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List of abbreviations

sMMO:  Soluble methane-monoxygenase

RNR:  Ribonucleotide reductase

TPA:  Tris(2-pyridylmethyl)amine

BPG:  bis(2-pyridylmethyl)glycine

TMTACN: Trimethyl-triazacyclononane

MST: N, N', N'' [2,2',2''-nitrilotris(ethane-2,1-diyl)]tris(2,4,6-trimethylbenzenesulfonamido)

TACN: Triazacyclononane

DCM: Dichloromethane

MeCN: Acetonitrile

NMR: Nuclear magnetic resonance

LC-MS: Liquid cromatography-mass spectroscopy

Introduction

Proteins and enzymes are able to conduct all types of demanding reactions in nature.  Therefore, 

there is a great interest in being able to mimic their properties as catalysts. Over the years, efforts 

have been made to model these type of molecules, either with organic molecules or metal 
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complexes. It is estimated that half of the known proteins contain metals in their structure, and in a 

great number of those, the metal ion conducts an essential role in the active site. Therefore, 

metalloproteins have been extensively studied from a bio-inorganic point of view.1 

From the metalloproteins we could highlight ferritin and the family of ferritin-like proteins. Ferritin 

is present in plants, animals and microorganisms, and its function is iron storage, containing a ferric 

oxide metal core. The super-family of proteins that carries its name is known for containing di-

metal active sites that conduct several interesting reactions, for example the activation of molecular 

oxygen that leads to oxidation of substrates. Since synthetic catalysts that can conduct selective 

oxidations arises interest from an industrial point of view, a great number of model complexes for 

this family are under study, although usually their efficiencies are much lower than those 

accomplished by enzymes or proteins.2 Active sites that contain two iron ions are well known and 

have been modeled extensively, in particular,  sMMO (soluble methane-monoxygenase) and 

RNR(ribonucleotide reductase), providing a better understanding for their molecular oxygen 

activation.3

sMMO produces methanol from methane, and RNR can convert ribonucleotides to 

deoxynucleotides, the precursors of DNA. There are several classes of RNR, one of them contains a 

di-iron center in one of its subunits, that, by activation of dioxygen in the reduced metal site, 

produces a tyrosil radical which initiates the reaction. Recently, it has been discovered that in a 

new class of RNR, found in  Chlamydia trachomatis, this protein contains a manganese-iron center, 

which reacts with dioxygen without forming any radicals.4  A heterobimetallic cofactor also has 

been discovered in an enzyme related to sMMO. Therefore, there is an interest in making Mn/Fe 

model complexes and study their activity compared to Fe/Fe complexes.

Two main strategies for the synthesis of di-metal model complexes can be  found. One of them 

consists in using one large ligand which coordinates with the two metal ions by providing several 

donating groups. On the other hand, the di-metal complexes can also be synthesized from 

monomeric precursors. In this strategy, each of the metals ions is first coordinated by a ligand, and 

afterwards bridged together, usually by oxo/hydroxo bridges, or carboxylate bridges, to form the 

dimer. 

Complexes containing both manganese and iron are known, most of them following the first 

synthesis strategy, stabilized with one large-ligand, but only a few have been designed specifically 

as models for ferritin-like proteins.5 Two examples of Mn/Fe heterodimers formed from monomeric 

precursors are found in the literature.  A hydroxo-bridged heterodimer, with a stable mixed valence 

state  [TMTACNMnII-(μ-OH)-FeIIIMST]+, which was synthesized from monomeric precursors and 

presents a different coordination sphere for each metal.6 The second example is also asymmetric, 
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and has two acetato and one oxo bridges, as well as three nitrogen donors atoms for each metal 

center, [TMTACNMnO(CH3CO2)2 FeTACN]+ .7 Also, a theoretical study is been published about 

properties of manganese-iron heterodimers.8

The ligands chosen for the present project are TPA (tris(2-pyridylmethyl)amine) and BPG (bis(2-

pyridylmethyl)glycine ). These ligands have been used previously in a large number of studies and 

don't require extensive synthetic work, which makes them suitable for a short project.  TPA has four 

donor nitrogen atoms, and BPG is derived from it, replacing one pyridylmethyl group for a 

carboxylic acid. 

