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Abstract
Molybdenum is a transition metal that has an important role in nature due to its high
affinity to oxygen and sulfur atoms. It is found in the enzyme nitrogenase responsible
of the reduction of atmospheric nitrogen to make it bio-available, such process is very
important for the assimilation of nitrogen by plants and a lot of research is made trying
to mimic nitrogenase activity. Schrok and Yandulov synthetized a functional catalyst
with high efficiency (~66%) and it served to inspire the research on inorganic
mimetics. Thus, the main goal of this study is to obtain an inorganic mimetic of the
nitrogenase of molybdenum VI and III complex with a polynitrogenated ligand as L1=
1,9-bis(2’-pyridyl)-2,5,8-triazonane (picdien). In the first part of the work, Mo(acac)3
and L1·3HCl were synthesized to later get the [Mo(III)-picdien] compound that
corresponds to a yellow-brown powder confirmed by UV-vis and cyclic voltammetry.
In this reaction, it was identified that the reaction is sensible to produce molybdenum
oxides or oxo groups being the last one the most important. Therefore, these tends to
invited us to study the oxygen atom transfer (OAT) reactions involved in the oxidation
of organic substrates mainly. Then, the Mo(VI) complexes were obtained with a
mixture of MoO2(acac)2 with L1·3HCl, but it was employed different solvents to obtain
different products. It was not possible to get a single crystal of any of these compounds
but were characterized with EA, IR, NMR, EPR, UV-Vis and magnetic susceptibility.
These products were diamagnetic (d0 or d2) but they are EPR active because there are
radical species of metal or ligand, as side products of OAT or oxidative
dehydrogenation (OD) reactions. The nature of radicals depends on the solvent
employed. The OAT promote the formation of µ-oxo complexes and different oxygen
species seen by its Mo-O stretching (IR). The reactivity of ligand L1 depends on the
metal in the OD responsible to oxidize an amine to an imine and reduce the metal by
one unit. There was not enough information to support the reaction that predominates.
Thus, different isomers and changes in the denticity of ligand forced us to propose
structures based on the studies of elemental analysis, IR and EPR.
Keywords: oxygen atom transfer, oxidative dehydrogenation, imine, organic radical,
paramagnetic species.

Resumen
El molibdeno es un metal de transición con un importante rol en la naturaleza, debido
a su afinidad por los átomos de oxígeno y azufre. Se lo encuentra en la enzima
nitrogenasa, responsable de la reducción del nitrógeno atmosférico a amoniaco, un
proceso importante para la asimilación de nitrógeno por las plantas y se realizan
muchas investigaciones tratando de imitar la actividad de esta enzima. Schrok y
Yandulov sintetizaron un catalizador funcional con alta eficiencia (~ 66%) y sirvió
para promover la investigación de miméticos inorgánicos. Por lo tanto, el objetivo
principal es obtener un mimético de la nitrogenasas con complejos de molibdeno VI y
III con un ligando poliamínico como L1 = 1,9-bis(2'-piridil) -2,5,8-triazonane
(picdien). En la primera parte del trabajo, se sintetizaron Mo(acac)3 y L1·3HCl para
luego obtener el compuesto [Mo(III) - L1] que corresponde a un polvo amarillo-marrón
confirmado por voltamperometría cíclica. La reacción es sensible a producir óxidos de
molibdeno o grupos oxo, siendo el último el más importante. Por lo tanto, los grupos
Mo-oxo ayudan a comprender las reacciones de transferencia de átomos de oxígeno
(OAT) involucradas en la oxidación de sustratos orgánicos principalmente. Luego, los
complejos de Mo(VI) se obtuvieron con una mezcla de MoO2(acac)2 con L1·3HCl,
pero empleando diferentes solventes. No fue posible obtener cristales de estos
compuestos, pero se caracterizaron con AE, IR, RMN, EPR, UV-Vis y susceptibilidad
magnética. Se descubrió que todos estos productos eran diamagnéticos (d 0 o d2) pero
hay especies radicalarias de metal y ligando como productos secundarios de OAT o
reacciones de deshidrogenación oxidativa (OD). La naturaleza de los radicales
depende del disolvente empleado. Las reacciones OAT promueven la formación de
complejos µ-oxo y diferentes especies de oxígeno vistas por su estiramiento Mo-O
(IR). La reactividad del ligando L1 depende del metal que participa en el OD
responsable de oxidar una amina a una imina y reducir el metal en una unidad.
Finalmente, no hubo suficiente información para apoyar la reacción que predomina.
Por lo tanto, diferentes isómeros y cambios en la denticidad del ligando nos obligaron
a proponer estructuras basadas en los estudios de análisis elemental, IR y EPR.
Palabras clave: transferencia de átomos de oxígeno, deshidrogenación oxidante,
imina, radical orgánico, especies paramagnéticas.

Abbreviations
L1= (1,9-bis(2’-pyridyl)-2,5,8-triazonane)
acac= acetylacetonate
MoO2(acac)2= Bis(acetylacetonate)dioxomolybdenum (VI)
NaTPB= Sodium Tetraphenylborate
THF= Tetrahydrofuran
OD= Oxidative dehydrogenation
OAT= Oxygen Atom Transference
EPR= Electron Paramagnetic Resonance
RT= Room temperature
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1
1.1

