
913

Synthesis and characterization of a Nitrogenase-cofactor biomimetic based on 
molybdenum complexes with a polydentate-N5 ligand.
Steven Jiménez-Guailla1, Michelle Chicaiza-Lemus1 and Juan Pablo Saucedo-Vázquez1*.

Introduction
Nitrogen fixation is a fundamental process to obtain am-

monia and sustain life. There are at least three forms of nitro-
gen fixation in the earth: atmospheric, bacterial, and industrial 
production. The low concentration of ammonia is located in the 
troposphere, and most of it occurs in the agricultural process. 
By Keywords, nitrogen is fixed in the troposphere by photo-
chemical reactions1 of dinitrogen in the presence of lightning; 
however, nitrogen oxides NOx produced in such reactions are 
less assimilable than ammonia or ammonium and do not con-
tribute significantly to the nitrogen assimilation by the plants.

Haber Fritz proposed a production method of ammonia 
more than 100 years ago, then taken by Carl Bosch and con-
verted into an industrial process2. In such a process, hydrogen 
required for the reduction of N2 is synthesized by a redox reac-
tion between CO and H2O, nitrogen is taken from air through 
distillation towers, then, both gases are directed to a chemi-
cal reactor and treated with an iron catalyst at high pressure 
(~150 bar) and high temperatures (500-600 ºC) in order to 
obtain NH3 (equation 1). Haber-Bosch process is expensive and 
pollutant, however, about 40% of the earth population depends 
on the production of fertilizers coming from this process3.

further functionalized to produce amides, hydrazide, and imido 
compounds because these compounds could be transformed 
to ammonia easily. In the first synthetic biomimetic complex, 
the oxidation state of molybdenum was zero, but, further in-
vestigations have improved the synthesis of new ligands, 
which tune the oxidation state of molybdenum (MoIII, MoV, and 
MoVI) to increase their reactivity6. Besides, the nitrogenase me-
chanism according to the model of Thorneley and Lowe su-
ggests that monoatomic nitrogen in the active center of the 
enzyme is reduced to form a nitride (N3-) before the release of 
ammonia7. However, later ESEEM studies complemented the 
crystallographic results showed the presence of an interstitial 
carbon instead of a nitrogen atom8. Later is a clear example of 
the complexity of the mechanism of reduction of N2.

As an effort to contribute to the unraveling reaction me-
chanism of nitrogen fixation, we will propose the synthesis and 
characterization of molybdenum (III) complexes with ligands 
oxygen and nitrogen electron donors.

Materials and methods
All the reactants were of an analytical grade of purity 

and used without further purification. However, 2-pirydine-
carboxylaldehyde and diethylenetriamine which were distilled 
before the reactions. UV-Vis spectra were obtained in a Perkin 
Elmer Lambda 1050 spectrophotometer; cyclic voltammo-
grams were performed in a Metrhom Autolab PGSTAT302N 
potentiostat and NMR was obtained in a Varian 400 MHz NMR 
Unity-Inova spectrometer.

Synthesis of tris (acetylacetonato) molybdenum (III)
The synthesis of tris (acetylacetonato) molybdenum (III) 

(Figure 3a) was performed according to the procedure repor-
ted previously9 but with slight changes and implementing two 
types of synthesis by changing the presence of inert (He) at-
mosphere by air atmosphere. In a general procedure, 100 mg 
of hexacarbonyl molybdenum (0) were dissolved in 5ml of ace-
tylacetone. This mixture was stirred and refluxed for 2 hours, 
after that, the reaction was kept in a warm bath at 100 °C for 
1 hour more, and then let it cooled at RT. Later, the solvent 
was removed and finally the solid was sublimated at around 
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In biological nitrogen fixation, Nitrogenase corresponds to 
a complex enzyme responsible of the fixation of atmospheric 
dinitrogen to a reduced form of nitrogen (i.e., amino, amido, imi-
do, azido, nitrite or ammonia). In biology, only a specific group 
of microorganisms contains such an enzyme to make this a 
successful process. The first structural description of a nitro-
genase enzyme corresponds to that of Azobacter vinelandii4.

The structure founded for its active site corresponds to 
a molybdenum (III) complex with an octahedral geometry on 
Mo with three sulfurs of the Fe-S cluster, two oxygen from the 
bidentate homocitrate and the imidazole group of a histidine 
(Figure 1)5.

To contribute to a full understanding of the nitrogen fixa-
tion mechanism in vivo, synthesis of new functional biomimetic 
compounds suitable to reduce dinitrogen in softer conditions 
than the Haber-Bosch method have been reported. The syn-
thesis of such nitrogenase cofactor biomimetics began with the 
synthesis of molybdenum-dinitrogen complexes, which were 
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914 Figure 1. a) FeMo cofactor representation of A. vinelandii. Taken from Ref. 7. b) Octahedral geometry of molybdenum in the 
cofactor.

150°C until the remnants of hexacarbonyl molybdenum do not 
sublimate anymore. The later procedure was performed under 
the exclusion of air by helium atmosphere and air without inert 
atmosphere.

