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Abstract
The synthesis of new porphyrin-indazole hybrids by a Knoevenagel condensation of 2-formyl-

5,10,15,20-tetraphenylporphyrin and N-methyl-nitroindazole derivatives is reported. The target 

compounds were isolated in moderate to good yields (32-57%) and some of the isolated 

porphyrin-indazole conjugates showed good performance in the generation of singlet oxygen 

when irradiated with visible light. Their efficiency as photosensitizers in the photoinactivation of 

methicillin resistant Staphylococcus aureus–MRSA was evaluated. All derivatives showed to be 

able to photoinactivate the MRSA bacteria. Compound 3a appears to be the most promising 

photosensitiser (PS) in the photoinactivation of these bacteria, despite being the least efficient in 

singlet oxygen generation. The addition of potassium iodide significantly potentiated the 

antimicrobial Photodynamic Therapy (aPDT) process mediated by all the analysed porphyrin-

indazole conjugates. The combined action of nitroindazole-porphyrins with potassium iodide (KI) 

action appears to be promising in the photoinactivation of MRSA.

Keywords Tetrapyrrolic macrocycles; Porphyrin; Knoevenagel condensation; Indazole; Photosensitizer; 

Antimicrobial Photodynamic Therapy (aPDT); MRSA; Potassium iodide

1. Introduction
Porphyrins and indazoles derivatives are N-heterocycles with recognized relevance under 

different contexts. Porphyrins are well-known by their role in vital processes like respiration, 

photosynthesis, electron transportation and storage of relevant molecules [1, 2]. Additionally, not 

only these natural macrocycles but also the synthetic analogues display photophysical and 

photochemical features particularly attractive to be used in a wide range of fields like 

supramolecular chemistry, catalysis, electronic materials, sensors and medicine [3]. A relevant 

application of porphyrins in medicine is related with their role as photosensitizers in Photodynamic 



Therapy (PDT) of tumours and more recently in the photodynamic inactivation of microorganisms 

(aPDT) [4-9]. The principles behind both treatments are the same and require the excitation of 

the photosensitizer (PS) by light in the presence of molecular oxygen to produce reactive oxygen 

species (ROS), namely singlet oxygen (1O2) responsible for the destruction of the cancer cells or 

for the inactivation of microorganisms [10-13]. These treatments have attracted great attention as 

an emerging clinical tool and as alternatives to traditional chemotherapy or antibiotic therapy. 

Since the photodynamic process is a multitarget approach and occurs only in the irradiated region, 

the possibility of photoresistance development is unlikely [11, 14-16]. 

Indazole derivatives are being successfully explored in the design of molecules with adequate 

features to be used for instance as anti-tumoral, antimicrobial and anti-inflammatory drugs [17-

20]. It is known that the functionalization of the porphyrin core with moieties with relevant 

biological features can afford other porphyrins with an improvement in the biological performance 

[15, 21]. Having this in mind, this work reports the synthesis of new indazole-porphyrin derivatives 

via Knoevenagel condensation and their efficiency in the photoinactivation of a Gram-positive 

bacterium. As far as we know, this is the first study focused on the evaluation of the photodynamic 

effect of such hybrids as PSs in aPDT. One of the strategies envisaged by our research group to 

develop efficient PSs for aPDT is based on this functionalization of the porphyrin core with diverse 

heterocycles [22-25]. Knowing that certain heterocycles are active against trypanosomes, in 2013 

we reported the synthesis of β-substituted porphyrins linked, via an amine/imine bond, to 

aminotriazole, isoniazid and aminothiadiazoles and their potentiality to act as PSs against 

leishmaniasis was evaluated [22]. All the hybrids revealed to be 1O2 generators and molecular 

modelling and docking calculations showed that all these PSs have higher values of relative 

affinity to the leishmanial arginase than current drugs, classifying them as prototypes for future 

cutaneous leishmaniasis agents. Under the same context of developing efficient PSs for aPDT 

new porphyrin/4-quinolone conjugates were successfully synthetized via a palladium-catalyzed 

amination [23]. These PSs were studied in the photoinactivation of S. aureus showing high 

bacterial inactivation rates (> 6.0 log). The Heck coupling was also selected to obtain another 

series of porphyrin/4-oxoquinoline conjugates with  excellent photosensitizing action towards  S. 

aureus [24]. More recently, new cationic porphyrin-imidazole derivatives were synthesised by 

Radziszewski reaction. These PSs were able to photoinactivate E. coli and it was also shown that 

their inactivation profile was improved in the presence of KI [25]. 

In this context, 2-formyl-5,10,15,20-tetraphenylporphyrin 1 has revealed to be a versatile 

template for the porphyrinic core modification [26]. In fact, β-formyl porphyrins can be easily 

manipulated by recurring to different approaches namely those based on McMurry, Schiff’s base, 

Horner-Emmons, Grignard, Wittig, cycloaddition and Knoevenagel reactions [27].

Under the context of the Knoevenagel condensation, Ponomarev and co-workers reported the 

first condensations involving the Cu(II) complex of 2-formyl-porphyrin 1 with malonic acid and its 

methyl or ethyl esters and the corresponding porphyrin derivatives in yields higher than 87% have 

been obtained [28]. A decade later, Chen and co-workers explored this approach to couple a 

series of formyl derivatives bearing olefin bridges of varying lengths in the β-pyrrolic position of 



the Ni(II) complex of meso-tetrakis(4-isopropylphenyl)porphyrin, with diethyl malonate, ethyl 

cyanoacetate, malononitrile, and N,N’-diethylthiobarbituric acid in the presence of aluminium 

oxide [29, 30]. 

