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ABSTRACT 

The negative impact of the use of traditional fossil fuels in the environment and their limited 

nature has prompted research in new, alternative sources of energy. Artificial photosynthesis, 

which comprises the splitting of water into hydrogen and oxygen, can be used as clean source of 

energy in many applications, especially since the main energy source is the sun. The oxidation 

of water into dioxygen by transition metal complexes invokes the necessity for new catalysts to 

be synthesized and studied, looking forward to achieving catalytic activities closer to those 

shown by the oxygen evolving complex in Photosystem II. In this project, a new tridentate 

pyrrole-based ligand and its metal complexes with Copper(II) and Nickel(II) were synthesized.  

The obtained ligand, methyl 5-(methoxydi(pyridin-2-yl)methyl)-1H-pyrrole-2-carboxylate, was 

synthesized in moderate yields (38%). Differences in reactivity between pyridine and pyrrole 

diesters were also explored, since the designed pentadentate ligand, (1H-pyrrole-2,5-

diyl)bis(di(pyridin-2-yl)methanol)), could not be obtained. Also, structural differences where 

observed in the products when following similar synthetic schemes for both ester substrates. 

RESUMEN 

El impacto negativo sobre el ambiente que tiene el uso de combustibles fósiles y su naturaleza 

limitada han promovido la investigación en fuentes nuevas y alternativas de energía. La 

fotosíntesis artificial, que involucra la ruptura de la molécula de agua en oxígeno e hidrógeno, 

puede ser usada como una fuente limpia de energía para muchas aplicaciones, especialmente 

debido a que la principal fuente de energía es el sol. La oxidación de agua en oxígeno molecular 

mediada por complejos de metales de transición invoca la necesidad de sintetizar y estudiar 

nuevos catalizadores, teniendo como meta la obtención de actividades catalíticas que se 

acerquen a las exhibidas por el complejo liberador de oxígeno en el Fotosistema II. En este 

proyecto se sintetizó un nuevo ligando tridentado basado en pirrol y sus complejos con Cobre(II) 

y Níquel(II).  

El ligando obtenido, metil 5-(metoxidi(2-piridinil)metil)-1H-pirrol-2-carboxilato, fue sintetizado 

con un rendimiento moderado (38%) mediante el uso de reactivos de organolitio. Las diferencias 

en la reactividad de los diésteres de piridina y pirrol fueron exploradas, debido a que el ligando 

pentadentado diseñado, (1H-pirrol-2,5-diil)bis(di(2-piridil)metanol), no pudo ser obtenido. De 

igual forma, se pudieron observar algunas diferencias estructurales en los productos cuando se 

siguieron esquemas sintéticos similares para ambos sustratos.  
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 INTRODUCTION 

 The global energy problem 

The current global energy problem, the need for alternative sources of energy and the fact that 

traditional use of fossil fuels and other non-renewable energy sources have a negative impact 

on the climate and the environment1-4, has promoted the development of new renewable and 

cleaner energy sources. Among them, one of the most theoretically promising is the conversion 

of solar energy into chemical energy through the light-driven splitting of water, also known as 

artificial photosynthesis, which generates oxygen gas and hydrogen, a carbon-free fuel with the 

highest energy output relative to molecular weight. 

Artificial photosynthesis thus presents an environmentally friendly alternative to the use of 

fossil fuels, and the development of new molecular catalysts for artificial photosynthesis is an 

active field of research with possible many applications. 

 Natural and artificial photosynthesis 

The natural photosynthetic process consists of two coupled processes: water oxidation and CO2 

fixation via proton reduction, to form NADPH, which is then used to synthesize sugars and more 

complex biomolecules. 

The light-dependent reactions of photosynthesis occur mainly on two protein complexes: 

Photosystem II (containing the oxygen-evolving complex) and Photosystem I (responsible for the 

reduction of NADP
+
 to NADPH). This process is shown in Fig. 1: 
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Fig. 1: Light-dependent reactions of photosynthesis (Z-scheme): roles of Photosystems I and II in the different 

processes. Orange arrows illustrate the electron transfer chains, formed by various cofactors. 

Adapted from ref. 5 with permission. 
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The oxidation of water is catalysed in Photosystem II by a redox-active structure that contains 

a tetramanganese-calcium cluster (Mn4Ca), bound with a Tyrosine residue (named TyrZ); this 

oxygen-evolving complex binds two water molecules and stores the four oxidizing equivalents 

that are required to drive the oxidation of water. In the light-independent reactions, CO2 is 

reduced by NADPH to ultimately yield sucrose, starch and cellulose after a series of reactions 

(known as the Calvin-Benson cycle). These sugars are the main compounds responsible for 

natural solar energy storage5. Both water oxidation and proton reduction (H+ to H2(g)) can be 

achieved by means of artificial catalysts (for a very complete and recent review about WOCs see 

ref. 6). These reactions can be carried out both by using a chemical redox agent or 

photochemically, by using a photosensitizer, which acts as a redox mediator by photon induced 

electron transfer processes. 

In a process mimicking natural photosynthesis, the use of solar energy to extract electrons and 

release protons from water is called photosynthetic water oxidation or oxygen evolution, and 

development of new catalysts for this half reaction is of great interest for the field, since water 

oxidation is a complicated reaction involving proton-coupled electron transfer (PCET) of four 

electrons, yielding four protons and two oxygen molecules from two water molecules (Eq. 1). 