Background
Molybdenum Chemistry
Molybdenum corresponds to a trace element in the earth’s crust with 230 ppb
concentration. In periodic table it is located at the 42 position in the second row of
transition metals. It is possible to find molybdenum in a large range of oxidation states
from Mo0 (d6) to MoVI+(d0). It is interesting that at low oxidation state, it behaves as
Lewis base and at high oxidation states, it behaves as Lewis acid.1
Molybdenum is very versatile as it has an important biological role catalyzing
enzymatic redox reactions, thus, there are several molybdenum-dependent reactions
that are fundamental steps in biogeochemical cycles of some elements such as carbon,
nitrogen, oxygen and sulfur. An outstanding case of such fundamental reactions is the
reduction of atmospheric nitrogen to ammonia. That occur in the iron-molybdenum
cofactor in the nitrogenase enzyme of some bacteria such as Azobacter vinelandii.
Another important process where molybdenum compounds are involved corresponds
to oxygen atom transfer, alcohols oxidation, olefin metathesis, epoxidation or
dehydrodesulfuration.2
The geometry that this metal can adopt is rich, molybdenum could have from
tetrahedral (coordination number 4) structure to geometries with coordination number
8 (square antiprism or dodecahedrom). The most common geometry found for this
metal corresponds to octahedral structures as the iron-molybdenum cofactor in
nitrogenase (Figure 1a) in which molybdenum (III) is bounded to three sulfurs of the
Fe-S cluster, two oxygen from the bidentate homocitrate and the imidazole group of
a histidine3. The oxidation state of the metal and the identity of the ligand attached to
it is of great interest as it influences its huge reactivity. For example, Yandulov and
Schrock synthesized an important and functional mimetic (Figure 1b) with an
efficiency of ~66% in four cycles and with the oxidation state of the metal varying
between Mo(III) and Mo(VI) 4.

3

Figure 1. a) FeMo cofactor representation of A. Vinelandii3 b) Catalyst synthesized
by Yandulov and Schrock4.
1.2

Oxo-molybdenum
Molybdenum in nature mostly is found as molybdenite (MoS2). The metal hardly
react with oxygen at room temperature, however, at high temperatures concentrated
MoS2 can produce the MoO3 oxide. From this trioxide molybdenum at reflux with Mo
at 700°C it is possible to get oxides with the general formula MoOx where 2<x<3, the
color of such compounds range between blue and purple due to strong charge transfer.
The tetrahedral molybdate ion [MoO4]2- is the most common bio-available Mo form,
and it is resistant to basic conditions5. However, it is sensitive to protonation in acid
media, and it is responsible of the variation of coordination number and oxidation
state at low concentrations in MoO3(OH2)3 and Mo(OH)6 as (d0) or MoO2(OH2)4 as
(d2)6. Otherwise, a condensation occurs at high concentration and it leads to the
formation either stoichiometric or non-stoichiometric polyoxomolybdates e.g blue of
molybdenum. The huge reactivity of Mo-oxo systems leads to different structures that
are described in Table 1 according to the metal oxidation state and the amount of oxo
ligands present in their coordination sphere7–12.

4

Table 1. Common geometries of Molybedenum-oxo complexes.
Coordination
Number

7

Geometry

Oxidation
State

Magnetic
response

Pentagonal
bipyramidal

Mo(IV) or
d2

diamagnetic or
paramagnetic

Distorted
pentagonal
bipyramidal

Number of
oxygen
atoms

Monooxo
Mo(VI) or
d0

diamagnetic
Dioxo (cis)

Distorted
octahedral
6
Quasi-octahedral

Trioxo (fac)
Mo(V) or
d1
Mo(IV) or
d2

Octahedral
Trigonal
bipyramidal

5

paramagnetic

Dioxo (cis)
Monooxo

diamagnetic or
paramagnetic

Dioxo (trans)
Dioxo (cis)

Mo(VI) or
d0

diamagnetic

Distorted
trigonal
bipyramidal

Mo(V) or
d1

paramagnetic

Square
pyramidal

Mo(VI) or
d0

diamagnetic

Distorted square
pyramidal

Mo(V) or
d1

Monooxo

Monooxo
paramagnetic
Trioxo (fac)
Tetrahedral

4
Distorted
tetrahedral

Mo(VI) or
d0

diamagnetic

Mo(V) or
d1

paramagnetic

Mo(IV) or
d2

diamagnetic or
paramagnetic

Dioxo (cis)
Monooxo

Dioxo (cis)

5

1.3

Oxygen atom transfer
In biology, only few transition metals of the second or third row have a welldefined role. In the case of molybdenum, its role in nitrogenase enzyme is clear as
responsible of the reduction of molecular nitrogen. On the other hand, this transition
metal is part of oxo-transfer enzymatic redox reactions in the formation and rupture
of oxygen bonds while the source or destination of an oxygen atom comes from water
mainly (1), the metal changes its oxidation state commonly in the range from M(IV)
to M(VI). Molybdenum enzymes of this group contain a pyranopterin-dithiolene
cofactor and according to their prototypical members and their structures of oxidized
Mo(VI), these enzymes are classified as Dimethylsulfoxide reductase, Sulfite oxidase
and Xanthine oxidase families (Figure 2)2,13.

Figure 2. Molybdenum enzyme families, a) DMSO reductase, b) Sulfite oxidase and
c) Xanthine oxidase.13
The importance of this type of reactions stimulates the study of inorganic models
in order to understand properly such reactions and that leads to understand the role of
molybdenum-oxo groups in different perspectives. For example, reactions where a
substrate is oxidized (stoichiometric or non-stoichiometric) or catalysing the
formation of an oxygen atom intermediate. The versatility of molybdenum-oxo
species to behave as electron well, proton acceptor and as oxo-transfer agent would
be analyzed in the next sections13,14.


Electron well (proximity effect): The Mo=O bond is considered as functional
group (spectator oxo ligand) able to works as electron sink (analogue to carbonyl
group) and promote regiospecific reactions due to less reactive functional group
by its structural constancy and stability of M+δ=O-δ bond polarity which also
promotes a triple bond (2σ+4π)15. That makes possible reactions of esterification,
acylation, dehydration, hydroxylation or protonation. The electron well is better
6

described in the reaction of two dioxotetracyanomolybdate(VI) (2) where one of
them serve as electron supplier for the transference of one oxygen atom and the
binuclear specie is further shown that disproportionate in a monoxomolybdenum
(IV) and a complex mixture of polyoxomolybdenum (VI).