More recently, Mandeep, Sankar and co-workers used the condensation of malonitrile or 

cyanoacetic acid with a series of β-formyl meso-tetraarylporphyrins as free-bases or coordinated 

with different metal ions (e.g. Ni(II), Cu(II)) to afford the expected products in excellent yields. In 

their studies it was evaluated the potentialities of this type of derivatives to be used as colorimetric 

chemosensors  in the CN- and F- detections [31-33].

The Knoevenagel condensation between the Zn(II) complex of 2-formyl porphyrin derivatives 

and a series of adequate methylene active compounds is also being successfully explored by 

different researcher groups in the development of sensitizers for Dye-Sensitized Solar Cells 

(DSSC). Attractive power conversion efficiencies ranging from 5 to 8% have been reported [34-

43].

In 2017, Officer et al. reported that the Knoevenagel condensation between 2-formyl porphyrin 

1 and a series of para substituted phenylacetonitriles afforded the expected 

porphyrinylacetonitriles. The authors mentioned that the reactions with phenylacetonitriles 

bearing strong electron-donating groups need to be mediated with strong bases, such as 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) or KOtBu. The authors explored this approach to prepare 

symmetrical and unsymmetrical porphyrin dyads by using 1,4-phenylenediacetonitrile, in the 

presence of DBU or sodium methoxide [44].

Recently, we reported an efficient synthetic access to a series of nitroindazolylacetonitriles 

from the reaction of adequate N-methyl-nitroindazole with 4-chlorophenoxyacetonitrile [45] (vide 

infra Scheme 1). Considering the potentialities of these compounds to act as active methylene 

components and the reactivity of 2-formylTPP (1) in Knoevenagel condensations, we envisaged 

that this approach could allow the access to porphyrinic derivatives decorated with nitroindazole 

units.

So, herein we report the synthetic access to new porphyrin-indazole hybrids 3a-e by recurring 

to the Knoevenagel reaction between the N-methyl-nitroindazolylacetonitriles 2a-e and the 2-

formyl-5,10,15,20-tetraphenylporphyrin (1) (Scheme 1). The efficacy of these derivatives to 

generate singlet oxygen prompted us to evaluate also their photodynamic efficacy against a 

MRSA Staphylococcus aureus bacterium. S. aureus is a Gram-positive bacterium which in normal 

conditions is commensal in humans and animals, but can easily become pathogenic, causing 

frequently skin, respiratory, bone, soft tissue and endovascular infections [46]. As S. aureus often 

develops resistance to multiple antibiotics, namely to β-lactam antibiotics such as methicillin 

(MRSA strains) [47], this bacterium is one of the major causes of health care and community 

associated infections [48][49]. The aPDT experiments were also performed with combinations of 

PSs 3a-e with potassium iodide (KI), a well-known potentiator of aPDT effect [50].

2. Results and Discussion



2.1. Synthesis and characterisation
The preparation of the porphyrin-nitroindazole hybrids 3a-e is outlined in scheme 1 and as it 

was mentioned it involved the Knoevenagel condensation between the 2-formyl-5,10,15,20-

tetraphenylporphyrin 1 and the appropriate N-methyl-nitroindazolylacetonitriles 2a-e. These 

derivatives were obtained via vicarious nucleophilic substitution of the adequate N-methyl-

nitroindazole with 4-chlorophenoxyacetonitrile accordingly with a synthetic approach recently 

described by our group [45]. The formyl component was obtained from 5,10,15,20-

tetraphenylporphyrin through a well-established sequence involving copper complexation, 

Vilsmeier formylation, demetallation of the iminium salt, followed by basic hydrolysis [51, 52].

The reactions were performed in the presence of piperidine at refluxing tetrahydrofuran (THF) 

for 36 h when the thin layer chromatography (TLC) control showed the presence of a new 

compound as the main fraction. After the work-up and purification by silica gel column 

chromatography, the new derivatives were identified as the expected porphyrin-nitroindazole 

hybrids 3a-e. The new conjugates were isolated in yields ranging from 32 to 57% and it was 

possible to recover 19% of the starting porphyrin 1; attempts to favour the conversion by 

increasing the reaction time led to the decomposition of the desired products.  Also, other attempts 

to improve the efficacy of these reactions by changing the base (e.g. potassium carbonate, 

potassium hydroxide, ammonium acetate or DBU) or alternatively by using other solvents (e.g. a 

mixture of THF/methanol (MeOH) (2:1) or toluene) gave rise to a worse performance like the 

recovery of the starting porphyrin or the isolation of the desired products in lower yields (e.g. 20% 

with DBU).
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Scheme 1: β-functionalization of 2-formyl-5,10,15,20-tetraphenylporphyrin with N-methyl-nitroindazoles via 

Knoevenagel condensation.

The structure of each new porphyrin-nitroindazole hybrid 3a-e was established considering its 

mass spectrum, which shows the [M+H]+ ion peak at m/z = 841.3, and from NMR studies (see 

ESI, Figures S1-S26). In the 1H NMR spectrum of each derivative 3a-e, the expected 

singlet due to the resonance of the β-pyrrolic proton at H-3 appears at ca. δ 9.7 ppm. The 

remaining six β-pyrrolic protons generates signals centred at ca. δ 9.0 and δ 8.7 ppm. A 

remarkable signal that proves the success of the Knoevenagel condensation in each case is a 

singlet with a chemical shift ranging from δ 6.80 to δ 7.02 ppm which is due to the resonance of 

the vinylic proton.