5

Figure 1: Ligands chosen for this project: TPA and BPG
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Aim of the project

 The aim of this project is to synthesize and characterize novel Mn/Fe dimers. As explained before, 

interest has arisen in these heterobimetallic complexes since the discovery of proteins containing 

cofactors with both of these metals in their active sites. Model complexes for the heterobimetallic 

enzymes in sMMO and RNR can lead to a better understanding of their reactivity and the 

production of synthetic catalysts that mimic their properties. In this short project, the aim is being 

able to synthesize and characterize one or more Mn/Fe heterodimeric complex, but in a future long-

term project their reactivity will be studied. Concerning future industrial applications, ideally these 

complexes would be able to conduct reactions similar to those of the enzymes, such as selective 

oxidations. As shown in figure 2, the chosen strategy is to synthesize the dimers from the 

monomeric precursors, since better models have been achieved with this strategy and the ligands 

are  simpler to synthesize. In model  complexes in general, nitrogen atoms as donors are 

predominant since they have proven more efficient in coordinating to metals, but in the ferritin-like 

proteins oxygen atoms are a majority of the donor atoms to the metal ions, and therefore the aim, 

also in further projects, is to achieve model complexes with increasing number of oxygen atoms 

coordinating to the metal ions. The chosen ligands for this project are TPA, with all of the donor 

atoms being nitrogens, and BPG, in which one nitrogen is substituted by one oxygen. 
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Figure 2: Scheme of the synthesis of oxo and acetato-bridged dimers



Explaining my project

Proteins and enzymes act as catalysts in nature, making demanding reactions possible at mild 

conditions. Therefore a lot of research is focused in understanding and mimicking them. This can be 

done with model complexes, which are synthetic molecules that chemists study with the aim of 

duplicating properties of the natural catalysts. A lot of proteins contain metals in their active sites, 

therefore a lot of these model molecules are metal complexes.  Some enzymes have more than one 

metal ions to carry out their reactions, and for example two iron ions complexes have helped in the 

understanding of selective oxidations. Recently, active sites that contain one manganese and one 

iron ion were discovered in two different types of proteins. Therefore, interest has arisen in studying 

Mn-Fe hetero dimers as model complexes for those enzymes. In this short project, it was attempted 

to synthesize one or more of these dimers.

To begin with, we obtained the ligands TPA and BPG, organic molecules which coordinate with 

metal ion through donor atoms such as nitrogen and oxygen. With mass spectroscopy and 1H NMR 

spectroscopy we confirmed that we had the desired products with high enough purity. 

The second step was to synthesize the monomers, coordinating the ligand to each of the metals. 

This was done by reaction of the ligand with a salt of the metal in an oxygen-free environment. 

Both the manganese and iron monomers were obtained in solution, verified by mass spectroscopy. 

But all crystallization attempts failed, and therefore they had to be handled in solution for the next 

synthesis.  

To obtain the dimers from the monomers, a group that acts as a bridge between the two metals is 

needed. In this project we aimed for oxygen atoms or acetate molecules as bridges. To synthesize 

the oxo-bridged dimer, the monomers were mixed in an acetonitrile solution and a few drops of 

H2O2 were added as an oxidant and also as a potential source of an oxo-bridge. Mass spectroscopy 

could not detect the dimer that we were aiming for. As for the acetato-bridged dimer, also the two 

monomers were mixed in a solution of sodium acetate. Mass spectroscopy revealed that other 

products were formed, but not the dimer. Therefore, further work is required in finding alternative 

routes to synthesize the Fe/Mn heterodimers.
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Results and discussion

TPA

The synthesis of TPA, as shown in figure 3,  was achieved by the reaction of 2-picolylamine and 

piridinecarbaldehyde. 2.2g of TPA were obtained, with an overall yield of 74%. 

The product was identified by a combination of NMR and mass spectroscopy.

In 1H NMR we observe 5 signals, 4 in the aromatic region and a singlet at 3.6ppm which 

corresponds to the methylene group, protons a in figure 7, in the experimental section. The aromatic 

region can be observed in more detail in figure 8. The 8.54ppm doublet corresponds to proton e , 

which is the closest to the nitrogen atom. The multiplets at 7.65ppm and 7.1ppm account for the 

protons d and c in figure 7, and the doublet at 7.55ppm corresponds to proton b, being less 

deshielded that proton e. We can observe some other small signals, probably indicating the presence 

of some impurity, but TPA signals are much stronger, therefore the ligand was obtained with 

enough purity to proceed with the next step of the synthesis.
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19h, r.t.