2H2O ⟶ O2 + 4H+ + 4e−           (𝐸0 = −1.23 𝑉 vs. SHE) Eq. 1 

This reaction is thermodynamically uphill and pH dependant (since protons are being 

produced), and to be carried out separately from proton reduction or other catalytic reduction 

systems, a sacrificial electron acceptor is required: typically peroxydisulfate anion (S2O8
2−) is 

used for this purpose. 

 Nature’s choice: Mn4Ca redox core in Photosystem II 

The natural catalyst, a Mn4Ca reactive centre inside Photosystem II is shown in Fig. 2: 

 

Fig. 2: Structure of the Mn4Ca reactive centre in Photosystem II. Adapted from ref. 7 with permission. 
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The structure of this reactive centre was determined by several X-ray diffraction and absorption 

spectroscopic techniques7-11. This Mn4Ca core has been the base for many artificial catalysts, 

aimed to imitate, model and understand the structure-activity relationship and the role of the 

different components in the high catalytic activity of the natural catalyst, with the ultimate goal 

of reproducing this catalytic activity in a synthetic complex that can be later inserted into a 

water-splitting device. 

Very recently, a synthetic catalyst mimicking the oxygen-evolving centre of photosynthesis was 

reported by the group of Zhang et al.12, 13. This synthetic analogue consists of a Mn4Ca core with 

ligands derived from carboxylic acids and has a very close structural resemblance to the natural 

one. However, its catalytic activity is much lower than the natural catalyst, which is a matter 

that is still under investigation. The structure of this artificial catalyst is shown in Fig. 3: 

 

Fig. 3: Structures of the natural and artificial (synthetic) catalysts. See caption in figure. 

Reprinted from ref. 13 with permission. 

The natural turnover number (TON) and turnover frequency (TOF) of the PSII catalyst have 

been estimated to be around 600.000 mol O2 (mol cat)−1  and 40 s−1, respectively14, 15. 

 First attempts at metal-catalysed water oxidation 

The first successful attempts at metal-catalysed water oxidation date back to a publication from 

1982, on which Gersten et al.16 reported the catalytic oxidation of water by an oxo-bridged 

ruthenium dimer, cis,cis-[(bpy)2(OH2)RuIII-O-RuIII(OH2)(bpy)2]4+, later known in the field as the 

“blue dimer”, which was the only reported molecular catalyst for water oxidation for more than 

a decade.  
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Many other catalysts based on polynuclear manganese and ruthenium systems have been 

reported, and it was in 2012 when Duan et al. reported a pair of molecular ruthenium catalysts 

with water-oxidation activities comparable to that of the natural Photosystem II17. Several other 

complexes have been reported in the last decade, with the notable examples of new cobalt and 

iridium-based systems18. The structures of these catalysts are summarized in Fig. 4, which 

illustrates the chronological evolution of representative water oxidation catalysts among the 

past decades. 

 

Fig. 4: Chronological listing of representative WOCs reported over the past three decades. 

Reprinted from ref. 18 with permission. 

 Water oxidation with mononuclear Iron and Cobalt complexes 

Despite the progress made in the synthesis of highly active polynuclear metal complexes for 

water oxidation catalysis, the fact that ruthenium is a fairly expensive and non-abundant metal 

limits the future application of these catalysts as a possible solution to the global energy 

problem. The use of earth-abundant metals like iron, cobalt and manganese for water oxidation 

catalysis has been an active field of investigation, on which fewer catalytic systems have been 

reported so far. Apart from the use of earth-abundant metals, there are two other important 

aspects to consider: the first downside aspect of polynuclear metal complexes that makes them 

unattractive for a big scale application is atom economy: several metallic sites involve a higher 

cost in production and waste disposal. The second downside aspect of polynuclear metal 

complexes is that the fine tuning of the spectroscopic and chemical properties is usually harder 

to achieve than for mononuclear catalysts, on which direct substitutions and changes in the 

ligand environment make it easier to establish key structure-activity relationships and to study 

mechanistic aspects of the catalysis: studies are greatly simplified if only one active metal site 

is involved. 
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Ruthenium catalysts constitute the most studied family of catalysts for water oxidation, with 

several mechanisms proposed to explain the observed behaviour. 

Two of them, namely the water nucleophilic attack (WNA) mechanism and the radical coupling 

(RC) mechanism, constitute the most widely accepted and supported according to experimental 

evidence. 

The water nucleophilic attack mechanism postulates that ligands with at least one labile 

coordination site allow for the formation of a high valent [RuV=O]2+ species through several 

PCET steps after initial coordination of a water molecule. This high valent species is then 

attacked by the lone pair of the oxygen of another water molecule, forming a short lived 

[RuIII-OOH]2+ intermediate, which loses one proton and one electron to form a [RuIV-OO]2+ 

intermediate, which then releases gaseous oxygen after electronic rearrangement and the 

catalytic cycle is again started by coordination of a new water molecule. Key aspects of the water 

nucleophilic attack mechanism have also been identified in iron, iridium and cobalt complexes14, 

18, 19, as shown in Fig. 5. 

 

Fig. 5: Summary of WNA-type mechanisms for single site catalysts based on ruthenium, iridium and cobalt. 