Synthesis of the ligand
The synthesis of penta-amine ligand 1,9-bis(2’-pyrid-

yl)-2,5,8-triazonane was carried out according to the proce-
dure previously reported10, 11. In a round flask 25 mL of anhy-
drous ethanol, 2 mL (0.021 mol) of 2-pyridinecarboxaldehyde 
and 1.13 mL (0.0105 mol) of diethylenetriamine were placed 
together and the reaction mixture was heated to 55 °C with 
constant stirring. The reaction was followed by thin layer chro-
matography tests and using methanol: chloroform: hexane 1: 
5: 3 mixture as an eluent to verify the disappearance of the 
aldehyde. Then, a catalytic (Pd/C) hydrogenation of the imine 
obtained in such synthesis was performed (Figure 2). The re-
duced polyamine pentadentate ligand was used without the 
formation of the hydrochloride as is described in (10, 11).

Synthesis of the complex
In a round flask, 25 mL of anhydrous ethanol, 2,5 mL of 

a 0,42 M of the ligand and 414 mg (1,05 mmol) were placed 
and stirred at 60 ºC during 10 hours. After this time, a ye-
llow-brown solid was obtained.

Results and Discussion
Two procedures were performed for the synthesis of tris 

(acetylacetonato)molybdenum(III), yields for both procedures 
(65% He, 25% air) and purity of the final product showed that 
helium atmosphere provides better results probably because 
inert sphere prevents the formation of oxo-molybdenum spe-
cies.

Obtained product from the reaction under inert atmos-
phere was a dark purple solid (Figure 3b) with the physical 
characteristics of the previously reported for such compound, 
a melting point of 225-226 ºC compared with those obtained 
in the literature9 indicates the success in the synthesis of the 
desired molybdenum complex. 

From the reaction of 2-pirydinecarboxylaldehyde and die-
thylenetriamine we obtained the condensation product (imine) 
and the corresponding reduced amine via catalytic hydrogena-
tion with 81% of yield. The obtained compound was characte-
rized using NMR-H1 and assigned unambiguously to the penta-
dentate ligand (Figure 4). 

The yellow-brown product obtained from the reaction 
between tris (acetylacetonate)molybdenum(III) and the pen-
tadentate ligand 1,9-bis(2’-pyridyl)-2,5,8-triazonane presents 
a UV-Vis electronic spectra with three maximum in the UV 
region, two of them at high energy (206, 260 nm) with large 
molar extinction coefficients (7,760 and 5,560 M-1cm-1) that co-
rresponds to charge transfer electronic transitions. The other 
transition is located at 309 nm and has a lower extinction co-
efficient (890 M-1cm-1) that could be assigned to a d-d transi-
tion. In the case of our product, we expect a hexacoordinated 
octahedral complex, in which, five of the coordination positions 
are occupied by the pentadentate ligand and a labile solvent 
molecule in the sixth position. Thus, for an octahedral d3 High 
Spin species, we expect three electronic transitions following 
the Tanabe-Sugano diagram12, however, as in the case of the d3 
first row transition metals, the third transition 4T1g(P) ← 4A2g for 
Mo (III) is expected to be at high energy and then obscured by 
the charge-transfer transitions. By the other hand, the litera-
ture is reported that the second and the third electronic transi-
tions for Mo (III) HS are located in the UV region. For example, 
in the case of the [Mo(H2O)6]

3+ such transitions are located at 
310 nm for the second one  4T1g(F)←4A2g and 380 nm for the 
first one 4T2g ← 4A2g

13. In our case, we can assign the signal at 
309 nm as the first electronic transition for the d3 species; 
however, the second transition is most probably obscured by 
the charge transfer located at 260 nm (Figure 5a).

From cyclic voltammetry (Figure 5b), we observed a re-
versible process and determined a midpoint Em = 0,07 V (Fc/
Fc+) for our complex, such redox potential is in the same order 
that other for octahedral Mo (III) complexes, for example Mo-
Cl3(pyridine)3 shows an Eo = 0,49 VSCE [Mo(III)/Mo(IV)]14.

Figure 2. The reaction of Schiff base formation.
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Figure 3. a) Synthesis reaction of tris (acetylacetonato) molybdenum (III) and b) Dark purple crystals obtained.

Figure 4. 400 MHz 1H NMR spectra of the pentadentate ligand in D2O.

Figure 5. a) UV-vis spectrum and b) voltammogram of the molybdenum-polydentate complex in EtOH, 50 mV/s.

Synthesis and characterization of a Nitrogenase-cofactor biomimetic based on molybdenum complexes with a polydentate-N5 ligand.



916

Conclusions
We performed the synthesis and partial characterization 

of a molybdenum complex coordinated with a pentadentate 
ligand. UV-Vis and electrochemical studies helped us to de-
termine the oxidation state of Mo as 3+. The strategy of the 
synthesis was to have a complex with molybdenum in an octa-
hedral environment with a pentadentate ligand and one labile 
position occupied by a solvent molecule. Such a labile position 
is expected to be a good site for the coordination of dinitrogen 
to induce the redox chemistry (nitrogen fix) between molyb-
denum and N2. Further characterization of the molybdenum 
complex is required to perform the next step of the biomimetic 
system. The reactivity of the synthesized compound with N2 is 
in the process of evaluation.
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