Figure 3: Reaction scheme for the synthesis of TPA



BPG

The deprotection of BPG, as shown in figure 4 was accomplished by the reaction of the BPG-OEt 

with NaOH. The initial product was a dark oil, but it was used without purification. The obtained 

BPG was also an oil, but the purity was high enough as the characterization with mass spectroscopy 

and NMR shows.

In the 1H NMR spectrum we can observe 6 signals. The protons corresponding to the pyridine 

fragment appear in the aromatic region, which can be observed in more detail in figure 10 . The 

doublet at 8.5ppm accounts for the proton f in figure 9, its signal being deshielded because of the 

electron-withdrawing nitrogen. At 7.45 ppm the signal for proton e appears as a triplet of doublets, 

showing that the coupling constants with two of the protons in the pyridine fragment are too similar 

to be resolved in this spectrum. Also, the signals for protons c and d cannot be resolved and appear 

as a multiplet at 6.9 ppm. The two different methylene groups, a and b, correspond to 3.4 ppm and 

2.9 ppm signals, respectively, as the integration for signal a is four protons and for signal b, only 

two. Therefore, we can conclude that the obtained product is the deprotected BPG. 
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17h, r.t. 

Figure 4: Scheme of the reaction carried out to deprotect BPG 



Fe(TPA) monomer

The reaction of TPA and Fe(OTf)2   gave a dark-red product that was characterized in solution. LC-

MS showed a series of peaks, but none of them could be assigned to an iron species. To avoid 

precipitation problems in the HPLC column, characterization of the solution was done by direct-

injection MS.

Direct-injection mass spectroscopy shows a majority peak at m/z: 495, which is consistent with the 

product [Fe(TPA)(OTf)]+. The isotopic pattern of this peak was the expected for a monomeric iron 

specie. Therefore we concluded that the obtained product was the iron complex with TPA that we 

were aiming for. 

Crystallization assays

As in the original reference, ether was added to the solution of [Fe(TPA)(OTf)]+  drop wise, but no 

solid precipitated. By complete evaporation of the solvent, a red dark oil was obtained, and no 

changes were observed after letting it dry overnight. The oil was dissolved in the minimum amount 

of MeCN and left overnight in a vial of diethylether, but still no solid was observed in the morning. 

Therefore, the iron monomer was used in solution for the following synthesis.
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Figure 5: Reaction scheme of the formation for the iron monomer



Mn(TPA) monomer

The reactions of TPA and Mn(NO3)2  in MeOH produced a yellow solution. In the same way as the 

iron monomer, LC-MS showed several peaks that failed to be assigned to any manganese specie. 

Mass spectroscopy, as seen in figure 14,  showed a majority peak at m/z: 407, which can be 

assigned to the specie [Mn(TPA)(NO3)]+. But also other peaks are observed, at m/z 380 and 390, 

showing that other non-identifiable products are present in solution.

Crystallization assays

As previously happened with the iron monomer, after complete evaporation of the solvent only a 

yellow oil is obtained. The product dissolved in MeOH was left overnight, inside a vial with 

diethylether in the fridge. No precipitation was observed, also after conducting the same essay with 

other solvents such as acetonitrile. NH4PF6  was added to the complex in solution to induce 

precipitation, but no solid was obtained. Therefore there was no choice but to use the complex in 

solution for the next synthesis.

Oxo-bridged dimer with TPA

Figure 6 shows the simplified reaction for the synthesis of the oxo-bridged dimer. With hydrogen 

peroxide as an oxidant and potential provider of the oxo-bridges, a green reaction mixture was 

obtained, which was then characterized. 
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Figure 6: Theoretical reaction for the oxo-bridged dimer synthesis



Mass spectroscopy

The two main products observed, in figure 14, have m/z: 824 and 954. None of these peaks could be 

assigned to a Mn/Fe dimer or any other specie. Some of the initial product is observed at m/z: 495. 

Other smaller peaks such as m/z: 352 and 715 also failed to be assigned. 

Manganese has only one isotope in nature, and therefore its presence is difficult to confirm by mass 

spectroscopy. On the other hand, besides the most abundant isotope 56 of iron, also the isotope 54 

can be detected, giving a identifiable pattern for iron species. The isotopic pattern of the two main 

products, in figure 16 and 17, revealed that the peak of m/z:824 does not contain iron but the peak 

of m/z:954 does. 

In a second synthesis attempt following the same procedure, the solvent was evaporated, obtaining a 

dark green solid. This was dissolved in the minimum amount of acetonitrile and left overnight in a 

diethylether vial. Small green crystals were obtained, but due to their size their were not suitable for 

X-ray diffraction. Other crystallization assays were carried out, trying different solvent mixtures 

such as MeOH and a mixture of MeOH and MeCN in ether vials, or acetonitrile in an hexane vial. 