Adapted from ref. 18 with permission. 
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The radical coupling mechanism (Fig. 6) postulates the formation via PCET of a high valent 

oxyl radical, [RuIV-O•]2+, which is a resonance form of the [RuV=O]2+ species identified in the 

WNA mechanism. This oxyl radical couples with another unit to yield a [RuIV-(O2)-RuIV] complex 

that then releases dioxygen. The particular bonding mode of the oxygen and the last mechanistic 

steps will depend on particular ligand geometry and environment, but the rate law has been 

found to be second order with respect to the concentration of the catalyst, which strongly 

supports the bimolecular nature of the mechanism. 

 

Fig. 6: Radical coupling mechanism for single site catalysts based on ruthenium.  

Adapted from ref. 18 with permission. 

 

 Previous catalysts based in pentadentate polypyridine ligands 

Of the published systems, the one studied by Goldsmith et al.20, 21 and Wasylenko et al.22 was 

chosen as a basis for this project. The original ligand framework consists of a five-coordinated 

pentapyridine system: a central 2,6-disubstituted pyridine ring with four 2-pyridyl arms and 

hydroxyl-terminated carbon linkers. Fig. 7 shows the crystal structure of PY5-OH,  

pyridine-2,6-diylbis(di(pyridin-2-yl)methanol), closely related to the original PY5 ligand (with 

MeOH groups). The crystal geometry does not differ significantly between both ligands. 

 

Fig. 7: Crystal structure of PY5-OH ligand. Colour code: O (red), N (purple), C (grey), H (white).  

Hydrogen bonds in light blue. X-Ray single-crystal diffraction data obtained from ref. 23 with permission. 
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When forming complexes with first row transition metals, the four pyridine arms bind to the 

metal core with the four pyridine nitrogen atoms forming a plane, while the central metal-

pyridine bond lies perpendicular to this plane, leaving the sixth coordination position free for 

the coordination of labile ligands (such as MeCN, Cl− and H2O). Furthermore, the metal-nitrogen 

bond trans to this coordination site is greatly stabilized by means of the chelate effect22, making 

the complex more stable and further improving the catalytic activity. The geometry is clearly 

illustrated in the crystal structure of the complex [FeII(PY5-OH)Cl](CF3SO3) (Fig. 8): 

                     

Fig. 8: Two views of the crystal structure of [FeII(PY5-OH)Cl](CF3SO3). Colour code: Fe (orange), Cl (green), O (red), 

N (purple), C (grey). Hydrogens and counter ions omitted for clarity, except for OH groups. 

X-Ray single-crystal diffraction data obtained from ref. 24 with permission. 

 

 Synthetic routes for polypyridine ligands: considerations 

Two main synthetic routes for PY5-type ligands have been proposed in the literature20-23, 25. Both 

involve the addition of 2-lithiopyridine to carbonyl-containing pyridine moieties (i.e. dipicolinic 

acid) in two to four steps. The advantages and disadvantages of each method are discussed 

below. 

1.7.1. Synthesis of pentapyridine ligands from 1,5-dipicolinic acid 

The original synthesis of the PY5 ligand25 (Scheme 1) comprises the formation of the diacid 

chloride derivative by reaction with SOCl2, subsequent reaction at low temperature with four 

equivalents of 2-lithiopyridine (generated in-situ by lithium-halogen exchange at low 

temperature) and further permethylation with methyl iodide. This synthetic route has been 

reported to lead to several purification problems19, 20 and average overall yields of less than 50%. 

 

Scheme 1: Original synthesis of PY5 ligand from dipicolinic acid 
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1.7.2. Synthesis of pentapyridine ligands from 1,5-dipicolinic acid diesters 

A second synthetic route to the PY5 ligand (Scheme 2) was employed recently in the 

literature20, 21 to improve the yield, facilitate the separation of the desired product and broaden 

the scope of modifications to this ligand scaffold. In this synthetic route, dipicolinic acid alkyl 

diesters are directly reacted with two equivalents of 2-lithiopyridine, from which a crystalline 

solid intermediate diketone (PY3, see Scheme 2) is easily isolated by recrystallization in very 

high yield (85%). This intermediate is further reacted with two more equivalents of 2-

lithiopyridine to yield the PY5-OH precursor, which is then permethylated to yield the PY5 

ligand in greater overall yield (64%) while totally avoiding the need for purification via column 

chromatography. 

 

Scheme 2: Synthesis of PY5 ligand via PY3 diketone intermediate 

The formation of the PY3 intermediate opens the ligand system for possible modifications, which 

might consist, for example, on the introduction of two different “arms” for the ligand, such that 

it would have two pyridine arms and two different arms (which might also be substituted 

pyridines or other rings). The colour coding in Scheme 1 and Scheme 2 illustrates this 

additional difference in the synthetic routes. 

 Proposed modifications to the ligand scaffold  

The PY5 and PY5-OH ligands do not differ significantly in their geometry and metal binding 

ability, and first row transition metal complexes from these ligands have been shown to be very 

active as catalysts for water oxidation22, oxidation of unsaturated compounds20, 21, proton 

reduction26 and even as cytotoxic anti-tumour agents24. 

It has been shown22, 26 that the metal-ligand bond trans to the sixth coordination site (occupied 

by water in the catalytic cycle) strongly affects the performance of the catalyst. If it is too weak, 

then the catalyst might decompose into nanoparticles, while if it is too strong then the high-

valent oxo intermediate might not be electrophilic enough to promote the attack of water, or 

might interfere with radical coupling. The trans influence can be accounted as the second major 

source and explanation for this change in stability and reactivity. 
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The proposed modification to the ligand system consists in the replacement of the central 

pyridine ring from PY5-OH for a five membered pyrrole ring to obtain the ligand shown in Fig. 

