15 minutes. 

Next, boron trifluoride diethyl etherate (47.2 mmol, 5.8 ml) was added. After 1 hour of 

stirring, another portion of TEA (31.5 mmol, 4.4 ml) and boron trifluoride diethyl 

etherate (47.2 mmol, 5.8 ml) were added, and the stirring continued for one more 

hour. After that time, silica was added to the flask, and the solvents were evaporated 
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in vacuo. The obtained solid was purified by column chromatography (Et2O:Hexane 

1:1) to give 0.5 g (30%) of a solid as red-gold crystals.  
1H-NMR (300 MHz, CDCl3): δ 6.08 (s, 2H), 5.30 (s, 2H), 2.53 (s, 6H), 2.36 (s, 6H), 2.13 (s, 

3H). 
1H-NMR spectrum in agreement with published data.4 

 

(5,5-difluoro-1,3,7,9-tetramethyl-5H-4l4,5l4-dipyrrolo[1,2-c:2',1'-f][1,3,2] 

diazaborinin-10-yl)methanol (2):4 

 

Sodium hydroxide (0.25 mmol, 10 mg) was dissolved in a mixture of water (2.5 ml) and 

methanol (12 ml) and stirred for 10 minutes and then was added to a solution of 

compound 1 (0.63 mmol, 0.2 g) in DCM (12 ml). The reaction mixture was stirred for 6 

hours in the dark at room temperature. Then, the organic solvents were evaporated in 

vacuo, and the residue was extracted with EtOAc (30 ml) three times. The combined 

organic layers were washed with 1M HCl (15 ml) twice and brine (15 ml) and dried over 

anhydrous MgSO4. The solvent was removed in vacuo, and the solid obtained was 

purified by column chromatography (Et2O:Hexane 1:1 to 1:0) to obtain 0.1 g (60%) of 

solid as red crystals.  
1H-NMR (300 MHz, CDCl3): δ 6.09 (s, 2H), 4.91 (s, 2H), 2.53 (s, 6H), 2.51 (s, 6H). 
1H-NMR spectrum in agreement with published data.4 

 

(3,7-bis(4-(dimethylamino)styryl)-5,5-difluoro-1,9-dimethyl-5H-4l4,5l4-

dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-10-yl)methyl acetate (3):3 

 

Compound 1 (0.31 mmol, 0.1 g) and 4-(dimethylamino)benzaldehyde (3.4 mmol, 0.51 

g) were added to a 24 ml scintillation vial. Then, one drop of piperidine was added, 

and the vial was rotated under vacuum while heated at 75 °C for 6 hours. After that 
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time, the resulting solid was purified by column chromatography (DCM:MeOH 50:0.1) 

to give 0.1 g (53%) of a dark green solid. 
1H-NMR (300 MHz, DMSO-D6): δ 7.50-7.43 (m, 6H), 7.27 (d, J = 16.2 Hz, 2H), 7.00 (s, 2H), 

6.79 (d, J = 8.9 Hz, 4H), 5.29 (s, 2H), 3.01 (s, 12H), 2.39 (s, 6H), 2.13 (s, 3H). 
1H-NMR spectrum in agreement with published data.3 

 

(3,7-bis(4-(dimethylamino)styryl)-5,5-difluoro-1,9-dimethyl-5H-4l4,5l4-

dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-10-yl)methanol (4):3 

 

To a solution of compound 3 (0.17 mmol, 0.1 g) in a mixture of DCM (50 ml) and MeOH 

(50 ml) was added a solution of sodium hydroxide (1.0 mmol, 41 mg) in water (10 ml). 

The reaction mixture was stirred in the dark at room temperature for 6 hours. After 

that time, the organic solvent was removed in vacuo, and the residue was extracted 

with DCM (40 ml) twice. Next, the combined organic layers were washed with 1M HCl 

(20 ml) and brine (20 ml). The organic layer was dried over anhydrous MgSO4, and the 

solvent was removed in vacuo. The resulting residue was purified by column 

chromatography (DCM:EtOAc 5:0.15) to obtain 83 mg (90%) of a dark green solid.  
1H-NMR (300 MHz, DMSO-D6): δ 7.48-7.43 (m, 6H), 7.27 (d, J = 16 Hz, 2H), 6.94 (s, 2H), 

6.79 (d, J = 8.9 Hz, 4H), 5.45 (t, J = 4.9 Hz, 1H), 4.74 (d, J = 4.8 Hz, 2H), 3.00 (s, 12H), 2.54 

(s, 6H).  
1H-NMR spectrum in agreement with published data.3 

 

1-ethyl-7-methyl-4-oxo-1,4-dihydro-1,8-naphthyridine-3-carbonyl chloride (5): 

 

To a solution of nalidixic acid (0.43 mmol, 0.1 g) in dry DCM (4 ml) under argon 

atmosphere was added oxalyl chloride (1.29 mmol, 0.11 ml) and one drop of DMF. The 

resulting mixture was stirred for 2 hours at 40 °C. After that time, the solvent was 
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evaporated in vacuo to give 0.11 g of a dark blue solid that was immediately used in 

the next step.  