The resonances of the protons from each nitroindazole moiety generate three signals in the 

aromatic region, two doublets ranging from δ 8.30 to 7.01 ppm due to the resonance of the two 

protons from the six-membered ring and a singlet between δ 8.04 and δ 8.57 ppm due to the 

resonance of the proton from the pyrazolic ring. In the 1H NMR spectra of compounds 3d and 3e 

such  signal appears embedded in a multiplet which includes the resonances of the ortho protons 

from the meso phenyl rings. The resonance of the N-methyl protons of 3d and 3e appears in 

the aliphatic region as a singlet centred respectively at δ 4.17 and δ 4.37 ppm. The singlet at δ 



-2.6 ppm is in accordance with the free-base form of the porphyrin-nitroindazole derivative and it 

is due to the resonances of the inner core N-H protons.

2.2. Photophysical properties
The photophysical characterization of compounds 3a-e was performed in DMF solution at 298 

K. Figure 1 shows the absorption, emission and excitation spectra of compound 3c as a 

representative example of the porphyrin-imidazole derivatives’ series. 

The absorption spectrum shows the typical features of free base porphyrins due to π–π* 

transitions with the highly intense Soret band due to the S0 → S2 allowed transition at ca. 430 nm 

and four weak Q bands due to the transition from S0 → S1 between 523 and 658 nm [53]. The 

introduction of the indazole moiety at the β-pyrrolic position of the porphyrinic macrocycle induces 

a significant red-shift in the Soret band (ca. 15 nm) and in the Q bands (ca. 10 nm) in all the 

porphyrin-indazole derivatives UV-Vis spectra relatively to the reference TPP. The perfect 

resemblance between the absorption and the excitation spectra rules out the presence of any 

emissive impurity.
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Figure 1: Absorption (Abs) and normalized emission (Emiss) and excitation (Exct) spectra of compound 3c 

in DMF at 298 K ([3c] = 5.00 x 10-6 M, λexc3c = 523 nm and λemiss3c = 731 nm).

The steady-state fluorescence emission spectra of the porphyrin-indazole derivatives 3a-e 

were performed in DMF after their excitation at ca. 520 nm (see Figure 1 and Figure S27 in the 

SI). The emission spectra of all the new derivatives present the typical features of meso-

tetraarylporphyrins, two bands centred in the range between 671-676 nm and at ca. 730 nm, 

where the first vibrational mode of the fluorescence is much more pronounced than the second 

one. The emission bands can be assigned to Qx(0-0) and Qx(0-1) transitions, typical of free base 

porphyrins with a D2h symmetry due to a nearly unchanged vibronic state upon excitation [54, 



55]. The porphyrin-indazole derivatives show low Stokes shifts (12-18 nm), indicating that the 

spectroscopic energies are similar to the relaxed energies of the lowest singlet excited state S1, 

suggesting the occurrence of a minor geometric relaxation in the first excited state.

The fluorescence quantum yields (ΦFlu) of the studied compounds 3a-e were determined by 

the internal reference method with respect to a solution of TPP as standard (ΦFlu = 0.11) [56-58] 

and show values slightly lower than those due to the reference, ranging from 0.07 to 0.09, 

indicating the quenching of the porphyrin excited singlet state by the unit linked at the beta 

position; probably that can be attributed to an alteration of the planarity of the porphyrinic core 

due to the presence of the indazole moiety that can be responsible for a more reduced π-electron 

mobility.

2.3. Singlet oxygen generation
In order to evaluate the potentialities of the new derivatives to be used as photosensitizers in 

antimicrobial photodynamic therapy, it was determined their ability to generate 1O2. This efficacy 

was estimated using 9,10-dimethylanthracene (DMA) as a scavenger of the 1O2 produced by the 

combined action of light, dissolved oxygen and porphyrin. DMA reacts selectively with the 1O2 

generated through a [4+2] cycloaddition reaction affording a non-fluorescent 9,10-endoperoxide 

species [59]. As reference, it was used 5,10,15,20-tetraphenylporphyrin (TPP) which has been 

reported as a good oxygen generator [60].

The results obtained for the capability of porphyrin-indazole derivatives 3a-e to generate 1O2 

are presented in Table S1 and in general all the studied compounds are able to produce singlet 

oxygen.  However, compound 3a is the less efficient one to produce this cytotoxic species when 

compared with TPP (ΦΔ = 0.10 vs ΦΔ = 0.65) and with the other porphyrin-indazole derivatives 

3b-e. Compounds 3b, 3d and 3e showed to be the best singlet oxygen generators with singlet 

oxygen quantum yields ranging from ΦΔ =0.45 to ΦΔ = 0.53 (efficiency  70 to  80 % in relation 

to the one from the reference TPP) (Table S1, SI). Compound 3c (ΦΔ = 0.32) presents a moderate 

ability to generate 1O2, inducing a  50 % lower DMA photooxidation than that caused by TPP. 

No photooxidation of DMA was observed in the absence of a photosensitizer.

The ability of the porphyrin-indazole derivatives to generate 1O2 after being exposed to light 

and oxygen makes them potential candidates to be used as photosensitizers in the photodynamic 

inactivation of microorganisms.

2.4. Detection of iodine formation in the presence of porphyrin-indazole 
hybrids 3a-e.

In order to verify if the efficacy of each porphyrin-indazole hybrids 3a-e as PSs could be 

potentiated by the presence of potassium iodide, a simple assay to detect the formation of 

molecular iodine in their presence was performed.  The inorganic salt in the presence of 1O2 can 

afford peroxyiodide (HOOI2-) which can give rise to the bactericidal species molecular iodine (I2/I3-



), hydrogen peroxide and iodine radicals (I2·-) (vide infra). So, the detection of iodine formation 

can allow us to elucidate, before the biological assays, if the photodynamic efficiency of each PS 

can be improved by the presence of KI and if it is related with the antimicrobial iodine formation 

[50]. In this sense, each compound at a concentration of 5.0 µM was irradiated with white light in 

the absence and in the presence of KI at a concentration of 100 mM for pre-defined irradiation 

times and the absorbance at 340 nm was monitored. 