Proton source: The basic properties of Metal-oxygen bond corresponds to an
anhydride acid-base equilibrium (3). Especially in dioxo species, the ligand
promotes different reactions according to their nature in two cases. First, the M-L
bond (L=) is ionic enhancing the stabilization of spectator oxo, reducing the basic
character. Second, if M-L is covalent the oxo spectator is less participative and
the basic character remains. As an example, we get the formation of hydroxo
intermediates and oxygenated products. The only requirement for such reaction is
the presence of an α or β hydrogenated alkyl group that easily undergoes to
elimination that produce a pseudo keto-enol intermediate by the proton abstraction
of a oxo group (4) or by a metathetic activity (5).



Oxo-transfer agent: This approach emphasizes the importance of this function
in

the

catalytic

oxidation

processes.

As

an

example,

the

thiocyanatodioxomolybdenum(VI) complex (6)16 was tested with primary and
secondary alcohols to produce either ketones or aldehydes. The steric behavior of
the ligands (6) is important to avoid the oligomerization.

7

The last function of metal-oxo entity is better understood as oxygen atom transfer
reactions (OAT) that consider the redox reaction in two units of electrons due to each
oxygen atom movement between the metal center and substrate. It also requests that
metal be in high oxidation states. There are two types of reactions: primary (metalcentered) and secondary (ligand-centered) reactions which are metal-mediated
processes. The metal oxidation and substrate reduction will be enhanced by a strongly
reducing metal center M-O strong bond, and an oxygen atom donor with weak X-O
bond respectively. In general, the most common atom acceptor corresponds to a
tertiary phosphine13,14.


Primary oxo transference (metal-centered): There are three conditions to
accomplish these type of transferences (7). First, the reactants XO/X are
oxygen atom donor/acceptors. Second, the oxidation state of metal change in
two units only as a consequence of oxygen atom transference. Finally, the
third consider that the transferable or transferred oxygen is bonded to a
8

molecule in a terminal fashion or forming bridging bonds between two
molecules. Otherwise, there is a common binuclear µ-oxo specie that change
the oxidation state of metal by one unit (8).


Secondary oxo transference (ligand-centered): In this case there is a ligand
L’ that cause an internal redox reaction producing a ligand oxide specie (LO),
because L’ is not an oxygen atom acceptor (9). Further, the oxidation of a
substrate accompanied by reduction of both metal and ligand is due to
oxometal group is not directed involved in the reaction (10).

The structure of molybdenum-oxo species tends to form iso or heteropoly anions,
and it is possible to obtain mononuclear species with a bond length of 1.6-1.8 Å and
stretching frequencies in the range of 850-1100 cm-1, thus the bond order is very
dependent on metal configuration, the presence, and nature of trans ligands to oxo
groups, and finally the coordination stereochemistry15. Specially, the metal must be a
π-acceptor and electron deficient specie. The oxygen atom transference of interest
corresponds to the transformation of Mo(VI)⇋Mo(IV) where the production of µ-oxo
Mo (V) specie (11) a variation of (8) could affect the stoichiometry of the reaction
depending on their reversibility13,15. The solution to this problem corresponds to the
use of bulky ligands that surround the metal completely, even in the review Holm15
mentioned that for unclear reasons the µ-oxo species does not appear to be generated
in large amounts with the reactions of Schiff base complexes. According to the
environment and species present in the reaction, the binuclear species could change
and most of the possible structures for molybdenum are summarized in Table 2.
Finally, the presence or not of binuclear species could be described also in terms of
intermetal oxo transfer reactions, where numerous reactions could be either
“complete” or “incomplete” being the second ones the most common, these reactions
9

for molybdenum are summarized in Table 3, however only the M2O2(µ-O) species
gives the expected charge of the complex studied.
Table 2. Representation of binuclear metal-oxo species. Adapted from Holm15.
Formula

Representation

M2(µ-O)
M2O2(µ-O)

M2O2(µ-O)

M2O4(µ-O)

M2(µ-O)2

M2O2(µ-O)2

M2O4(µ-O)2

Table 3. Generic oxo transferences of molybdenum according to the type of
reaction. Adapted from Holm15.
Oxo-transfer reactions
Complete Oxo transfer
MIVO + MVIO2 ⇋ MVIO2 + MIVO
VI

II

IV

VI

IV

V

M O2 + M → 2M O
M O2 + M → 2M O

Inner-Sphere “incomplete” Oxo
transfer
MVIO2 + MII → MV(=O)-O-MIII
MVIO2 + MIVO ⇋ MV(=O)-O-MV(=O)

10

1.4

Oxidative dehydrogenation
The oxidative dehydrogenation (OD) promotes the formation of insaturations in
organic compounds. Biologically, this reacion is present in enzymes such as alcohol
dehydrogenase17, galactose oxidase18 and amine oxidase19. This reaction is promoted
by transition metals and it is possible to formation of carbonyl bond in the case of
alcohols and imine in the presence of amines (Figure 3). This reaction requires the
remotion of two electrons and two protons from the substrate. In the absence of
external oxidants (inert atmosphere), there is a disproportion where two products with
a reduced metallic center are produced but in one of them the ligand is oxidized and
the other keeps unchanged as is shown in Figure 320,21.

Figure 3. General scheme of oxidative dehydrogenation20
The general mechanism of OD is atmosphere-dependent. However, in inert
atmosphere there were two proposed mechanisms20,21.

11



Consecutive one-electron oxidation producing free radical intermediates shown
in Figure 4.


Figure 4.Reaction mechanism of continuous one-electron transference in OD20.


Simultaneous two-electron transfer either a hydride transference (Figure 5a) or
the removal of a proton (Figure 5b).