 

(5,5-difluoro-1,3,7,9-tetramethyl-5H-4l4,5l4-dipyrrolo[1,2-c:2',1'-f][1,3,2] 

diazaborinin-10-yl)methyl 1-ethyl-7-methyl-4-oxo-1,4-dihydro-1,8- 

naphthyridine-3-carboxylate (6): 

 

Compound 2 (80 mg, 0.29 mmol) was dissolved in dry DCM (4 ml) under argon 

atmosphere and 4-(dimethylamino)pyridine (70 mg, 0.58 mmol) was added. This 

mixture was added over a solution containing compound 5 (111 mg, 0.43 mmol) in dry 

DCM (3 ml) under argon atmosphere. The reaction mixture was stirred in the dark for 

12 hours at room temperature. After that time, the solvent was evaporated in vacuo, 

and the resulting residue was purified by column chromatography (DCM:EtOAc 5:2) to 

obtain 61 mg (43%) of a red solid. 
1H-NMR (400 MHz, CDCl3): δ 8.63 (d, J = 8.1 Hz, 1H), 8.55 (s, 1H), 7.24 (d, J = 8.1 Hz, 1H), 

6.08 (s, 2H), 5.51 (s, 2H), 4.46 (q, J = 7.1 Hz, 2H), 2.65 (s, 3H), 2.54 (s, 6H), 2.44 (s, 6H), 

1.47 (t, J = 7.1 Hz, 3H). 
13C-NMR (100 MHz, CDCl3): δ 174.8, 164.2, 163.0, 156.6, 148.7, 142.1, 137.0, 134.0, 133.1, 

122.4, 121.6, 121.5, 110.6, 58.1, 47.0, 25.2, 15.9, 15.4, 14.8. 

HR-MS (ESI, [M+H]+): Calcd. for C26H27BF2N4O3 + H: 493.2217; Found: 493.2226 
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(3,7-bis(4-(dimethylamino)styryl)-5,5-difluoro-1,9-dimethyl-5H-4l4,5l4-

dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-10-yl)methyl 1-ethyl-7-methyl-4-oxo-

1,4-dihydro-1,8-naphthyridine-3-carboxylate (7): 

 

Compound 4 (83 mg, 0.15 mmol) was dissolved in dry DCM (4 ml) under argon 

atmosphere and 4-(dimethylamino)pyridine (37 mg, 0.30 mmol) was added. This 

mixture was added over a solution containing compound 5 (56 mg, 0.23 mmol) in dry 

DCM (3 ml) under argon atmosphere. The reaction mixture was stirred in the dark for 

12 hours at room temperature. After that time, the solvent was evaporated in vacuo, 

and the resulting residue was purified by column chromatography 

(DCM:EtOAc:Toluene 2:3:1) to obtain  34 mg (30%) of a dark green solid. 
1H-NMR (300 MHz, CDCl3): δ 8.64 (d, J = 8.1 Hz, 1H), 8.57 (s, 1H), 7.53 (d, J = 8.9 Hz, 6H), 

7.25-7.15 (m, 3H), 6.71 (d, J = 8.9 Hz, 6H), 5.53 (s, 2H), 4.45 (q, J = 7.1 Hz, 2H), 3.04 (s, 

12H), 2.64 (s, 3H), 2.46 (s, 6H), 1.45 (t, J = 7.1 Hz, 3H). 
13C-NMR (75 MHz, CDCl3): δ 175.0, 163.7, 162.9, 153.4, 151.1, 148.7, 148.6, 139.5, 137.2, 

137.0, 129.4, 129.3, 125.2, 121.5, 121.4, 118.4, 115.0, 112.2, 110.6, 58.4, 46.9, 40.4, 25.2, 

16.1, 15.4. 