Figure 2: Monitoring the generation of molecular iodine, at 340 nm, after different irradiation times in the 

presence of each hybrid 3a-e at 5.0 µM in the absence and in the presence of KI at 100 mM.

The results presented in Figure 2 show that the absorbance at 340 nm remained stable during 

the 120 min of irradiation when KI was irradiated in the absence of any one of the new adducts; 

the same profile was observed when the hybrids were irradiated in the absence of KI (data not 

shown). However, a different behaviour was observed when the PSs were irradiated in the 

presence of KI. Compound 3d gave rise to the highest iodine production during the irradiation 

procedure. Compounds 3a, 3b, 3c and 3e also showed a gradual increase of the absorbance at 

340 nm being compounds 3c and 3e slightly more effective in producing iodine than compounds 

3a and 3b.

2.5. Photodynamic inactivation of MRSA using porphyrin-indazole 
derivatives 3a-e as PSs in the absence and in the presence of KI 

The photodynamic efficacy of each porphyrin-indazole derivative 3a-e against MRSA was 

evaluated at 5.0 μM in the absence and in the presence of 100 mM of KI (Figure 3). The KI 

concentration was chosen according with previous studies, which demonstrated that 

concentrations of this salt between 50 μM and 100 μM are capable to potentiate the photodynamic 

effect when combined with adequate PSs [25, 50, 61-63]. Moreover, it was also reported that 

higher concentrations than 100 μM can promote osmotic stress limiting the application of this 

approach in clinic area [50]. The aPDT experiments were carried out under white light irradiation 



(380–700 nm) at an irradiance of 50 mW.cm−2 for 150 min. These irradiation conditions were 

optimized after several preliminary studies where we tested lower irradiance and shorter 

irradiation times (data not shown). The results summarized in Figure 3 show that the inactivation 

profile of MRSA with porphyrin derivatives 3a-e is highly improved in the KI presence. In all cases, 

light, light plus KI and dark controls did not promote a decrease in the MRSA viability, showing 

that this bacterium is not affected in the absence of the PSs by irradiation or KI or in the absence 

of light by the PSs. 

Figure 3: Photodynamic inactivation of MRSA in the presence of 3a (A), 3b (B), 3c (C), 3d (D) and 3e (E) 

at 5.0 μM in PBS, without and with KI at 100 mM. The irradiations were performed with white light (380-700 

nm) at 50 mW/cm2. Values represent the average of three independent experiments with two replicates 

each; error bars indicate the standard deviation. Lines just combine the experimental points.

The results showed that the neutral porphyrins 3a and 3c are the most efficient 

photosensitizers when acting in the absence of KI (Figure 3A and 3C). These two PSs were 

capable to promote a decrease of 5.9 log10 (for 3a) and 4.9 log10 (for 3c) in the MRSA 

concentration after 150 min of aPDT treatment (ANOVA, p < 0.05). On the contrary, porphyrin-

indazole derivatives 3b and 3e revealed to be the  less efficient PSs (Figure 3B and 3E) when 

acting alone, causing just a small decrease in the MRSA viability, 0.9 and 0.6 log10, respectively, 

even after 150 min of irradiation (ANOVA, p < 0.05). The conjugate 3d (Figure 3 D) showed a 

slight better performance causing a decrease of 1.8 log10 in MRSA viability after 150 min of 

irradiation (ANOVA, p < 0.05). 



Trying to correlate the photodynamic profile of MRSA inactivation of porphyrin-indazole 

derivatives 3a-e with the 1O2 production, it is possible to observed that the PSs with the highest 

singlet oxygen production capacity (3b, 3d and 3e), were surprisingly the least effective in the 

MRSA photoinactivation. This fact can be due probably to their poor ability to interact with the 

bacterial membrane. Knowing that proteins and lipids from the cytoplasmic membrane and 

bacterial cells wall are the main targets of aPDT, if the PS interaction and/or its binding to these 

extracellular structures is limited, the inactivation efficiency is highly affected [64].

As it was already mentioned, the assays performed with 3a-e combined with KI led to a 

considerable enhancement in the photodynamic efficiency of each conjugate. In all cases, 

although at different irradiation times, the combination PS + KI had promoted a decrease in the 

MRSA survival till the detection limit of the method. It is remarkable the results attained with 

porphyrin-indazole 3c combined with KI (Figure 3 C), since it had promoted a decrease of 8.3 

log10 (ANOVA, p < 0.05) in the MRSA concentration after 90 min of irradiation. For the remaining 

PSs, the total inactivation of MRSA was achieved after 150 min of aPDT protocol [decreases of 

c.a. 8.3 log10 (ANOVA, p < 0.05) (Figure 3 A, B, D, E). Nevertheless, the nitroindazole-porphyrins 

derivatives 3a and 3c, even in the absence of KI, were more effective to photoinactivate S. aureus 

than the aminolevulinic acid (ALA) [65] and hematoporphyrin [66, 67], the only two PSs already 

approved to be used in aPDT.