All of them gave the same small crystals. 

The mass spectra of this small crystals, in figure 18,  shows the same m/z: 824 and 954 products, 

besides a peak at m/z: 380, which is a byproduct in the manganese monomer synthesis. 
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Acetato-bridged dimer with TPA

The theoretical reaction for the synthesis of the acetato-bridged dimer is shown in figure 7. The 

products obtained by the synthetic procedure explained in the experimental part were then 

characterized.   

Mass spectroscopy

Mass spectroscopy of the reaction mixture, in figure 19,  shows several peaks, with m/z: 446 and 

484. None of them account for the Fe/Mn dimer, but the peal at m/z:291 corresponds to protonated 

TPA.

After the addition of  NH4PF6  a brown precipitate appeared, which was too fine to be filtered. The 

solvent was evaporated, and the solid residue redissolved in MeOH. The solution was left overnight 

in an ether vial, but only a fine powder was obtained. 

Fe(BPG) monomer

Mass spectroscopy showed peaks at m/z: 674 and 767. None of them corresponds to the Fe(BPG) 

monomer, and therefore a mass spectroscopy of the ligand BPG was performed. It showed the same 

peaks, therefore concluding that the previously deprotected BPG had decomposed to an unknown 

product over the days that it had been under storage. 
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Figure 7: Theoretical reaction for the synthesis of the acetato-bridged dimer



Conclusions

After this short research project, the synthesis of a novel Fe/Mn heterodimer has been unsuccessful. 

The monomers synthesis was achieved following the references, but problems with the precipitation 

of the complexes appeared, and even after several crystallization attempts, we were unable to obtain 

the monomers in a solid form. There was no option but to use the monomers in solution, but this 

presents difficulties in their quantification and impurities presence. Therefore, further work should 

include other synthetic routes or crystallization techniques, to use them as solids for the dimers 

synthesis. 

The synthesis of the oxo-bridged dimer was attempted adapting a reference procedure, using 

hydrogen peroxide as an oxidant and potential source of the oxo-bridges. The obtained products 

could not be identified by mass spectroscopy. X-ray diffraction could be used to identify these 

products if further crystallization assays produced suitable crystals. Therefore, since this synthesis 

has been conducted several times, always with the same results, alternative synthetic routes should 

be studied. For example, hydrogen peroxide could be replaced by another reactant such as oxygen, 

as reference 12 suggests. 

As for the acetato-bridged dimer, the adapted reference also describes the synthesis of a Fe/Mn 

heterodimer, nonetheless, similarly to the previous case, the products were not identifiable and also 

the crystallization attempts failed. In my opinion, this synthesis should be attempted once solid 

monomers are available, before reaching the conclusion that another synthetic route should be 

found.

In summary, the initial goals of the project were not achieved due to several problems that appeared 

during the project. Synthesizing manganese—iron heterodimers has proven more difficult than 

expected, and more time would be needed to reach successful synthetic routes. 

14



Experimental

Synthesis of   T  ris(2-pyridylmethyl)amine  

To a solution of NaHB(OAc)3 (6 g, 28 mmol) in DCM was added 2-picolylamine (1.1 g ,10 mmol). 

After both products were completely dissolved, piridinecarbaldehyde  (2.2 g, 20 mmol) were added 

to the reaction mixture, producing bubbles which disappeared after a few minutes. This mixture was 

left stirring at room temperature under argon for 19 hours. After that, a saturated solution of 

NaHCO3 in water was added slowly until no more bubbles appeared. The organic and aqueous layer 

were separated and the organic layer dried with MgSO4. The solvent was evaporated giving a pale 

yellow solid. 2.2 g of TPA were obtained, with an overall yield of 74%.
1H NMR (400 MHz, CDCl3) δ= 8.54 (d, 3H),  δ= 7.65 (m, 3H) δ= 7.55 (d, 3H), δ= 7.1 (m, 3H), δ= 

3.6 (s, 6H)

LC-MS m/z calcd for C18H19N4 [M-H+] 291, found 291, which corresponds to the mass of 

protonated TPA. The spectral data were in accordance with those reported in the literature. 
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Figure 9: Aromatic region of the TPA 1H NMR spectrum