HR-MS (ESI, [M+Na]+): Calcd. for C44H45BF2N6O3 +Na: 777.3514; Found: 777.3497 
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7-(4-(tert-butoxycarbonyl)piperazin-1-yl)-1-cyclopropyl-6-fluoro-4-oxo-1,4-

dihydroquinoline-3-carboxylic acid (8): 

 

Ciprofloxacin (2 g, 6.0 mmol) and di-tert-butyl decarbonate (1.4 g, 6.6 mmol) were 

dissolved in THF (60 ml). Next, a solution of sodium hydroxide (0.48 g, 12.0 mmol) in 

water (12 ml) was added, and the mixture was stirred overnight at room temperature. 

After that time, the solvent was removed in vacuo, and the residue was taken into 

aqueous saturated ammonium chloride (200 ml). The aqueous phase was extracted 

with DCM (200 ml) three times. The organic layer was washed with brine (400 ml) and 

dried over anhydrous MgSO4. The solvent was evaporated in vacuo to obtain 2.51 g 

(97%) of white solid. 
1H-NMR (300 MHz, CDCl3): δ 14.94 (s, 1H), 8.71 (s, 1H), 7.96 (d, J = 12.9 Hz, 1H), 7.35 (d, J 

= 7.1 Hz, 1H), 3.72 – 3.61 (m, 4H), 3.59-3.50 (m, 1H), 3.34 – 3.21 (m, 4H), 1.49 (s, 9H), 1.41-

1.35 (m, 2H), 1.26 – 1.15 (m, 2H). 
1H-NMR spectrum in agreement with published data.14 

 

Tert-butyl 4-(3-(chlorocarbonyl)-1-cyclopropyl-6-fluoro-4-oxo-1,4- 

dihydroquinolin-7-yl)piperazine-1-carboxylate (9): 

 

To a solution of compound 8 (0.15 g, 0.35 mmol) in dry DCM (5 ml) under argon 

atmosphere, oxalyl chloride (88 l, 1.05 mmol) and one drop of DMF were added. The 

reaction was stirred for 2 hours at 40 °C. After that time, the solvent was removed in 

vacuo to give 0.16 g (100%) of an orange solid that was immediately used in the next 

step. 
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(5,5-difluoro-1,3,7,9-tetramethyl-5H-4l4,5l4-dipyrrolo[1,2-c:2',1'-f][1,3,2] 

diazaborinin-10-yl)methyl 7-(4-(tert-butoxycarbonyl)piperazin-1-yl)-1 

 cyclopropyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylate (10): 

 

Compound 2 (67 mg, 0.24 mmol) was dissolved in dry DCM (4 ml) under argon 

atmosphere and 4-(dimethylamino)pyridine (57 mg, 0.47 mmol) was added. This 

mixture was added over a solution containing compound 9 (160 mg, 0.36 mmol) in dry 

DCM (3 ml) under argon atmosphere. The reaction mixture was stirred in the dark for 

12 hours at room temperature. After that time, the solvent was evaporated in vacuo, 

and the resulting residue was purified by column chromatography (DCM:EtOAc 5:2) to 

obtain 63 mg (38%) of a red solid. 
1H-NMR (300 MHz, CDCl3): δ 8.45 (s, 1H), 8.05 (d, J = 13.1 Hz, 1H), 7.24 (d, 1H), 6.08 (s, 

2H), 5.51 (s, 2H), 3.68 – 3.60 (m, 4H), 3.45 – 3.33 (m, 1H), 3.24 – 3.16 (m, 4H), 2.53 (s, 6H), 

2.45 (s, 6H), 1.49 (s, 9H), 1.34 – 1.26 (m, 2H), 1.12 – 1.02 (m, 2H). 
13C-NMR (75 MHz, CDCl3): δ 173.1, 164.6, 156.5, 155.2, 154.7, 151.9, 148.2, 144.8, 142.1, 

138.1, 134.1, 133.1, 122.4, 113.8, 109.3, 105.1, 80.4, 58.1, 50.1, 43.6, 34.7, 28.6, 15.9, 14.8, 

8.5. 

HR-MS (ESI, [M+H]+): Calcd. for C36H41BF3N5O5 +H: 692.3225; Found: 692.3235 
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(3,7-bis(4-(dimethylamino)styryl)-5,5-difluoro-1,9-dimethyl-5H-4l4,5l4-

dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-10-yl)methyl 7-(4-(tert-

butoxycarbonyl)piperazin-1-yl)-1-cyclopropyl-6-fluoro-4-oxo-1,4-

dihydroquinoline-3-carboxylate (11): 

 

Compound 4 (83 mg, 0.15 mmol) was dissolved in dry DCM (4 ml) under argon 

atmosphere and 4-(dimethylamino)pyridine (37 mg, 0.30 mmol) was added. This 

mixture was added over a solution containing compound 9 (103 mg, 0.23 mmol) in dry 