9, (1H-pyrrole-2,5-diyl)bis(di(pyridin-2-yl)methanol) (PyPY4). 

 

Fig. 9: Structure of the proposed ligand, (1H-pyrrole-2,5-diyl)bis(di(pyridin-2-yl)methanol) 

This ligand is expected to introduce both a steric and electronic modification with respect to the 

PY5 ligand. The NH group in pyrrole is to be deprotonated upon complexation, to form a N−(N)4 

pentacoordinate ligand. The negative charge in the nitrogen from the pyrrole ring will then be 

situated trans to the expected coordination site for water. Since the M+-N− has a more polar 

character it is also expected to be stronger than the regular N→M dative bond, and is thus 

expected to improve the stability of the complexes and increase the catalytic activity. 

 Synthetic approach to the proposed ligand 

The two routes reported in literature for the preparation of PY5-OH and PY5 are, in principle, 

viable. However, it has been reported27-31 that pyrrole-2-carboxylic acid readily undergoes 

decarboxylation and is fairly unstable even under mildly acidic conditions, and therefore the 

pyrrole-2,5-dicarboxylic acid and the diacid chloride derivative are also expected to be fairly 

unstable. Furthermore, unprotected pyrrole is a substrate prone to polymerisation, which 

suggests avoiding the diacid chloride route and the use of a protecting group for NH to prevent 

polymerisation of the intermediate diketone and/or the starting pyrrole 2,5-diester. Boc was 

chosen as the protecting group due to its easy introduction and removal32-35. Synthesis without 

this protecting group was also attempted as the first choice. The proposed synthetic route for 

the PyPY4 ligand is then a modification of the one reported for the PY5-OH ligand starting from 

pyrrole-2,5-diester (Scheme 3). 

 

Scheme 3: Proposed synthetic route for the new PyPY4 ligand 
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 AIM OF THE PROJECT 

The aim of this project was to synthesize a new ligand (PyPY4, (1H-pyrrole-2,5-

diyl)bis(di(pyridin-2-yl)methanol)), which would then be reacted with first row transition metal 

salts to form new complexes that could show potential catalytic activity for water oxidation. 

 EXPERIMENTAL 

 Chemicals and solvents 

Chemicals and solvents were obtained from commercial sources (Sigma-Aldrich) and were used 

without further purification unless otherwise stated. Pyrrole was freshly distilled under vacuum 

before use. Dry methanol, ethanol and CCl4 were obtained after storing the corresponding 

solvent overnight under 15 wt.% freshly activated molecular sieves (4 Å). Dry THF and diethyl 

ether were obtained by distillation under inert atmosphere from sodium/benzophenone still. All 

glassware for water-sensitive reactions was stored overnight in the oven at 120 ºC. 

 Spectroscopic characterisation 

NMR spectra were acquired on JEOL Eclipse+ ECP400 (1H 400 MHz, 13C 100 MHz) or Agilent 

Mercury 400 (1H 400 MHz, 13C 100 MHz) spectrometers. All spectra were processed with 

appropriate referencing to the solvent residual signal. For the measuring of small coupling 

constants, where needed, the spectra were multiplied by the appropriate weighting functions 

(exponential and gaussian) to resolve the peaks. DEPT135 and DEPT90 spectra (DEPT135 

shows protonated CH/CH3 and CH2 carbons with opposite phases, and DEPT90 shows CH carbons 

only, allowing for differentiation) were acquired for some of the compounds and used for the 

assignment of the 13C resonances. LC-MS analysis were performed on a Dionex UltiMate 3000 

LC system coupled to a Thermo Finnigan LCQ Deca XP Max ion trap mass spectrometer. 

 Synthesis of pyrrole-2,5-dicarboxylic acid diesters (dimethyl, diethyl) 

In a dry microwave vial with a magnetic stir bar were added under argon Fe(acac)3 (3.2 mg, 0.01 

mmol), pyrrole (60 mg, 0.9 mmol), dry CCl4 (1 g, 7 mmol) and dry MeOH (2 g, 60 mmol) or dry 

EtOH (2.8 g, 60 mmol), which was then sealed hermetically with exclusion of oxygen by repeated 

freeze-pump-thaw cycles, and reacted in a Biotage Initiator microwave reactor under different 

reaction conditions, but the reaction yielded a black mixture of polypyrrole and less than 5% of 

the desired product, among with an important (11%) fraction of the monoester. 
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Isolation of the reaction material from entry 9 in Table 1 by column chromatography (Silica; 

0.01% Et3N in dichloromethane) yielded the monoester, 2-methyl-pyrrole-2-carboxylate (62 mg, 

11%) as an off-white solid which readily decomposes upon storing for >1 week at RT. 1H NMR 

(400 MHz, CDCl3, 25ºC) δ 9.77 (br. s, 1H; NH), 6.97 (td, J = 2.7, 1.5 Hz, 1H; H3 pyrrole), 6.94 

(ddd, J = 3.7, 2.4, 1.5 Hz, 1H; H5 pyrrole), 6.26 (dt, J = 3.7, 2.5 Hz, 1H; H4 pyrrole), 3.86 (s, 3H; 

OCH3). These results are in agreement with previously reported data for this compound36. 