Figure 5. Reaction mechanism of simultaneous two-electron transference in OD a)
hydride transference from ligand to metal and b) simultaneous two-electron
transference promoted by proton removal 21,22.
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1.5

Ligand characteristics in OD
The reactivity of metal center often is ligand-dependent, thus the identity,
structure and configuration of ligand is very important. A polydentate ligand in
complexes have different implications due to solvation, binuclear or polynuclear
associations and rearrangements in ionic aggregates in solid state23. Specifically, the
use of a pentadentate ligand stabilize preferentially the interconversion of square
pyramidal and trigonal bipyramidal (Figure 6a) and the solvation stabilize an
octahedral geometries (Figure 6b). In this case, the pentadentate ligand, a polyamine
corresponds to 1,9-bis(2’-pyridyl)-2,5,8-triazonane reported and studied its reactivity
with transition metals by Martell24. The basicity of the ligand provides an effective
chelate stability, however the heterocycle nitrogen of the pyridine reduces their
basicity decreasing the chelate effect compared with and aliphatic one 23,24.

Figure 6. Probable geometries of a) pentadentate ligand and b) solvation effect23.
One of the most relevant aspect to consider with the coordination of the ligand
corresponds to the isomerism, specially the stereochemistry of the ligand. L1 stabilize
octahedral structures, four possible isomers are shown in Figure 725. The reactivity of
this ligand was studied widely towards different metals such as iron (III), cobalt (III),
cooper (II), zinc (II).

Figure 7. Different coordination ways of a pentadentate ligand25.
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1.6

Reactivity of different metals with the ligand in OD reactions
The study of L1 provide us an unusual reactivity according to the metal identity,
especially for the first row of transition metals such as Fe(III)26, Zn(II)27, Cr(III)28,
Cu(II)29, Co(III)30. The group of Sosa-Torres has studied deeply the reaction of L1
with Fe(III), where an asymmetric oxidative dehydrogenation transforms the amines
of L1 to a monoamine which is conjugated with the pyridine ring. Also, there is an
increase of the denticity of L1 to LR = 1,9-bis(2’’-pyridyl)-5-[(R-2’’-pyridyl)methyl]2,5,8-triazanon-1-ene, where R= Alkoxy group depending of the solvent (Figure 8).
The imine formation was further verified in 1H and 13C-NMR spectra with a chemical
shift of δ=9.55 ppm and δ=170.6 ppm for C-H bond respectively.

Figure 8. Reactivity of Iron (III) and L126.
The reaction of L1 with Zn(II) form a cationic complex pentadentated with a
distorted geometry between square base pyramidal and trigonal bipyramid. There was
not an oxidative dehydrogenation reaction and the ligand denticity does not increase.
The general formula of the complex corresponds to [Zn(L1)][ZnCl4] and its structure
is shown in Figure 9.

Figure 9. Reactivity of Zinc (II) and L127.
The richness of isomerism due to the presence of asymmetric centers in ligands
are evident in the reaction of Cr(III) and Co (III) where L1 with those metals gets an
14

αβ configuration with almost a regular octahedral geometry with syn/antyconfiguration. Additionally, there is not OD or the ligand does not increase its
denticity (Figure 10).

Figure 10. Representation of reaction of L1 with a) Cr(III)28 and the cations of
Co(III)30.
Finally, the reaction of L1 with Cu(II) stabilize a pentadentate complex with a
distorted geometry between square-base pyramid to trigonal bipyramid Figure 11,
there was not OD neither denticity increase of ligand.

Figure 11.Reactivity of Cu(II) and L129.
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1.7

EPR principle
Spectroscopic techniques as EPR help us to reveal the magnetic nature of the
products obtained in our synthesis. Specifically in molybdenum chemistry such
spectroscopic technics are useful due to the versatility of oxidation and spin states of
the complexes obtained. In this subsection will be revised the generalities of EPR
technique due to the importance of the results of this spectroscopy in the conclusions
of our work.
In EPR, the movement of electrons corresponds to an intrinsic angular momentum
“spin” creating a magnetic field that makes electrons possesses a magnetic moment.
When an external magnetic field is applied the magnetic moment of electron splits in
two energy levels. The unpaired electron will have a low energy level (aligned to
magnetic field ms=+1/2) or a high energy (against to magnetic field m s=-1/2), this is
called the Zeeman Effect. The energy difference between the levels corresponds to
ΔE= geβBo where ge is a spectroscopy g-factor of the free electron equals to 2.002319,
β is related to a conversion constant “Bohr magneton” and Bo an extermal magnetic
field. All previous consideration corresponds to an isolated electron but when the it is
part of a molecule, the total angular momentum changes because there is an additional
contribution from the orbital angular momentum of the nuclei, thus the specific
interaction between spin and orbit is called the spin-orbit coupling and it is
represented by ΔE= gβBo=hv where g encompasses all the spin-orbital coupling
contribution which depends of the size of the nucleus containing the unpaired
electron31.
Thus, the g-factor contain the information of the interaction of an electron with its
surroundings, and provides important electronic structure information. Therefore, g
value is used as a finger print of the atom. When a uniform magnetic field splits the
energy levels, the energy differences is obtained by irradiation of a sample with
microwave frequency and a sweeping magnetic field. This value is obtained by g=
hv/βBo with β = 9.274·10-28 J·G-1. In the experimental EPR measurements, the
absorption peak occurs when the magnetic field split the energy levels so that their
difference matches the energy of radiation, this field is called the “field of resonance”.
Its spectra corresponds to a representation of the first derivative of the absorbed
energy. There are three types of shapes which depends on the extent of the anisotropy
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effect represented in the g-factor. When all of the three components of the g-factor
(gx, gy, gz) are equals the spectrum is isotropic, axial if there is only one component
that differs of others, and when all components are different it is rhombic (Figure 12).
As in NMR there is possible get multiplicity in the spectrum, the hyperfine interaction
splits the Zeeman transition into 2l+1 lines and an intensity based on Pascal triangle
(Figure 13) being ml the magnetic quantum number. This is the cause that spectra
look like complex and the selection rule to obtain a response corresponds to Δm s=
±132.