DCM (3 ml) under argon atmosphere. The reaction mixture was stirred in the dark for 

12 hours at room temperature. After that time, the solvent was evaporated in vacuo, 

and the resulting residue was purified by column chromatography 

(DCM:EtOAc:Toluene 2:3:1) to obtain  34 mg (30%) of a dark green solid. 
1H-NMR (300 MHz, CDCl3): δ  8.45 (s, 1H), 8.07 (d, J = 13.1 Hz, 1H), 7.53 (d, J = 8.9 Hz, 6H), 

7.25 – 7.17 (m, 3H), 6.71 (d, J = 8.7 Hz, 6H), 5.54 (s, 2H), 3.66 – 3.59 (m, 4H), 3.42 – 3.32 

(m, 1H), 3.22 – 3.16 (m, 4H), 3.03 (s, 12H), 2.48 (s, 6H), 1.49 (s, 9H), 1.26 – 1.21 (m, 2H), 

1.09 – 1.02 (m, 2H). 
13C-NMR (75 MHz, CDCl3): δ 173.3, 164.1, 154.8, 153.4, 151.1, 148.0, 144.7, 144.6, 139.6, 

138.1, 137.1, 134.8, 129.4, 129.3, 127.9, 125.2, 123.3, 118.4, 115.0, 113.9, 113.6, 112.2, 

109.4, 105.2, 80.3, 58.4, 50.1, 43.6, 40.4, 34.7, 28.6, 16.1, 8.6. 

HR-MS (ESI, [M+H]+): Calcd. for C54H59BF3N7O5 +H: 954.4704; Found: 954.4659 
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6-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-3,4-dihydronaphthalen-1(2H)-one 

(12): 

 

To a solution of 6-hydroxy-1-tetralone (1 g, 6.2 mmol) in anhydrous DMF (15 ml)under 

argon atmosphere was added sodium carbonate (1.3 g, 12.3 mmol), 1-chloro-2-[2-(2-

methoxyethoxy)ethoxy]ethane (1.2 g, 6.7 mmol), and sodium iodide as a catalyst. The 

resulting mixture was stirred for 16 hours at 100 °C. After that time, the solvent was 

removed in vacuo, and the resulting product was neutralized with 1M HCl. Then, it was 

extracted with DCM (60 ml) twice, and the organic layers were washed with brine (60 

ml). Next, the organic layer was dried over anhydrous MgSO4, and the solvent was 

evaporated in vacuo to give 1.8 g (95%) of a clear oil.  
1H-NMR (400 MHz, CDCl3): δ 7.99 (d, J = 8.7 Hz, 1H), 6.83 (dd, J = 8.8, 2.5 Hz, 1H), 6.71 (d, 

J = 2.5 Hz, 1H), 4.20 – 4.15 (m, 2H), 3.88-3.84 (m, 2H), 3.75-3.72 (m, 2H), 3.70 – 3.61 (m, 

4H), 3.56-3.53 (m, 2H), 3.37 (s, 3H), 2.92-2.89 (m, 2H), 2.62-2.58 (m, 2H), 2.10 (quint, J = 

6.4 Hz, 2H). 
13C-NMR (100 MHz, CDCl3): δ 197.3, 162.9, 147.0, 129.7, 126.6, 113.6, 113.4, 72.1, 71.0, 

70.8, 70.7, 69.7, 67.7, 59.2, 39.0, 30.3, 23.5. 

HR-MS (ESI, [M+H]+): Calcd. for C17H24O5 +H: 309.1697; Found: 309.1701 

 

6-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-3,4-dihydronaphthalen-1(2H)-one 

oxime (13): 

 

Sodium acetate (0,29 g, 3.6 mmol) was dissolved in water (3 ml) and added over a 

solution of hydroxylamine hydrochloride (0.25 g, 3.6 mmol) in water (3 ml). The 

resulting mixture was added over a solution of compound 12 (1 g, 3.2 mmol) in 

methanol (10 ml) and heated at 35 °C. Next, the sample was stirred for 2 hours at 80 

°C. After that time, the reaction was cooled at room temperature, and the solvent was 

removed in vacuo. Next, water (30 ml) was added to the residue, and the aqueous 

phase was extracted with DCM (50 ml) twice. The combined organic layers were 

washed with brine (50 ml) and dried over anhydrous MgSO4. Then, the solvent was 

evaporated in vacuo to result in 0.99 g (94%) of a clear oil. 
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1H-NMR (400 MHz, CDCl3): δ 7.77 (d, J = 8.7 Hz, 1H), 6.76 (dd, J = 8.8, 2.7 Hz, 1H), 6.66 (d, 