The reaction was also attempted with the same molar amount of CBr4 and some other catalysts, 

and even without the use of microwave irradiation, yielding the same results (see discussion 

below). This procedure was adapted from the reported by Khusnutdinov et al.37, where the 

reaction yield is reported to be 99%. 

 Synthesis of Di(n-butyl) pyrrole-2,5-dicarboxylate 

In an attempt to understand the reactivity of the system and get some insights into the 

reactivity of pyrrole under the previous conditions, CBr4 (2.32 g, 7 mmol), pyrrole (60 mg, 0.9 

mmol) and n-butanol (4.5 g, 60 mmol) were refluxed for 5 hours under inert atmosphere and 

monitored by TLC and LC-MS, but only trace amounts of the expected di(n-butyl) pyrrole-2,5-

dicarboxylate were detected, while the reaction resulted in a black tar of polymeric material (see 

discussion below). 

 Synthesis of N-Boc-pyrrole (tert-butyl pyrrole-1-carboxylate) 

N-Boc pyrrole was synthesized as reported38. To a round bottomed flask containing pyrrole (2.0 

g, 30 mmol) and 4-(dimethylamino)pyridine, DMAP, (500 mg, 4.5 mmol) in acetonitrile (30 mL) 

was added di-tert-butyl dicarbonate, Boc2O, (7.8 g, 36 mmol) and the mixture stirred under argon 

at room temperature for 2.5 hours. Evaporation of the solvent under reduced pressure and 

purification by flash column chromatography (Al2O3; pentane) afforded 4.83 g (96%) of N-Boc-

pyrrole as a colourless liquid. 

1H NMR (400 MHz, CDCl3, 25 ºC) δ 7.25 (t, J = 2.4 Hz, 2H; H2, H5), 6.22 (t, J = 2.4 Hz, 2H; H3, 

H4), 1.61 (s, 9H; O-C(CH3)3). 

 Synthesis of 1-(tert-butyl) 2,5-dimethyl pyrrole-1,2,5-tricarboxylate 

1-(tert-butyl) 2,5-dimethyl pyrrole-1,2,5-tricarboxylate was obtained from a modification of the 

reported synthetic procedure39. In a 250 mL round-bottomed flask a 2.5 M solution of n-

butyllithium in hexanes (14.22 ml, 35.6 mmol) was slowly added to a solution of 2,2,6,6-

tetramethylpiperidine (6 ml, 35.6 mmol) in dry THF (50 mL) cooled to -78 °C under argon, to 

give a light yellow solution, to which N-Boc-pyrrole (2.50 g, 15 mmol) in THF (10 ml) was added 
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dropwise and was left to stir for 3 hours at -78°C. The mixture was then transferred into a 

dropping funnel and added dropwise into methyl chloroformate (3.5 ml, 45 mmol) and left to stir 

at -78 ºC for an additional 30 minutes.  

A saturated solution of ammonium chloride (10 mL) was then added and the mixture was 

allowed to warm to room temperature. The mixture was then extracted with diethyl ether (25 

mL) before being washed with 10% HCl solution (5 mL) and saturated sodium chloride solution 

(20 mL).  

The organic extracts were dried with MgSO4, filtered and concentrated under reduced pressure 

to yield an orange solid, which was purified by flash column chromatography (Silica; 1:1 

dichloromethane:pentane) and dried under vacuum overnight to yield pure  

1-(tert-butyl) 2,5-dimethyl pyrrole-1,2,5-tricarboxylate as a white solid (3.56 g, 84%). 

1H NMR (400 MHz, CDCl3, 25 ºC) δ 6.83 (s, 2H; H3, H4), 3.86 (s, 6H; 2xO-CH3), 1.66 (s, 9H; O-

C(CH3)3); 13C NMR (100 MHz, CDCl3) δ 160.02 (C=O(OMe)), 148.97 (C=O-O(t-Bu)), 126.82 (C2, 

C5), 115.91 (C3, C4), 86.38 (O-C(CH3)3), 52.09 (O-CH3), 27.43 (t-Bu CH3). 

 Synthesis of methyl 5-(methoxydi(pyridin-2-yl)methyl)-pyrrole-2-

carboxylate (PyPY2) 

To a 250 mL three-necked round-bottomed flask was added 2-bromopyridine (1.22 g, 7.8 mmol, 

6 eq.) in dry THF (75 mL) to give a colourless solution, which was cooled in a methanol/liquid 

nitrogen bath at -98 °C under argon. A 2.5 M solution of n-butyllithium in hexanes (3.10 mL, 

7.8 mmol, 6 eq.) was added dropwise, keeping the reaction temperature below -80 ºC. A solution 

of 1-(tert-butyl) 2,5-dimethyl pyrrole-1,2,5-tricarboxylate (365.4 mg, 1.3 mmol) in dry THF (20 

mL) was added dropwise, keeping the temperature below -80 ºC. The reaction mixture was 

stirred at -98 °C for 2 hours, after which the temperature was raised to RT and the reaction was 

continuously stirred for 10 min. The reaction was quenched with MeOH (25 mL) and 5% aqueous 

HCl (5 mL) was added, then the solution was basified with a saturated sodium hydroxide 

solution (3 drops). The organic solvents were removed and the residue was extracted with 

dichloromethane (5x10 mL), washed with brine and dried over Na2SO4. The organic extracts 

were combined and dried under reduced pressure. An intensely colored deep red oil was then 

purified by column chromatography (Al2O3; 0.1% Et3N in dichloromethane) to yield methyl 5-

(methoxydi(pyridin-2-yl)methyl)-pyrrole-2-carboxylate (PyPY2) as a deep red solid (243 mg, 

38%). Further reaction of PyPY2 with two equivalents of 2-lithiopyridine did not afford the 

desired PyPY4 product. See discussion below. 