Figure 8: 1H NMR spectrum of TPA



Deprotection of      bis(2-pyridylmethyl)glycine  

BPG-OEt (203 mg, 0,7 mmol) was dissolved in 4ml of THF and 4ml of water. 0.7ml of NaOH (1M 

in water) were added to the solution, which was left stirring at room temperature overnight. The 

reaction mixture was washed with DCM (2 x 10 ml) and water was eliminated by evaporation, 

giving as a product an orange solid.
1H NMR (400 MHz, CDCl3) δ= 8.5 (d, 2H),  δ= 7.45 (m, 2H) δ= 6.9 (m, 4H), δ= 3.4 (s, 4H), δ= 2.9 

(s, 2H)

LC-MS m/z calcd for C14H16O2N3 [M-H+] 258, found 258. The spectral data were in accordance 

with those reported in the literature. 
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Figure 10: 1H NMR spectrum of BPG

http://www.chemspider.com/Chemical-Structure.13704703.html


Synthesis of Fe(TPA) monomer

The iron-TPA monomer was synthesized according to the reference 9. Fe(OTf)2 (54 mg, 0.15 

mmol) was dissolved in 5ml of MeCN, and mixed with a solution of TPA (15.3 mg, 0.05 mmol) in 

1ml of acetonitrile, under argon in a Schlenk flask. The solution immediately turned dark red, and 

was left stirring overnight. 

MS m/z calcd for FeC15H15O5N3 S3F3[M+] 495, found 495. The spectral data were in accordance 

with those reported in the literature. 
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Figure 11: Aromatic region of the BPG 1H NMR spectrum
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Figure 13: Isotopic pattern of [Fe(TPA)(OTf)]+, the inset shows the theoretical pattern for  
the complex
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Figure 12: Mass spectrum of the complex [Fe(TPA)(OTf)]+



Synthesis of Mn(TPA) monomer

The manganese-TPA monomer was synthesized according to reference 10, under argon by Schlenk 

techniques. Two solutions of Mn(NO3)2  (16.7 mg, 0.1 mmol) in 2 ml of MeOH, and TPA (15.5 mg, 

0.05 mmol) in 1ml of MeOH giving a slightly yellow solution, respectively, were mixed and stirred 

at room temperature for 2 hours. 

MS m/z calcd for MnC15H15O3N5 [M+] 407, found 407 and others.
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Figure 14: Mass spectrum of Mn(TPA) monomer



Synthesis attempt of the oxo-bridged dimer with TPA

According to reference 10, which describes the synthesis of a manganese dimer with TPA, 

hydrogen peroxide is used to react with the monomer, giving an oxo-bridged dimer. Equimolar 

amounts of [Fe(TPA)(OTf)]+ and [Mn(TPA)(NO3)]+ were mixed in 4 ml of acetonitrile. 5 drops of 

H2O2 35%  in water were added to the solution, which turned dark and bubbled for a few minutes. 

After the addition of  NH4PF6  a green precipitate appeared, but the powder was too fine to filter it.

MS m/z calcd for FeMnO2N8C36H38[M2+] 362, found 954 and 824. 
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Figure  15: Mass spectrum for the reaction mixture of the attempted synthesis of the oxo-bridged 
dimer
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Figure 17: Mass spectra, isotopic pattern for the m/z: 954 peak from the oxo-bridged 
dimer synthesis

Figure 16: Mass spectra, isotopic pattern for the m/z:824 peak from the oxo-bridged 
dimer synthesis



Synthesis attempt of the acetato-bridged dimer with TPA

The synthesis was carried out following the reference 7, which describes a synthetic procedure for 

an acetato-bridged Mn/Fe dimer, although with other ligands. By Schlenk techniques, equimolar 

amounts of [Fe(TPA)(OTf)]+ dissolved in acetonitrile and [Mn(TPA)(NO3)]+  dissolved in MeOH 

were added to a solution of sodium acetate in H2O MeOH (1:1). The reaction mixture was left 

stirring at room temperature overnight. 

23

Figure 18: Mass spectrum of the green crystals obtained



Synthesis attempt of the Fe(BPG) monomer

Following reference 11, under Schlenk techniques, BPG (5mg, 0.02mmol) was dissolved in 1ml of 

MeOH and 2 drops of piperidine were added to dissolve the ligand. FeCl2  (2.7 mg, 0.02 mmol) was 

added, and the solution was left stirring during 1 hour at 50ºC. 
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Figure 19: Mass spectrum of the acetato-bridged dimer reaction mixture
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