J = 2.6 Hz, 1H), 4.16 – 4.09 (m, 2H), 3.87 – 3.82 (m, 2H), 3.75 – 3.71 (m, 2H), 3.70 – 3.62 

(m, 4H), 3.58 – 3.52 (m, 2H), 3.37 (s, 3H), 2.79 (t, J = 6.6 Hz, 2H), 2.70 (t, J = 6.1 Hz, 2H), 

1.85 (quint, J = 6.5 Hz, 2H). 
13C-NMR (100 MHz, CDCl3): δ 159.6, 155.2, 141.6, 125.7, 123.5, 113.8, 113.6, 72.0, 70.9, 

70.8, 70.7, 69.8, 67.4, 59.1, 30.2, 23.9, 21.5. 

HR-MS (ESI, [M+H]+): Calcd. for C17H25NO5 +H: 324.1805; Found: 324.1811 

 

7-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-4,5-dihydro-1H-benzo[g]indole (14): 

 

In a three-neck flask, under argon atmosphere, compound 13 (1 g, 3.1 mmol) was 

dissolved in DMSO (25 ml). Next, lithium hydroxide monohydrate (0.7 g, 16.7 mmol) 

was added, and a light flow of acetylene was passed through the reaction mixture. The 

mixture was heated at 135 °C while keeping the acetylene flow for 6 hours. After that 

time, the reaction mixture was allowed to reach room temperature, and distilled water 

(60 ml) was added. Then, the aqueous phase was extracted with diethyl ether (100 ml) 

five times. The combined organic layers were extracted with water (100 ml) once. 

Finally, the solvent was removed in vacuo, and the obtained residue was purified by 

column chromatography (DCM:EtOAc 5:1)to give 0.31 g (30%) of a clear oil. 
1H-NMR (400 MHz, CDCl3): δ  8.34 (s, 1H), 7.06 (d, J = 8.3 Hz, 1H), 6.80 (d, J = 2.5 Hz, 1H), 

6.72 (d, J = 2.7 Hz, 1H), 6.71 (t, J = 2.7 Hz, 1H), 6.10 (t, J = 2.5 Hz, 1H), 4.14 – 4.07 (m, 2H), 

3.86 – 3.82 (m, 2H), 3.76 – 3.72 (m, 2H), 3.71-3.64 (m, 4H), 3.59 – 3.52 (m, 2H), 3.38 (s, 

3H), 2.89 (t, J = 7.5 Hz, 2H), 2.72 (t, J = 7.3 Hz, 2H). 
13C-NMR (100 MHz, CDCl3): δ 156.6, 136.8, 127.8, 123.1, 119.3, 118.5, 117.4, 115.6, 112.1, 

108.0, 72.1, 70.9, 70.8, 70.7, 69.9, 67.6, 59.2, 30.6, 21.9. 

HR-MS (ESI, [M+H]+): Calcd. for C19H25NO4 +H: 332.1856; Found: 332.1855 
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8-((acetyloxy)methyl)-17,17-difluoro-3,13-bis(2-(2-(2-methoxyethoxy)ethoxy) 

ethoxy)-5,10,11,17-tetrahydro-6H benzo[g]benzo[6',7']indolo[1',2':3,4] [1,3,2] 

diazaborinino[1,6-a]indol-16-ium (15): 

 

To a solution of compound 14 (0.94 mmol, 0.31 g) in dry DCM (10 ml) under argon 

atmosphere, was added acetoxyacetyl chloride (0.56 mmol, 60 l) and the mixture was 

stirred in the dark at 40 °C for 2 hours. Then, TEA (1.7 mmol, 0.23 ml) was added. The 

resulting mixture was allowed to stir for 15 minutes. Next, boron trifluoride diethyl 

etherate (1.7 mmol, 0.21 ml) was added. After 1 hour of stirring, another portion of TEA 

(1.7 mmol, 0.23 ml) and boron trifluoride diethyl etherate (1.7 mmol, 0.21 ml) were 

added, and the stirring continued for one more hour. After that time, the solvent was 

evaporated in vacuo, and the obtained residue was purified by column 

chromatography (DCM:MeOH 32:1) to give 85 mg (23%) of a deep blue-green solid.  
1H-NMR (400 MHz, CDCl3): δ 8.68 (d, J = 9.0 Hz, 2H), 6.98 (s, 2H), 6.95 (dd, J = 8.9, 2.7 Hz, 