19 

 

MS (ESI, m/z) 323.6 [M+] (Calc. for C18H17N3O3 323.1). 1H NMR (400 MHz, CDCl3, 25 ºC) δ 8.57 

(ddd, J = 4.8, 1.8, 0.8 Hz, 2H; pyridine arms H6,H6’), 7.68 (ddd, J = 8.1, 7.5, 1.8 Hz, 2H; pyridine 

arms H3,H3’), 7.58 (ddd, J = 8.1, 1.2, 0.8 Hz, 2H; pyridine arms H4,H4’), 7.16 (ddd, J = 7.5, 4.8, 

1.2 Hz, 2H; pyridine arms H5,H5’), 6.88 (d, J = 3.9 Hz, 2H; pyrrole H3), 6.17 (d, J = 3.9 Hz, 2H; 

pyrrole H4), 3.85 (s, 3H; OCH3 ester), 3.19 (s, 3H; OCH3). 13C NMR (100 MHz, CDCl3, 25 ºC) δ 

162.47 (C=O ester), 161.71 (C2,C2’ pyridine arms), 148.65 (C6,C6’ pyridine arms), 137.57 (C5 

pyrrole), 137.03 (C4,C4’ pyridine arms), 122.50 (C5,C5’ pyridine arms), 121.89 (C3,C3’ pyridine 

arms), 121.71 (C2 pyrrole), 115.44 (C3 pyrrole), 110.91 (C4 pyrrole), 83.25 (C(OCH3)(PY)2), 

52.90 (OCH3 ester), 51.40 (OCH3). 

 

 Synthesis of Nickel(II) and Copper(II) complexes with PyPY2 

To a solution of PyPY2 (60.0 mg for Cu(II); 16.3 mg for Ni(II)) in methanol (0.5 mL) was added 

under argon a solution of the corresponding metal bromide (CuBr2: 41.3 mg, 1 eq.; NiBr2 · 𝑥H2O: 

13.4 mg, ~1 eq) in 0.5 mL MeOH. The reaction mixtures were stirred at room temperature for 4 

hours after which LC-MS analysis were performed from the crude solutions, which turned deep 

red for Ni(II) and dark green for Cu(II). No attempt was made to isolate the products. See 

discussion below.  

 

 RESULTS AND DISCUSSION 

 Synthesis of pyrrole-2,5-dicarboxylic acid diesters (dimethyl, diethyl) 

The attempted synthesis of pyrrole-2,5-dicarboxylic acid dimethyl and diethyl esters (Scheme 

4) was not successful, even though special care was taken in drying the solvents and reagents 

used for the reaction. Furthermore, the microwave vials were sealed and all reagents were 

handled under argon atmosphere. Table 1 summarized the different reaction conditions that 

were explored in an attempt to reproduce the results by Khusnutdinov et al.37 by using 

microwave irradiation instead of thermal activation. 

 

Scheme 4: Synthesis of pyrrole-2,5-dicarboxylic acid diesters 
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Trial 
Temp. 

(ºC) 
Time 

Pressure 

(bar) 

mmol 

pyrrole 

mmol 

MeOH 

mmol 

𝐂𝐂𝐥𝟒 

mmol 

cat. 
Catalyst 

Yield of 

diester 

1 115 5 min 10 0.9 60 7 0 none N.R. 

2 120 5 min 10 0.9 60 7 0.01 Fe(acac)3 trace 

3 150 5 min 18 0.9 60 7 0.01 Fe(acac)3 polymer 

4 60 5 min 5 0.9 60 7 0.01 Fe(acac)3 N.R. 

5 120 30 min 12 0.9 60 7 0.01 Fe(acac)3 trace 

6 150 30 min 18 0.9 60 7 0.01 Fe(acac)3 polymer 

7 120 1 h 18 4.5 350 35 0.05 Fe(acac)3 polymer 

8 150 1 h 21 4.5 350 35 0.05 Fe(acac)3 polymer 

9 120 30 min 12 4.5 350 35 0.05 FeCl2 <5% 

10 150 30 min 18 4.5 350 35 0.05 FeCl2 trace 
 

Table 1: Tested reaction conditions and yields for the synthesis of pyrrole-2,5-dicarboxylic acid dimethyl ester 

under microwave irradiation. N.R = no reaction; polymer = polypyrrole was the main product as a black tar; 

trace = only trace amounts were detected (by LC-MS). 

This reaction was also attempted with EtOH and CBr4 under the same conditions as entries  

1-5 in Table 1, but the desired product was detected only in trace amounts by LC-MS.  