Recent studies have shown that the addition of non-toxic salts such as KI to neutral and anionic 

PSs improve the photodynamic efficiency of a broad spectrum of PSs allowing a major decrease 

of the aPDT treatment time and the reduction of the PSs concentration [50]. All these studies 

suggested that the KI potentiation is caused by several parallel reactions which begins with the 

reaction of 1O2 with KI producing peroxyiodide that can be decomposed into free iodine (I2/I3-) and 

into reactive iodine radicals (I2-.), along with peroxide species. Knowing this, it is possible to 

distinguish the entity responsible for the microbial killing by analysing the respective inactivation 

profile. An abrupt photoinactivation profile means that the principal contribution is due to the free 

iodine. However, if the curve shows a gradual profile, the short-lived reactive iodine species are 

the mainly killing species [50, 68].

The results achieved with the combination of the PSs 3a-e with KI in the photoinactivation of 

MRSA showed the enormous potential of KI as a potentiator agent of the aPDT effect, improving 

the antimicrobial photodynamic activity of the less efficient compounds, such as 3b, 3d and 3e. 

In what concerns the photoinactivation profile the results showed that the addition of KI to 

compound 3a caused a gradual decrease of the MRSA concentration, however, in the case of 

combination of PSs 3b-3e + KI an abrupt decrease in the bacterial survival is attained. These 

results seem to be in agreement with the study on the detection of molecular iodine formation 

(Figure 2), which indicates that combination of 3a + KI has the lowest iodine production capability, 

which indicates the production of reactive iodine radicals (I2-.) that justifies the gradual inactivation 

profile. The combination of PS 3d + KI revealed to be the most efficient to produce free iodine 

(I2/I3-) which can also justify the abrupt decrease in the MRSA concentration between 60 and 90 

min of treatment [40].



3. Experimental section
3.1. General remarks

Melting points were measured using a Buchi Melting Point B-540 apparatus. Electrospray 

ionization mass spectra (ESI) were acquired with a Micromass Q-Tof 2 (Micromass, Manchester, 

UK), operating in the positive ion mode, equipped with a Z-spray source, an electrospray probe 

and a syringe pump. Source and desolvation temperatures were 80 ºC and 150 ºC, respectively. 

Capillary voltage was 3000 V. The spectra were acquired at a nominal resolution of 9000 and at 

cone voltages of 30 V. Nebulisation and collision gases were N2 and Ar, respectively. Compound 

solutions in methanol were introduced at a 10 μL min-1 flow rate. 1H and 13C solution NMR spectra 

were recorded on Bruker Avance 500 (500 and 125 MHz, respectively) spectrometer. CDCl3 was 

used as solvent and tetramethylsilane (TMS) as the internal reference; the chemical shifts are 

expressed in δ (ppm) and the coupling constants (J) in Hertz (Hz). Unequivocal 1H assignments 

were made using 2D COSY (1H/1H), while 13C assignments were made on the basis of 2D HSQC 

(1H/13C) and HMBC (delay for long-range J C/H couplings were optimized for 7 Hz) experiments. 

Elemental analyses were performed on a LECO CHNS-932 apparatus. Column chromatography 

was carried out using silica gel (Merck, 35-70 mesh). Analytical TLC was carried out on precoated 

sheets with silica gel (Merck 60, 0.2 mm thick).

All chemicals were used as supplied. Solvents were purified or dried according to the literature 

procedures [69]. The 2-formyl-5,10,15,20-tetraphenylporphyrin 1 was prepared from 5,10,15,20-

tetraphenylporphyrinatocopper(II), N,N-dimethylformamide (DMF) and phosphorus oxychloride 

(POCl3), according to literature procedure [52]. N-methyl-nitroindazoles 2a-e were prepared by 

N-methylation of the appropriate nitro-1H-indazoles in the presence of NaOH, followed by 

reaction with 4-chlorophenoxyacetonitrile as reported in literature [45].

3.2. Synthesis
3.2.1. Knoevenagel reaction. General procedure: To a solution of 2-formyl-

5,10,15,20-tetraphenylporphyrin 1 (20 mg, 31.2 mmol) in THF (5 mL) was added the appropriate 

N-methyl-nitroindazole 2a-e (2 equiv., 62.4 mmol, 134.7 mg) and an excess of piperidine (0.5 

mL). The mixture was stirred and heated under reflux for 36 h. After cooling, the solvent was 

removed under reduced pressure and the crude mixture was purified by column chromatography 

(silica gel) using toluene as the eluent. The isolated compounds were then crystallized from 

CH2Cl2-hexane and fully characterized by NMR, mass and UV-Vis techniques. The yields are 

summarized in Scheme 1.

(Z)-2-(2-(2-methyl-4-nitro-1H-indazol-5-yl)-acrylonitrile-3-yl-5,10,15,20-
tetraphenylporphyrin, 3a.
1H NMR (500 MHz, CDCl3): δ 9.61 (1H, s, H-3), 8.98 (1H, d, J = 4.8 Hz, H-β), 8.90 (1H,d, J = 4.8 

Hz, H- β), 8.82 (1H, d, J = 4.8 Hz, H-β), 8.79 and 8.78 (2H, AB system, J = 4.8 Hz, H-β), 8.72 

(1H, d, J = 4.8 Hz, H-β), 8.57 (1H, s, H-3´´), 8.34-8.32 (2H, m, H-o-Ph), 8.23-8.19 (4H, m, H-o-



Ph), 8.15 (2H, d, J = 7.6 Hz, H-o-Ph), 8.01 (1H, d, J = 8.7 Hz, H-7´´), 7.87-7.73 (9H, m, H-m,p-

Ph), 7.60 (2H, t, J = 7.6 Hz, H-m-Ph), 7.49 (1H, t, J = 7.6 Hz, H-p-Ph), 7.06 (1H, s, H-1´), 7.01 

(1H, d, J = 8.7 Hz, H-6´´), 4.37 (3H, s, -CH3), -2.61 (2H, s, N-H) ppm. 13C NMR (125 MHz, CDCl3): 
δ 149.6, 142.4, 142.2, 142.0, 141.7, 141.6, 138.7, 135.3, 134.63, 134.57, 134.4, 133.2-129.7 (C-

β), 128.8, 128.21, 128.16, 127.91, 127.88, 127.85, 127.4, 127.0, 126.9, 126.8, 126.3, 124.4, 

121.8, 120.6, 120.4, 119.3, 116. 9, 116.2, 109.5, 41.1 (-CH3) ppm. MS-ESI(+): m/z 841.3 [M+H]+. 