2H), 6.82 (d, J = 2.7 Hz, 2H), 5.25 (s, 2H), 4.24 – 4.19 (m, 4H), 3.91 – 3.86 (m, 4H), 3.78 – 

3.73 (m, 4H), 3.72 – 3.65 (m, 8H), 3.58 – 3.53 (m, 4H), 3.38 (s, 6H), 2.88 (t, J = 7.0 Hz, 4H), 

2.73 (t, J = 6.4 Hz, 4H), 2.10 (s, 3H). 
13C-NMR (100 MHz, CDCl3): δ 170.7, 160.2, 152.6, 143.1, 136.2, 132.6, 130.4, 128.3, 122.1, 

121.6, 115.1, 113.1, 72.1, 71.0, 70.8, 70.7, 69.7, 67.5, 59.9, 59.2, 31.0, 22.5, 21.1. 

HR-MS (ESI, [M+H]+): Calcd. for C42H51BF2N2O10 +H: 790.3568; Found: 790.3562 
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17,17-difluoro-8-(hydroxymethyl)-3,13-bis(2-(2-(2-methoxyethoxy)ethoxy) 

ethoxy)-5,10,11,17-tetrahydro-6H-benzo[g]benzo[6',7']indolo[1',2':3,4] 

[1,3,2]diazaborinino [1,6-a]indol-16-ium (16): 

 

To a solution of compound 15 (0.11 mmol, 85 mg) in a mixture of DCM (25 ml) and 

MeOH (10 ml) was added a solution of potassium carbonate (0.39 mmol, 53 mg) in 

water (1 ml). The reaction mixture was stirred in the dark at room temperature for 3 

hours. After that time, the organic solvent was removed in vacuo, and the residue was 

extracted with DCM (40 ml) twice. Next, the combined organic layers were washed with 

1M HCl (10 ml) and brine (20 ml). The organic layer was dried over anhydrous MgSO4, 

and the solvent was removed in vacuo. The resulting residue was purified by column 

chromatography (DCM:MeOH 40:1) to obtain 48 mg (58%) of a dark green solid.  
1H-NMR (400 MHz, CDCl3): δ 8.68 (d, J = 9.0 Hz, 2H), 7.04 (s, 2H), 6.96 (dd, J = 8.9, 2.7 Hz, 

2H), 6.82 (d, J = 2.7 Hz, 2H), 4.81 (s, 2H), 4.28 – 4.14 (m, 4H), 3.93 – 3.84 (m, 4H), 3.80 – 

3.72 (m, 4H), 3.72 – 3.64 (m, 8H), 3.59 – 3.52 (m, 4H), 3.38 (s, 6H), 2.88 (t, J = 7.0 Hz, 4H), 

2.73 (t, J = 7.0 Hz, 4H). 
13C-NMR (100 MHz, CDCl3): δ 160.1, 152.4, 143.0, 135.5, 133.5, 132.4, 121.8, 121.8, 121.7, 

115.1, 113.1, 72.1, 71.0, 70.8, 70.7, 69.8, 67.6, 59.9, 59.2, 31.0, 22.6. 

HR-MS (ESI, [M+H]+): Calcd. for C40H49BF2N2O9 +H: 790.3568; Found: 790.3562 
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8-((((7-(4-(tert-butoxycarbonyl)piperazin-1-yl)-1-cyclopropyl-6-fluoro-4-oxo-

1,4-dihydroquinolin-3-yl)carbonyl)oxy)methyl)-17,17-difluoro-3,13-bis(2-(2-(2-

methoxyethoxy)ethoxy)ethoxy)-5,10,11,17-tetrahydro-6H benzo[g]benzo [6',7'] 

indolo [1',2':3,4][1,3,2]diazaborinino[1,6-a]indol-16-ium (17): 

 

Compound 16 (48 mg, 0.06 mmol) was dissolved in dry DCM (3 ml) under argon 

atmosphere and 4-(dimethylamino)pyridine (16 mg, 0.13 mmol) was added. This 

mixture was added over a solution containing compound 9 (39 mg, 0.09 mmol) in dry 

DCM (2 ml) under argon atmosphere. The reaction mixture was stirred in the dark for 

12 hours at room temperature. After that time, the solvent was evaporated in vacuo, 

and the resulting residue was purified by column chromatography (DCM:MeOH 40:1) 

to obtain  21 mg (28%) of a dark green solid. 
1H-NMR (400 MHz, CDCl3): δ  8.68 (d, J = 9.0 Hz, 2H), 8.46 (s, 1H), 8.07 (d, J = 13.1 Hz, 1H), 