It is interesting to note that the reaction yield improved slightly by using FeCl2 as the catalyst 

instead of Fe(acac)3. This fact can be explained due to the proven catalytic activity of Iron(III) 

salts for the synthesis of polypyrrole40-43, and thus the use of Iron(II) salts might lower the yield 

for the undesired polypyrrole, but is still inadequate because Iron(II) can be oxidized in solution 

to Iron(III) probably by trace amounts of oxygen, thus generating the catalytic species that 

promotes the undesired polymerisation.  

The reaction mechanism for the esterification of pyrrole with CCl4 or CBr4 is thought to proceed 

via radical addition to form a pyrrole-CX3 (X = Cl, Br) intermediate, which then undergoes 

alcoholysis to afford the monoester. This product undergoes yet another radical addition and 

alcoholysis in the 5 position of the ring, thus affording the diester. The mechanism is discussed 

in more detail by Khusnutdinov et al.37  

From these experiments, it is important to note that the formation of polymeric material, the 

instability of the monoester, the difficulty in successful separation of the desired product, added 

to the fact that the major product was the monoester instead of the diester, hindered further 

attempts to synthesize the NH unprotected dimethyl pyrrole-2,5-dicarboxylate, and thus this 

synthetic route was abandoned.  

 Synthesis of Di(n-butyl) pyrrole-2,5-dicarboxylate 

A reaction with CBr4, n-butanol and pyrrole refluxed under inert atmosphere was carried out to 

test conditions where the reagents were kept below their boiling point and without the use of 

microwave irradiation (Scheme 5). 
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Scheme 5: Synthesis of di(n-butyl) pyrrole-2,5-dicarboxylate 

However, the formation of the expected di(n-butyl) pyrrole-2,5-dicarboxylate was achieved only 

in trace quantities, while the reaction mixture turned deep black after 2.5 hours of refluxing, 

indicating the presence of a big amount of polypyrrole. TLC and LC-MS analysis indicated the 

formation of other side products besides polypyrrole, which constitute a final confirmation that 

raw pyrrole is not a good substrate to start with in order to get 2,5-diesters. 

 Synthesis of N-Boc-pyrrole 

In this reaction (Scheme 6), the excellent yield, stability and ease of purification of the product 

contrast with the behaviour of deprotected pyrrole, thus suggesting that the protection of the 

NH group of pyrrole was, in fact, needed for this synthetapproach to succeed. Boc2O is a cheap 

reagent and the reaction conditions are straightforward. Note however that N-Boc-pyrrole is 

also available commercially. 

 

Scheme 6: Synthesis of N-Boc-pyrrole 

 Synthesis of 1-(tert-butyl) 2,5-dimethyl pyrrole-1,2,5-tricarboxylate 

The modification of the reported synthesis introduced in this work consisted of using a dropping 

funnel instead of a cannula to transfer the lithiated pyrrole intermediate into methyl 

chloroformate. This reaction is a model reaction for the attack of N-Boc 2,5-dilithiopyrrole to an 

electrophilic substrate, methyl chloroformate, according to Scheme 7.  

 

Scheme 7: Synthesis of 1-(tert-butyl) 2,5-dimethyl pyrrole-1,2,5-tricarboxylate 

An important aspect of this reaction is that the N-Boc 2,5-dilithiopyrrole intermediate is 

stabilised by the action of the Boc protecting group, which has an impact on the stability of this 

organolithium reagent, as illustrated in Fig. 10. 
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Fig. 10: Stabilisation of 2,5-dilithiopyrrole by the N-Boc protecting group 

Synthetic routes to the formation of N-Boc 2,5-dilithiopyrrole also include the lithium-halogen 

exchange, but in this particular case, the reaction of n-BuLi with HTMP (2,2,6,6-

tetramethylpiperidine) to afford LiTMP (lithium 2,2,6,6-tetramethylpiperidide) and subsequent 

reaction with N-Boc pyrrole enable for the synthesis of the 2,5-dimethyl ester. A final remark 

from this reaction is that the Boc protecting group was not cleaved or attacked under these 

reaction conditions. 

 Synthesis of methyl 5-(methoxydi(pyridin-2-yl)methyl)-pyrrole-2-

carboxylate (PyPY2) 

Initial attempts to synthesize an intermediate analogous to PY3 (Scheme 2) by using only two 

equivalents of 2-lithiopyridine in dry THF at -78 ºC were unsuccessful, and only the starting 

triester was isolated from the reaction mixture.  

The reaction was also attempted in dry Et2O at -78 ºC, but this solvent promotes decomposition 

of the 2-lithiopyridine reagent, and for that particular case, no traces of the starting material 

could be isolated, polymeric material being the only product. When four equivalents of 2-

lithiopyridine were used, the reaction yield of PyPY2 improved slightly to ~15%, but still the 

desired PyPY4 product was not observed. 

To improve the stability of the 2-lithiopyridine, very dilute solutions and much lower 

temperature (-98 ºC) were tested, which improved the reaction yield and allowed the successful 

synthesis of PyPY2, according to Scheme 8. 

 

Scheme 8: Synthesis of PyPY2 
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A remarkable feature of this reaction is that the obtained product is an asymmetrically 

substituted pyrrole, which contrasts with the symmetric pyridine diketone intermediate (PY3) 

reported when pyridine 2,6-diesters are used as the starting materials. This suggests that 

pyrrole 2,5-diesters have a very different reactivity trend towards addition of 2-lithiopyridine. 

Also, methoxy groups were found in the final product instead of the expected OH groups. 