HRMS-ESI(+): m/z calculated to C55H37N8O2 [M+H]+ 841.3034; found, 841.3061. UV-Vis (DMF): 

λmax (log ε) 429 (4.70), 524 (3.59), 561 (3.20), 601 (3.07), 658 (3.09) nm.

(Z)-2-(2-(1-methyl-5-nitro-1H-indazol-4-yl)-acrylontrile-3-yl-5,10,15,20-
tetraphenylporphyrin, 3b.
1H NMR (500 MHz, CDCl3): δ 9.68 (1H, s, H-3), 8.99 (1H, d, J = 4.8 Hz, H- β), 8.91 (1H,d, J = 4.8 

Hz, H- β), 8.82 (1H, d, J = 4.8 Hz, H-β), 8.79-8.75 (3H, m, H-β), 8.36-8.34 (2H, m, H-o-Ph), 8.30 

(1H, d, J = 9.3 Hz, H-6´´), 8.24-8.19 (4H, m, H-o-Ph), 8.08 (1H, s, H-3´´), 8.04 (2H, d, J = 7.4 Hz, 

H-o-Ph), 7.86-7.73 (9H, m, H-m,p-Ph), 7.52 (1H, d, J = 9.3 Hz, H-7´´), 7.34 (2H, t, J = 7.4 Hz, H-

m-Ph), 7.15 (1H, t, J = 7.4 Hz, H-p-Ph), 6.84 (1H, s, H-1´), 4.19 (3H, s, -CH3), -2.61 (2H, s, N-H) 

ppm. 13C NMR (125 MHz, CDCl3): δ 143.5, 141.9, 141.8, 141.72, 141.66, 140.8, 140.6, 135.3, 

135.1, 134.63, 134.57, 134.2, 133.5-129.5 (C-β), 129.1, 128.2, 127.90, 127.86, 127.7, 127.2, 

127.0, 126.9, 126.8, 126.4, 124.1, 123.2, 121.8, 120.6, 120.4, 119.5, 116.7, 109.7, 104.9, 36.2 (-

CH3) ppm. MS-ESI(+): m/z 841.3 [M+H]+. HRMS-ESI(+): m/z calculated to C55H37N8O2 [M+H]+ 

841.3034; found, 841.3052. UV-Vis (DMF): λmax (log ε) 430 (5.18), 523 (4.16), 560 (3.67), 602 

(3.64), 658 (3.56) nm.

(Z)-2-(2-(2-methyl-5-nitro-1H-indazol-4-yl)-acrylonitrile-3-yl-5,10,15,20-
tetraphenylporphyrin, 3c.
1H NMR (500 MHz, CDCl3): δ 9.66 (1H, s, H-3), 8.99 (1H, d, J = 4.8 Hz, H- β), 8.91 (1H,d, J = 4.8 

Hz, H- β), 8.83 (1H, d, J = 4.8 Hz, H-β), 8.80-8.74 (3H, m, H-β), 8.35-8.34 (2H, m, H-o-Ph), 8.23-

8.18 (4H, m, H-o-Ph), 8.13-8.11 (2H, m, H-3’’ and H-6´´), 8.02 (2H, d, J = 7.4 Hz, H-o-Ph), 7.86-

7.73 (10H, m, H-m,p-Ph and H-7´´), 7.34 (2H, t, J = 7.4 Hz, H-m-Ph), 7.21 (1H, t, J = 7.4 Hz, H-

p-Ph), 6.80 (1H, s, H-1´), 4.24 (3H, s, -CH3), -2.62 (2H, s, N-H) ppm. 13C NMR (125 MHz, CDCl3): 
δ 149.2, 144.0, 141.0, 141.72, 141.70, 141.68, 141.2, 135.3, 134.62, 134.56, 134.2-129.5 (C-β), 

128.2, 127.93, 127.89, 127.8, 127.7, 127.2, 127.0, 126.9, 126.8, 126.1, 122.2, 122.0, 121.7, 

120.6, 120.5, 119.5, 118.9, 116.8, 105.6, 41.2 ppm. MS-ESI(+): m/z 841.3 [M+H]+. HRMS-ESI(+): 

m/z calculated to C55H37N8O2 [M+H]+ 841.3034; found, 841.3057. UV-Vis (DMF): λmax (log ε) 430 

(5.03), 523 (4.02), 560 (3.56), 602 (3.52), 658 (3.42) nm.