7.24 (d, J = 7.0 Hz, 1H), 7.18 (s, 2H), 6.95 (dd, J = 8.9, 2.7 Hz, 2H), 6.82 (d, J = 2.7 Hz, 2H), 

5.49 (s, 2H), 4.25 – 4.16 (m, 4H), 3.91 – 3.81 (m, 4H), 3.79 – 3.73 (m, 4H), 3.72 – 3.61 (m, 

12H), 3.59 – 3.52 (m, 4H), 3.38 (s, 6H), 3.45-3.33 (m, 1H), 3.20 (m, 4H), 2.88 (t, J = 6.2 Hz, 

4H), 2.74 (t, J = 7.1 Hz, 4H), 1.49 (s, 9H), 1.31 – 1.26 (m, 2H), 1.10-1.05 (m, 2H). 
13C-NMR (100 MHz, CDCl3): δ 173.2, 164.3, 160.1, 154.8, 154.7, 152.4, 152.3, 148.5, 144.6, 

143.1, 138.1, 136.2, 132.6, 130.3, 129.3, 122.6, 121.7, 115.1, 113.8, 113.6, 113.1, 109.5, 

105.3, 80.4, 72.1, 71.0, 70.8, 70.7, 69.8, 67.5, 60.1, 59.2, 53.6, 50.1, 34.8, 31.0, 29.8, 28.5, 

22.6, 8.4. 

HR-MS (ESI, [M+H]+): Calcd. for C62H73BF3N5O13 +H: 1163.5359; Found: 1163.5340 
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In this doctoral thesis, several quinolone derivatives have been designed, synthesized, 

and evaluated. To gain control over their antibacterial activity using light as a 

stimulus, two different methods have been followed. The first method, inside the 

photopharmacological approach, is based on the use of molecular switches linked to 

the antibiotic part to generate a reversible system. The second method, the caging 

technique, relies on the use of a photoreleasable protective group attached to the 

antibiotic molecule to create an irreversible system.  

 From the photopharmacological approach, followed in chapter 4, the following 

conclusions can be drawn: 

• The synthetic routes have been designed either to create the antibiotic 

part from scratch with a molecular switch in position 7, or to modify a 

commercially available antibiotic and link the molecular switch in two 

different positions, 3 or 7. 

• It has been proved that all derivatives are able to carry out the 

isomerization process when irradiated with UV or visible light, reaching 

different PSS in short times. Furthermore, most of them are able to revert 

to the initial isomer by thermal relaxation.  

• In one specific case (9a), additional studies have been performed that have 

proved the excellent stability of the derivative as well as the high efficiency 

of the isomerization process.  

• Out of the six candidates, two of them (9a and 9b) have demonstrated to 

change their activity upon light irradiation, with a 4-fold change in activity 

as the best result found for the MIC assay. 

From the caging technique, followed in chapter 5 and 6, the following 

conclusions can be drawn: 

• The synthetic routes of both groups, oxime esters and BODIPYs, have been 

designed to link the photoprotective group at position 3 of the quinolone 

antibiotic. 

• The release reaction of oxime esters has been successfully carried out with 

both visible and UV light. 

• In the case of BODIPYs, the release reaction has been carried out with 

visible light. More importantly, some of them can be used inside the 

therapeutic window with a total release of the antibiotic part. 

• Both photoprotective groups have shown high stability when they are kept 

in the dark. 
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• Solubility in water has been achieved by micelle entrapment of one oxime 

ester derivative. Regarding BODIPY derivatives, partial water solubility has 

been achieved, although DMSO is needed for a complete solution. 

• The biological studies performed of BODIPY derivatives have proved a 

strong deactivation of the antibacterial properties when the antibiotic is 

caged. Upon light irradiation, the antibiotic activity is recovered with the 

best results showing a 10-fold change in activity for the MIC assay. 
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En esta tesis doctoral, se han diseñado, sintetizado y evaluado varios derivados de la 

familia de las quinolonas. Con el fin de obtener control sobre la actividad 

antibacteriana utilizando la luz como estímulo, se han seguido dos métodos distintos. 

El primer método, dentro del enfoque fotofarmacológico, está basado en el uso de 

interruptores moleculares unidos a una parte antibiótica. El segundo método, la 

técnica de enjaulado, se basa en el uso de un grupo protector fotoliberable unido a la 

molécula antibiótica para crear un sistema irreversible. 

A partir del enfoque fotofarmacológico, seguido en el capítulo 4, se pueden 

obtener las siguientes conclusiones: 

• Se han diseñado rutas sintéticas que, o bien crean la parte antibiótica 

desde cero con un interruptor molecular en la posición 7, o modifican un 

antibiótico disponible comercialmente para unir el interruptor molecular 

en dos posiciones diferentes 3 o 7. 