Figure 12. Patterns of electron paramagnetic resonance spectra due to g-tensor
values. Isotropic (left), axial (middle), and rhombic (right) 32.

Figure 13. The energy diagram and hyperfine structure in the electron spin
resonance spectrum of methyl radical based on Zeeman split transitions 32
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1.8

Molybdenum complexes with amino ligands
The reactivity of molybdenum-oxo complexes with Schiff bases, thiol and oxygen
donor ligands were reported33–35. However, the reaction of the ligand N,N’-bus(3,5di-ter-butyl-2-hydroxy-phenyl)1,2-phenylenediamine and MoO2(acac)2 produce an
amidophenoxide radical in the ligand of a stable heptacoordinated complex of
molybdenum (Figure 14b). The complex displayi two coordination modes, one of
them fully deprotonated (tetradentate) and the other with an intact and dangling
hydroxyl group (tridentate).

Figure 14. Representation of a) amidophenoxide and b) heptadentate complex,
where tert-butyl groups of ligand is omitted36.
The proper characterization of the product shows that oxo and acetylacetonate
groups were removed producing a neutral product. The IR bands corresponding to
Mo=O absorption are not further present and the EPR studies in solid produce an axial
spectrum with g ﬩=2.0157 and g‖=2.0047 with ∆g= 0.011 and <g>= 2.017(Figure 15
left) and in solution with chloromethane produce an isotropic EPR signal giso= 2.0087
(Figure 15 right). The unresolved hyperfine interaction should be responsible of the
asymmetry in the spectrum36. That suggest that electron stays mainly in the orbitals
of the ligand rather than metal orbitals such as in complexes of Ni(II) and Ru(II)37,38
than in metal orbitals. Thus, the formation of Mo(V), a binuclear specie, is not
achieved by steric effects of ligand.
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Figure 15. EPR spectrum in solid state (left) and in dichloromethane at 294 K
(right)36.
A ligand according to the environment could change their configuration such as
the Tris(2-(arylamido)-4,6-di-ter-butylphenoxo)molybdenum(VI) (Figure 16a) in
normal conditions the fac-isomer predominates and the mer-isomer is detectable at
high temperature by Ray-Dutt trigonal twists (Figure 16b), and it is also obtained by
electron withdrawing substituents in aryl groups. This behavior is promoted by π
bonds39. The rapid rearrangement of ligands by an external factor is possible by the
size of metal.

Figure 16. Representation of a) amidophenoxide ligand and b) representation of
trigonal twists of Ray-Dutt twists for amidophenoxid ligand39.
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In the case of a polydentate ligand such as N-(2-hydroxybenzyl)-N,N-bis(2pyridylmethyl)amine present two potential coordination ways according to
methylpyridyl arms (cis or trans pyridine groups) as shown in Figure 17. That shows
the richness of isomerism for cis-dioxomoybdenum complexes. Again, the strain of
the ligand prevents the OAT reactions, it allows a distorted octahedral geometry and
there is not presence of µ-oxo Mo(V) by steric hindrance40.

Figure 17. Two coordination ways of N-(2-hydroxybenzyl)-N,N-bis(2pyridylmethyl)amine ligand to Mo center40.

2

Objetives

2.1

General Objetive
Synthetize a Molybdenum VI and III complex with poly-amine N5-ligand 1,9-bis(2’pyridyl)-2,5,8-triazonane as a first step to obtain nitrogenase biomimetics.

2.2

Specific Objetives


To synthetize pentadentate 1,9-bis(2’-pyridyl)-2,5,8-triazonane·3HCl (L1·3HCl)
and characterize it through spectroscopic techniques as IR, elemental analysis and
1

H-NMR.



To synthetize tris(acetylacetonate)molybdenum(III) [Mo(acac) 3].



To synthetize molybdenum complex using Mo(acac)3 and MoO2(acac)2 with L1
and evaluate its reactivity towards THF, ethanol and methanol as solvents.



Spectroscopic characterization of products through the techniques of IR,
elemental analysis, 1H-NMR, 13C-NMR, COSY, HSQC and X-ray diffraction of
single crystal (if it would be possible to get it).



To study the influence of OAT reactions in the complex formation between
MoO2(acac)2 and Mo(acac)3 with L1.
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3
3.1

Experimental Section
Reagents
2-pyridinecarboxaldehyde

(C6H5NO);

Sigma-Aldrich

98%

of

purity;

M.W=107.11 g/mol; BP= 181 °C at 760 mmHg; ρ25°C=1.126 g/ml; CAS Number:
1121-60-4. Appearance: Colorless liquid with a characteristic smell of amine.
Acetone (CH3COCH3); J.T. Baker 99.5% of purity; M.W= 58.08 g/mol; B.P=
56.5 °C at 760 mmHg; ρ25°C=0.788 g/ml; CAS Number: 67-64-1. Appearance:
Colorless liquid.
Acetylacetone (C5H8O2); Sigma-Aldrich 99.9% of purity; M.W= 100.12 g/mol;
B.P= 140.4 °C at 760 mmHg; ρ25°C=0.975 g/ml; CAS Number: 123-54-6.
Appearance: Colorless or yellow colored liquid.
Diethylentriamine (C4H13N3); Sigma-Aldrich 99% of purity; M.W= 109.17
g/mol; B.P= 199-200 °C at 760 mmHg; ρ25°C= 0.955 g/ml; CAS Number:11140-0.
Appearance: Colorless liquid.
Diethyl ether (C4H10O); Merck analytical standard; M.W= 74.12 g/mol; B.P= 34.6
°C at 760 mmHg; ρ25°C=0.706 g/ml; CAS Number: 60-29-7. Appearance: Colorless
liquid highly volatile liquid.
Dimethyl sulfoxide (C2H6SO); J.T. Baker 99.9% of purity; M.W= 78.13 g/mol;
B.P=189 °C at 760 mmHg; ρ25°C= 1.10 g/ml; CAS Number: 67-68-5. Appearance:
Colorless liquid, toxic.
Ethanol (CH3CH2OH); Merck 99.9% of purity; M.W=46.06 g/mol; B.P= 78 °C at
760 mmHg; ρ25°C=0.789 g/ml; CAS Number: 64-17-5. Appareance: Colorless liquid.
Methanol (CH3OH); Merck 99.9% of purity; M.W= 32.04 g/mol; B.P= 64.7 °C at
760 mmHg; ρ25°C= 0.791 g/ml; CAS Number: 67-56-1. Appearance: Colorless liquid.
Tetrahydrofuran (C4H8O); Sigma-Aldrich analytical standard; M.W=72.11 g/mol;
B.P= 65-67 °C at 760 mmHg; ρ25°C=0.889 g/ml; CAS Number: 109-99-9.
Appareance: Colorless liquid.
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Bis(acetylacetonate)dioxomolybdenum(VI)