(Z)-2-(2-(2-methyl-6-nitro-1H-indazol-4-yl)-acrylonitrile-3-yl-5,10,15,20-
tetraphenylporphyrin, 3d.
1H NMR (500 MHz, CDCl3): δ 9.72 (1H, s, H-3), 8.97 (1H, d, J = 4.8 Hz, H- β), 8.89 (1H,d, J = 4.8 

Hz, H- β), 8.81-8.75 (4H, m, H-β), 8.35-8.33 (2H, m, H-o-Ph), 8.24-8.19 (4H, m, H-o-Ph), 8.06-

8.04 (3H, m, H-o-Ph and H-3´´), 7.84-7.72 (11H, m, H-m,p-Ph, H-4´´ and H-5´´), 7.30 (2H, t, J = 



7.6 Hz, H-m-Ph), 7.12 (1H, t, J = 7.6 Hz, H-p-Ph), 7.02 (1H, s, H-1´), 4.22 (3H, s, -CH3), -2.62 

(2H, s, N-H) ppm. 13C NMR (125 MHz, CDCl3): δ 146.5, 144.7, 144.6, 142.0, 141.8, 141.77, 

141.75, 135.4, 134.62, 134.56, 134.3, 133.2-129.6 (C-β), 128.1, 127.9, 127.8, 127.5, 127.0, 

126.84, 126.75, 124.8, 124.1, 121.9, 121.7, 121.6, 120.4, 120.3, 119.7, 117.4, 116.9, 116.9, 41.3 

ppm. MS-ESI(+): m/z 841.3 [M+H]+. HRMS-ESI(+): m/z calculated to C55H37N8O2 [M+H]+ 

841.3034; found 841.3040. UV-Vis (DMF): λmax (log ε) 430 (5.24), 523 (4.34), 562 (3.83), 601 

(3.79), 658 (3.73) nm.

(Z)-2-(2-(1-methyl-7-nitro-1H-indazol-4-yl)-acrylonitrile-3-yl-5,10,15,20-
tetraphenylporphyrin, 3e.
1H NMR (500 MHz, CDCl3): δ 9.68 (1H, s, H-3), 8.99 (1H, d, J = 4.9 Hz, H-β), 8.91 (1H, d, J = 4.9 

Hz, H-β), 8.82 (1H, d, J = 4.9 Hz, H-β), 8.79-8.74 (4H, m, H-β), 8.37-8.35 (2H, m, H-o-Ph), 8.29 

(1H, d, J = 9.3 Hz, H-6´´), 8.23-8.18 (4H, m, H-o-Ph), 8.07-8.03 (3H, m, H-o-Ph and H-3´´), 7.84-

7.72 (9H, m, H-m,p-Ph), 7.51 (1H, d, J = 9.3 Hz, H-5´´), 7.34 (2H, t, J = 7.7 Hz, H-m-Ph), 7.18-

7.13 (1H, m, H-p-Ph), 6.84 (1H, s, H-1´), 4.17 (3H, s, -CH3), -2.61 (2H, s, N-H) ppm. 13C NMR 
(125 MHz, CDCl3): δ 143.5, 141.9, 141.8, 141.72, 141.67, 140.8, 140.6, 137.9, 135.3, 135.0, 

134.64, 134.58, 134.2, 133.4-129.52 (C-β), 129.1, 128.3, 128.2, 127.91, 127.87, 127.7, 127.2, 

127.0, 126.9, 126.8, 126.4, 125.3, 124.5, 124.1, 124.0, 123.2, 121.8, 120.6, 120.4, 119.5, 119.1, 

116.7, 109.7, 104.9, 36.2 ppm. MS-ESI(+): m/z 841.3 [M+H]+. HRMS-ESI(+): m/z calculated to 

C55H37N8O2 [M+H]+ 841.3034; found 841.3048. UV-Vis (DMF): λmax (log ε) 431 (5.33), 523 (4.16), 

562 (3.82), 602 (3.80), 659 (3.74) nm.

3.3. Spectrophotometric and spectrofluorometric measurements
The absorption spectra were recorded on a UV-2501PC Shimadzu spectrophotometer and the 

fluorescence emission spectra were recorded on a Horiba Jobin-Yvon Fluoromax 3 

spectrofluorimeter using DMF as solvent. The linearity of the fluorescence emission versus the 

concentration was checked in the concentration range used (10-4-10-6 M). The correction of the 

absorbed light was performed when necessary. The studied solutions were prepared by 

appropriate dilution of the stock solutions up to 10-5-10-6 M. All the measurements were performed 

at 298 K.

Fluorescence quantum yields of all porphyrin-nitroindazole derivatives 3a-e were measured using 

a solution of 5,10,15,20-tetraphnylporphyrin (TPP) in dimethylformamide (DMF) as standard (ΦFlu 

= 0.11) [58].

3.4. Singlet oxygen generation
Solutions of porphyrin-nitroindazole derivatives 3a-e in DMF (Abs430  0.50) were aerobically 

irradiated in quartz cuvettes with monochromatic light (λ = 518 nm) in the presence of 9,10-

dimethylanthracene (DMA, 30 μM). TPP was used as reference (ΦΔ = 0.65) [70]. The kinetics of 

the photooxidation DMA in the presence of each PS was studied by following the decrease in its 



absorbance at 378 nm and the result registered in a first-order plot. The kinetics of DMA 

photooxidation in the absence of any compound was also studied and no significant 

photodegradation of DMA was observed under the same irradiation conditions. The results are 

expressed as mean and standard deviation obtained from two independent experiments.

3.5. Detection of iodine formation
In a 96 wells microplate, appropriate volumes of each compound at 5.0 µM and also 

combinations of each compound at 5.0 µM and KI at 100 mM in PBS were incubated in the dark 

for 15 minutes and then irradiated with PAR white light at 25 W m-2. The generation of iodine (I2) 

was monitored by  looking at the absorbance at 340 nm, at irradiation times 0, 5, 10, 15, 30, 45, 

60, 75, 90, 105, and 120 min. Controls of phosphate buffered saline (PBS), pH 7.4 and KI were 

also performed.