• Se ha demostrado que todos los derivados son capaces de llevar a cabo el 

proceso de isomerización cuando son irradiados con luz UV o visible, 

alcanzando distintos estados fotoestacionarios en tiempos cortos. 

Además, la mayoría de ellos son capaces de revertir al isómero inicial 

mediante relajación térmica. 

• En uno de los casos (9a), se han realizado estudios adicionales que han 

probado la excelente estabilidad del derivado, así como la alta eficiencia 

del proceso de isomerización.  

• De los seis candidatos, dos de ellos (9a y 9b) han demostrado un cambio 

en su actividad tras su irradiación con luz. El mejor resultado encontrado 

fue de 4 órdenes de diferencia en el ensayo de la CMI. 

A partir de la técnica de enjaulado, seguida en los capítulos 5 y 6, se pueden 

obtener las siguientes conclusiones: 

• Las rutas sintéticas de ambos grupos, ésteres de oxima y BODIPYs, se han 

diseñado para unir el grupo fotoprotector en la posición 3 de la quinolona. 

• La reacción de liberación de los ésteres de oxima se ha llevado a cabo 

exitosamente con luz visible y UV. 

• En el caso de los BODIPYs, la reacción de liberación se ha llevado a cabo 

con luz visible. Más importante, algunos de ellos pueden usarse dentro de 

la ventana terapéutica con una liberación total de la parte antibiótica. 

• Ambos grupos fotoprotectores han mostrado tener una alta estabilidad 

cuando se encuentran en la oscuridad. 
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• La solubilidad en agua se ha conseguido encapsulando un éster de oxima 

dentro de una micela polimérica. En cuanto a los derivados de BODIPY, se 

ha conseguido una solubilidad parcial en agua, aunque es necesario 

utilizar DMSO para una total disolución. 

• Los estudios biológicos realizados a los derivados de BODIPY han probado 

una fuerte desactivación de las propiedades antibacterianas cuando el 

antibiótico está enjaulado. Tras su irradiación con luz, se recupera la 

actividad antibiótica. Los mejores resultados mostraron un cambio en la 

actividad de 10 órdenes en el ensayo de la CMI.
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A. General information 

For synthesis, all chemicals were obtained from commercial sources and used as 

received unless stated otherwise. Room temperature reactions were carried out 

between 22-25 °C. Thin-layer chromatography (TLC) was performed using silica gel 60 

pre-coated aluminum plates (Macherey-Nagel 0.20 mm thickness) with a fluorescence 

indicator UV254. Solvents were ACS grade and used without further purification. For the 

detection of components, UV light at 254 nm was used. All chromatographic solvents 

were ACS grade and used without further purification. Column chromatography was 

performed on silica gel 60 (0.040-0.063 mm) and the indicated eluent in each case.  

1H and 13C NMR spectra were recorded on a Bruker AVANCE III HD (300 MHz) or 

a Bruker AVANCE (400 MHz) spectrometers at 25 °C. 1H and 13C spectra performed at 

Iowa State University were recorded on a Bruker AVANCE NEO (400 MHz) spectrometer 

at 25 °C. Chemical shifts (δ) are reported in parts per million (ppm) with the solvent 

resonance as the internal standard (δH 7.26 for CHCl3, 3.31 for CH3OH, 4.79 for H2O, and 

2.50 for DMSO; δC 77.16 for CHCl3, 49.00 for CH3OH, and 39.52 for DMSO). Coupling 

constants (J) are reported in Hertz (Hz). The following abbreviations are used to 

indicate signal multiplicity: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), 

brs (broad singlet), dd (doublet of doublets), qd (quartet of doublets), and quint 

(quintet). 

Molecular absorption spectra were obtained by using a spectrometer provided 

with an Ocean Optics USB4000-UV-Vis detector and coupled to a deuterium/tungsten 

halogen lamp. Quartz cuvettes with 1 cm optical path length were used. Solutions 

were prepared in a concentration range of 5E-5 M approximately.  

High-resolution electrospray mass spectra (HR ESI-MS) were recorded on a 

Bruker MicrOTOF-Q spectrometer. Accurate mass measurements were achieved by 

using sodium formate as an external reference. HR ESI-MS performed at Iowa State 

University were recorded on an Agilent QTOF 6540 spectrometer. 
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B. Characterization data of selected compounds in chapter 4 
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C. Characterization data of selected compounds in chapter 5  
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D. Characterization data of selected compounds in chapter 6 
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