(MoO2(acac)2),

Signa-Aldrich,

M.W= 326.15 g/mol, CAS Number: 17524-05-9. Appearance: yellow or yellowgreen powder.
Catalyst Pd/C Sigma-Aldrich 10% in weight of Paladium/Carbon in dry powder;
M.W=106.42 g/mol; CAS Number: 778-26-18. Appearance: very reactive fine
powder of black color.
Hexacarbonylmolybdenum(VI) (Mo(CO) 6); Sigma-Aldrich; M.W= 264 g/mol;
M.P= 147-152 °C; CAS Number: 13939-06-5. Appareance: Blue fine powder.
Lithium hydroxide (LiOH); Merck 98% of purity; M.W= 23.95 g/mol; M.P=470
°C; CAS Number: 1310-65-2. Appareance: white powder.
Sodium tetraphenylborate (NaBC24H20); Sigma-Aldrich 99.5% of purity; M.W=
342.22 g/mol; CAS Number: 143-66-8. Appearance: white powder.
Hydrogen (H2); Praxair grade 4.5; M.W=2.02 g/mol. Appareance: Colorless
compressed gas. Highly flammable.
Hydrogen Chloride (HCl); Aldrich 99% of purity; M.W=36.46 g/mol; CAS
Number: 7647-01-0. Appearance: white compressed gas.
Nitrogen (N2); Praxair grade 4.8; M.W=28.01 g/mol. Appearance: Colorless
compressed gas.
3.2

Techniques employed

3.2.1

Cyclic voltammetry
The measurements of voltammetry were obtained using Metrohm Autolab

PGSTAT302N potentiostat in the laboratory of Yachay Tech. The cell uses a system
of three electrodes, the reference electrode of Ag0-AgCl, work electrode Pt0 and
auxiliary electrode a wire of Pt0.
3.2.2

Electron Paramagnetic Resonance (EPR)
All spectra of EPR were obtained by a Bruker Elexys E500 at around ~9.40 GHz

(X-band) and a modulation of 100 KHz. All spectra were evaluated and simulated
using the Bruker’s software and the g values were calculated measuring the magnetic
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field and frequency using the equation ∆E= hv = gβBo. The temperature was around
22 °C (room temperature) in the Faculty of chemistry, UNAM.
3.2.3

Elemental Analysis
The data obtained from elemental analysis were provide by an equipment

Analyzer Perkin Elmer serie II model 2400 to determine carbon, hydrogen, nitrogen
and sulfur. A sample of cysteine was used as standard to calibrate in the laboratory of
USAI, Faculty of chemistry, UNAM.
3.2.4

Infrared spectroscopy (IR)
All spectra were obtained by reflectance ATR through a spectrophotometer FT-

IR model Spectrum 400 Perkin Elmer in the range of 400 to 4000 cm-1, in the
laboratory of USAI, Faculty of chemistry, UNAM.
3.2.5

Magnetic Susceptibility
The magnetic susceptibility of compounds were determined by a Johnson Matthey

brand magnetic susceptibility balance. It was calibrated previously using a standard
of [Fe(DMSO)6)](NO3)3 in the Faculty of chemistry, UNAM.
3.2.6

Nuclear Magnetic Resonance
The spectra of 1H, 13C{1H}, COSY and HSQC were obtained by an equipment

VARIAN of 400 and 300 MHz in the laboratory of USAI, Faculty of chemistry,
UNAM.
3.2.7

UV-visible spectrophotometry
UV-vis spectra were obtained using a Perkin Elmer Lambda 1050

spectrophotometer in the laboratory of Yachay Tech.
3.3

Synthesis and purification of raw materials
In this sections, the process to synthetize the different molybdenum complexes is
described. Two types of molybdenum complexes were prepared, one of them
corresponds to the reaction between tris(acetylacetonate)molybdenum(III) with L1
and the other one to the reaction between bis(acetylacetonate)dioxomolybdenum(VI)
and L1 using THF as solvent, ethanol and, in this special case, the use of methanol as
solvent and sodium tretrapehnylborate as counterion to precipitate . Therefore, in this
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section is described the proper procedure for the synthesis of the initial reagents such
as L1 and tris(acetylacetonate)molybdenum(III) and then the synthesis of the different
complexes mentioned before.
3.4

Synthesis of tris(acetylacetonate)molybdenum(III) [Mo(acac) 3]
The synthesis of tris(acetylacetonate)molybdenum(III) was performed with slight
changes to reported procedures41 because it was employed a mixture of inert (He)
atmosphere and air atmosphere in low concentrations. In a general procedure, 100 mg
of hexacarbonylmolybdenum(0) were dissolved in 5ml of acetylacetone. 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 150°C until the remnants of
hexacarbonyl molybdenum do not sublimate anymore, and the final product was
collected.