3.6. Porphyrin-nitroindazole derivatives 3a-e stock solutions for 
antimicrobial photodynamic assays

Stock solutions of porphyrin-nitroindazole derivatives were prepared at 500 μM in 

dimethyl sulfoxide (DMSO) and stored in the dark. These solutions were sonicated for 15 

minutes at ambient temperature before each experiment. For biological assays, the PS 

stock solutions were diluted to the final concentrations in PBS, pH 7.4. 

3. 7. KI solution
Potassium iodide was provided by Biochem Chemopharma and the solutions of KI were 

prepared at 5M in sterile PBS, pH 7.4, and tested at 100 mM in photodynamic assays. These 

solutions were prepared immediately before each assay.

3.8. Light sources
The photodynamic effect of the porphyrin-nitroindazole derivatives 3a-e was evaluated by 

exposing the bacterial suspension in the presence of each PS to white light (400-750 nm) 

delivered by a LED system (ELMARK – VEGA20, 20 W, 1400 lm) with fluence rate of 50 

mW.cm−2. All the irradiances were measured with a Power Meter Coherent FieldMaxII-Top 

combined with a Coherent PowerSens PS19Q energy sensor.

3.9. Bacterial strains and growth conditions
In this study was used a Gram-positive bacterium, Staphylococcus aureus DSM 25693, a 

methicillin-resistant (MRSA) strain that produces the staphylococcal enterotoxins S, E, A, C, H, 

G, and I. This Gram-positive bacterium was isolated from a biological low respiratory tract sample 

of hospitalized individuals [71].

The bacterium was maintained on Tryptic Soy Agar (TSA, Liofilchem) at 4 °C. Before each 

assay, a colony was transferred to 30 mL of Tryptic Soy Broth (TSB, Liofilchem) and incubated 



for 18-24 h at 37 °C with constant stirring (120 rpm). Then 300 μL aliquots were transferred to 

new 30 mL TSB and incubated at the previous growth conditions, in order to reach the stationary 

phase, corresponding to a concentration of 108-109 colony forming units per mL (CFU.mL-1).

3.10. Antimicrobial Photodynamic Therapy (aPDT) assays 
The bacterial culture was grown overnight and was tenfold diluted in PBS, pH 7.4, to a 

final concentration of ∼108 CFU mL−1. The bacterial suspension was equally distributed in 

a 12-weel plate. Afterwards, the appropriate volumes of each porphyrin-nitroindazole 

derivatives 3a-e were added to achieve a final desired concentration of 5.0 μM 

(corresponding to 1% DMSO) and 100 mM of KI (total volume was 5 mL per well). The 

samples were protected from light with aluminium foil and remained in the dark for 1 h to 

promote the porphyrin binding to MRSA cells. Light and dark controls were also carried 

out simultaneously with the aPDT procedure: the light control (LC) comprised a bacterial 

suspension exposed to the same light protocol, and the dark control (DC) comprised a 

bacterial suspension incubated with each porphyrin at 5.0 μM protected from light. In order 

to evaluate the effect of KI, a control comprising bacterial suspension and KI at 100 mM 

(LC + 100 mM KI) irradiated under the same conditions was also performed. After the 

incubation period, the samples and the LC were exposed to white light at 50 mW.cm−2 

under stirring (120 rpm). The DC was maintained in the dark during the irradiation 

procedure. Photoinactivation efficiency of each PS was evaluated by quantifying the 

number of colony forming units (CFU) per volume (CFU mL-1). Aliquots of samples and 

each control were taken at time 0 min (after incubation time) and at different irradiation 

times (30, 45, 60, 90 and 150 min). Serial dilutions were made and finally pour-plated in 

TSA. The petri plates were incubated at 37 °C for 18–24 h.

Figure 4: Schematic representation of the photodynamic assays.



3.11. Statistical
All experiments were performed in triplicate with two replicates per assay for each condition. 

The statistical analysis was performed with GraphPad Prism (GraphPad Software, San Diego, 

USA). Normal distributions were checked by the Kolmogorov–Smirnov test and the homogeneity 

of variance was verified with the Brown Forsythe test. ANOVA and Dunnet’s multiple comparison 

tests were applied to assess the significance of the differences between the tested conditions. A 

value of p < 0.05 was considered significant.

4. Conclusions
The Knoevenagel condensation of 2-formyl-5,10,15,20-tetraphenylporphyrin with a series of 

N-methyl-nitroindazole derivatives showed to be an efficient synthetic approach to afford  new 

porphyrin-indazole hybrids. The ability of these derivatives to generate oxygen singlet and 

molecular iodine when irradiated in the presence of KI are in accordance with the promising aPDT 

results obtained towards S. aureus MRSA. According to the American Society of Microbiology, 

compounds 3a and 3c in the absence of KI, are considered antimicrobials agents causing 

decreases in the bacterial concentration higher than 3 log10. The impact of these results are even 

higher when the photodynamic action was evaluated in the presence of KI, since all the hybrids 

were able to photoinactivate the MRSA bacteria until the detection limit of the method. 

The impressive photoinactivation results of S. aureus obtained in this study with porphyrin-

nitroindazole derivatives 3a-e combined with KI, suggest that the use of these formulations to 

treat localized skin infections, caused by multiresistant strains such as MRSA,  can be a promising 

alternative to antibiotics. Further in vivo studies with these compounds are needed in order to 

pave their potential to control S. aureus infections. Also, some experiments with S. aureus biofilms 

are necessary as this bacterium form frequently biofilms and the nitroindazoles could interfere 

with the quorum-sensing signaling and virulence factors.
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