Furthermore, when six equivalents of 2-lithiopyridine were used, PyPY2 was the only product 

observed and the reaction yield improved significantly (38%). Only polymeric material was 

observed when PyPY2 was reacted again with two equivalents of 2-lithiopyridine, which 

confirms that six equivalents is a fair excess. 

The 13C chemical shift in CDCl3 of the methoxy ester carbonyl in 1-(tert-butyl)-2,5-dimethyl 

pyrrole-1,2,5-tricarboxylate is 160.08 ppm, while that of the pyridine analogue (dimethyl 

dipicolinate) is 164.6 ppm44, thus suggesting that the two carbonyls do not differ significantly 

in electrophilicity, while still it can be deduced that the carbonyl from the pyrrole system is 

more shielded (and therefore less electrophilic) because the pyrrole ring is more electron-rich 

than the pyridine ring. A final interesting aspect of this reaction is that the Boc protecting group 

is removed from the pyrrole system during workup, as determined by LC-MS, even though the 

NH resonance was not found in the 1H NMR spectrum due to the sample being too dilute (thus 

making the signal-to-noise ratio for the broad NH resonance too low to be detected). We 

therefore propose that the Boc protecting group is too bulky to allow attack of the 2-

lithiopyridine on the second carbonyl once the first pyridine has been introduced. 

 Attempted synthesis of Nickel(II) and Copper(II) complexes of the 

PyPY2 ligand 

The fact that PyPY2 is a new tridentate ligand itself prompted for an attempt to synthesize 

complexes with first row transition metals. Among them Nickel(II) and Copper(II) were chosen 

since they are known to form stable tetracoordinated complexes. 

The attempted synthesis of a Copper(II) complex yielded a mixture of complexes, identified by 

mass spectrometry, but whose structural characteristics such as the disposition of the ligands 

around the metal centre need to be further investigated, and to improve the reaction yield the 

mixture should be refluxed and a catalytic amount of a weak base added to promote 

deprotonation of the pyrrole NH group. Fig. 11 illustrates the experimental and calculated mass 

spectrum of a Cu(II) complex with candidate formula [Cu(PyPY2−)2], resulting from the 

coordination of two ligand molecules to a single metal site. A candidate structure for this 

complex is shown in Fig. 12, but further spectroscopic studies (XRD, NMR) are needed in order 

to confirm the structures and oxidation states. 
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Fig. 11: Mass spectrum of the complex ion with formula [Cu(PyPY2−)2], C36H33CuN6O6.   

Top: experimental mass spectrum; Bottom: calculated isotopic distribution for C36H34CuN6O6
+, [M+H]+. 

 
Fig. 12: Candidate structure for complex [Cu(PyPY2−)2] based on mass spectrometric results 

Also, another mass pattern was recognized (Fig. 13), corresponding to an oxo bridged Cu(III) 

dimer, [Cu(PyPY2−)(μ-O)2(PyPY2−)Cu]. The candidate structure is shown in Fig. 14. 

 

Fig. 13: Mass spectrum of the complex ion with formula [Cu(PyPY2−)(μ-O)2(PyPY2−)Cu], C36H32Cu2N6O8.   

Top: experimental mass spectrum; Bottom: calculated isotopic distribution for C36H33Cu2N6O8
+, [M+H]+. 
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Fig. 14: Candidate structure for complex [Cu(PyPY2−)(μ-O)2(PyPY2−)Cu]+ based on mass spectrometric results 

The high valent Cu(III) structure is suggested from oxo bridges, which are favoured for higher 

oxidation states. 

The attempted synthesis of a Nickel complex yielded new species in the mass chromatogram, 

but no recognizable mass patterns were detected. As for the case of Copper, the reaction mixture 

should be refluxed and a catalytic amount of a weak base added to promote deprotonation of the 

pyrrole NH group, and after obtaining the corresponding complexes, further spectral 

characterisation is needed. 

These complexes were not tested for water oxidation, but Ni(II) and Cu(II) complexes have also 

been shown very recently to possess catalytic activity towards water oxidation. 

 CONCLUSIONS 

In conclusion, the synthesis of a new pyrrole-based ligand, methyl 5-(methoxydi(pyridin-2-

yl)methyl)-pyrrole-2-carboxylate (PyPY2), was achieved under moderate yield (38%) by addition 

of six equivalents of 2-lithiopyridine at -98ºC in THF to 1-(tert-butyl) 2,5-dimethyl pyrrole-1,2,5-

tricarboxylate. Deprotection of the pyrrole ring was observed during workup, thus making a 

deprotection step unnecessary. The ligand was properly characterized by 1H and 13C NMR 

spectroscopy and mass spectrometry. Attempted synthesis of pyrrole 2,5-dicarboxylic acid 

diesters from reported methods were not successful under the tested conditions, and thus the 

Boc protecting group was shown to be necessary for the success of the reaction. Attempted 

synthesis of the original proposed ligand, (1H-pyrrole-2,5-diyl)bis(di(pyridin-2-yl)methanol)), 

was not successful.  The obtained PyPY2 compound could instead be used as a tridentate ligand, 

tentatively forming coordination compounds with Ni(II) and Cu(II), which were identified by 

LC-MS in the case of Cu(II). Further characterization and analysis of the ligand and its metal 

complexes are a work still on progress, and in the future these complexes should be tested for 

their catalytic activity towards water oxidation.  
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