3.5

Synthesis of trichlorohydrate of 1,9-bis(2’-pyridyl)-2,5,8-triazonane (L1·3HCl)
The synthesis of the trichlorohydrate penta-amine ligand 1,9-bis(2’-pyridyl)2,5,8-triazonane (picdien) was carried out according to the procedure previously
reported20, 23, 25. The reagents, 2-pyridinecarboxaldehyde and diethylentriamine where
purified using fractional distillation. In a round flask 25 mL of anhydrous ethanol, 20
mL (0.021 mol) of 2-pyridinecarboxaldehyde and 11.3 mL (0.0105 mol) of
diethylenetriamine were placed together and the reaction mixture was heated to 55 °C
with constant stirring and some drops of concentrated hydrochloric acid to enhance
the reaction. The reaction was followed by thin layer chromatography tests using as
eluent a mixture of methanol: chloroform: hexane 1:5:3 to verify the disappearance
of the aldehyde. The catalytic (Pd/C 10%) hydrogenation of the di-imine at high
pressures (30 psi) and around four hours was filtered out of the catalyst. Then the
reduced imine was precipitated bubbling with HCl (g) to later the product be
recrystallized using methanol.

3.6

Synthesis of coordination compound [Mo(III)-picdien]
For this synthesis, in a round flask it was poured 25 mL of anhydrous ethanol with
414 mg (1.05 mmol) of tris(acetylacetonate)molybdenum(III). In a separated
Erlenmeyer was poured 2.5 mL of a stock solution (0.42 M) of the ligand to neutralize
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it. Then, the ligand is poured dropwise to round flask in a reflux and stirred at 60 °C
during 10 hours. After this time, the solid was filtered out and washed with cold
ethanol.
3.7

Synthesis of coordination compounds [MoOx-picdien]x
In the experimental procedure, it was considered as source of molybdenum the
bis(acetylacetonate)dioxomolybdenum(VI) which reacts with L1. The following
compounds were synthetized using different solvents such as THF, ethanol and
methanol in which sodium tetraphenylborate was poured to precipitate.

3.7.1

Synthesis of coordination compound [MoOx-picdien]x prepared in THF and
ethanol as solvents
In an Erlenmeyer flask of 50 ml is poured 15 ml of anhydrous ethanol to neutralize

L1·3HCl (0.118 g) with lithium hydroxide (0.022 g). At the same time, in another
Erlenmeyer flask of 50 ml is dissolved MoO2(acac)2 (0.1 g) using 15 ml of anhydrous
THF. Simultaneously, both flasks were stirred during 20 minutes. The solution of
THF with MoO2(acac)2 was poured in a round flask, and then the neutralized ligand
was dropwise added. The solution was under reflux during 20 h at 65 °C. Then, the
precipitate formed was laid in an ice bath around 1 hour. Finally, it was recovered by
filtration and washed with cold ethanol.
In order to perform a synthesis with the use of only ethanol as solvent, in one flask
15 ml of anhydrous ethanol was used to dissolve MoO2(acac)2 (0.1 g) and additionally
in other one 15 ml of anhydrous ethanol was employed to neutralize the ligand
L1·3HCl (0.118 g) with lithium hydroxide (0.022 g). In a round flask is poured the
solution of MoO2(acac)2 and then the ligand was added dropwise. The resulting
solution was in reflux during 20 hours at 60 °C. After 20 hours of reaction a solid
precipitate in the walls of the flask. Then, the flask was laid in an ice bath along 1
hour, and then the solid was recovered and washed with cold ethanol.
3.7.2

Synthesis of coordination compound [MoOx-picdien]x[TPB]x prepared in
methanol as solvent and precipitated with Sodium tetraphenylborate.
The ligand L1·3HCl (0.1 g) was neutralized with lithium hydroxide (0.022 g) in

anhydrous methanol and the MoO2(acac)2 (0.1 g) was also dissolved in anhydrous
methanol. In a round flask was poured the solution of MoO2(acac)2 and dropwise of
25

the neutralized ligand was added. The solution was under reflux 20 hours, then in 25
ml of deionized water is dissolved NaTPB (0.5 g), this amount corresponds to an
excess of counter ion calculated to precipitate the content. The solution of NaTPB
was poured in the round flask of reaction and a solid appears gradually. Then, the
solid was recovered by filtration, and washed with mixtures of cold water and
methanol.

4

Results and Discussion
In the previous section, the experimental procedure of some reagents and
complexes of interest was shown. The characterization of L1 and the complexes will
be presented next employing infrared spectroscopy, elemental analysis, nuclear
magnetic resonance, magnetic susceptibility, electron paramagnetic resonance and the
determination of the melting point. Additionally, the reagent MoO 2(acac)2 was
characterized to compare the changes later of the reaction with L1. Finally, with the
result of the different analysis, chemical structures of the compounds are proposed.

4.1

Characterization of bis(acetylacetonate)molybdenum(VI) [MoO 2(acac)2]
This compound corresponds to a very stable yellow powder. Infrared spectrum
Figure 18 reveals vibrations at 1582 cm-1, 1496 cm-1, 1356 cm-1 and 1260 cm-1 which
corresponds to the carbonyl group of acetylacetonate, the vC-C sp2 vibration and the
bending of methyl groups respectively. Also, the signals at 930 cm -1 and 902 cm-1 are
characteristic of a cis O=Mo=O stretching vibrations, these signal assignation
(obtained by comparison with the spectra of acetylacetone) are very important as
reference point to follow the complex formation.
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Figure 18. IR spectrum of MoO2(acac)2
The molybdenum in MoO2(acac)2 corresponds to a d0 specie, therefore it is
expected that compound be a diamagnetic specie and its magnetic property was
confirmed through EPR measurements. In Figure 19 we can see that compound is
diamagnetic, a Mo(VI) specie.
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Figure 19. EPR spectrum of MoO2(acac)2
4.2

Characterization of ligand 1,9-bis(2’-pyridyl)-2,5,8-triazonane, (L1·3HCl)
The ligand L1, obtained from hydrogenation of imine as product of condensation
between 2-pyridincarboxaldehyde and diethylentriamine, corresponds to a brown,
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highly hygroscopic liquid. Due to the problems to handle this hygroscopic liquid, a
better strategy was create the chlorhydrate bubbling with HCl(g). From this treatment,
white leaf with a yield of 68% were obtained (Figure 20). The melting point of the
solid was of 214 °C. It is soluble in water, DMSO, acetonitrile and slightly insoluble
in methanol and ethanol. The experimental elemental analysis: C: 48.79%; H: 6.58%;
N: 18.43% that values match with the calculated ones C: 48.768%; H: 6.64%;
N:17.74%.

Figure 20. a) Synthesis reaction of polyamine ligand L1 and b) white leaflets powder.
The infrared spectroscopy (Annex 1) of the trichlorohydrate (L1·3HCl) shows
characteristic bands of aromatic carbon-hydrogen vibration vC-H at 3041 cm-1,
aliphatic carbon-hydrogen vibration vC-H in the range of 2940 cm-1-2890 cm-1 and in
the range of 2760 cm-1-2380 cm-1 the bands correspond to protonated amines vN-H2+.
The stretching of aromatic vC=N and vC=C bonds correspond to 1458 cm-1 and the
pair of bands at 1590 and 1477 cm-1, respectively. The patron of mono-substitution of
pyridine corresponds to the bands of 755 cm-1 and 814 cm-1. The detailed assignation
of the spectrum is summarized in Table 4.
Table 4. Assignation of IR bands of L1·3HCl.
Wavenumber(cm-1)

Description

3040

vC-Harom

2935, 2895

vC-Haliphatic

2756, 2696, 2677, 2661, 2555, 2427, 2384

vN-H2+

1590, 1477

vC=C

1570

bending N-H

1458, 1439

vC=Naromatic

814, 755

Pyridinearomatic monosubstitution
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1

H-NMR spectrum of L1·3HCl (Figure 21) was analyzed considering the

symmetry of the molecule. Thus, there are 7 different types of atoms that contain
hydrogen, however, in this case the amines are not considered due to its basicity
because they were lost due to the isotropic change. The signals at 4.93 and 3.37 ppm
are not part of the compounds, those appear due to the solvent. The signals of
pyridine’s protons are in the range of 9-6 ppm, those signals are more deshielded by
resonance influence of the ring. The signal of methyl next to pyridine correspond at
4.53 ppm, and finally the value of the rest of methylene groups are the most shielded
at 3.55 ppm, the complete description of the signals are summarized in Table 5.
Finally, the diamagnetism of the ligand was checked by EPR spectroscopy Annex 2.

Figure 21. 1H-NMR spectrum of L1·3HCl in deuterated methanol at 300 MHz. The
signals marked as (*) corresponds to the solvent.
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Table 5. Chemical shift assignation and integration of protons of L1·3HCl of 1HNMR spectra of L1·3HCl in deuterated methanol at 300 MHz.
1

H-NMR (methanol-d4)

4.3

δ (ppm)

Integration

Multiplicity

Proton assignment

8.70

2H

Doublet

1

7.99

2H

Triplet of
doublets

3

7.60

2H

Doublet

4

7.52

2H

Triplet of
doublets

2

4.53

4H

Singlet

5

3.55

8H

Doublet

6,7

Characterization of [Mo(III)-picdien]
This complex was obtained by the mixture of the synthetized dark purple crystal
Mo(acac)3 and L1 producing a yellow-brown product (Figure 22). The obtained
complex was dissolved in ethanol and in solution it presents a UV-Vis electronic
spectrum with three maxima in the UV region (Figure 23), two of them at high energy
(206, 260 nm) with large molar extinction coefficients (7,760 and 5,560 M-1cm-1) that
corresponds to a charge transfer reaction, even though its nature is not possible to
determine without theoretical calculations. The other transition is located at 309 nm
and has a lower extinction coefficient (890 M-1cm-1) that could be assigned to a d←d
transition. 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 or an acetylcetonate molecule in the sixth position. Thus,
for an octahedral d3 High spin species, we expect three electronic transitions following
the Tanabe-Sugano diagram. However, as in the case of the d 3 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. In the case of the [Mo(H2O)6]3+,
the second and the third electronic transitions for Mo (III) HS are located at 310 nm
for the second one 4T1g(F)←4A2g and 380 nm for the first one 4T2g ← 4A2g42 (both in
UV-vis region). In our case, we can assign the signal at 309 nm as the first electronic
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transition for the d3 species; however, the second and the third transition is most
probably obscured by the charge transfer located at 260 and 206 nm respectively.

Figure 22. a) Synthesis of Mo(III) complex and proposed structure of the reaction
product. b).Yellow-brown solid.
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Figure 23. UV-vis spectrum of [Mo(III)-picdien] dissolved in ethanol43.
From the measurements of cyclic voltammetry (Figure 24), we observed a
reversible process with 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 V (SCE) [Mo(III)/Mo(IV)]44.
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Figure 24. Cyclic voltammetry spectrum of Mo(III)
tetrabutylammonium chloride as support electrolyte at 10 mV/s43.
4.4

complex

using

Characterization of [Mo=Ox-picdien]x prepared in THF and ethanol
The reaction (Figure 25) to obtain the product [Mo=Ox-picdien]x was prepared
under two different conditions of synthesis. In the first method, it was employed a
mixture of THF and ethanol, obtaining a dark-green crystalline powder (Figure 25b).
The solid obtained by this method is slightly soluble in DMSO and DMF, and it is
insoluble in alcohols of short chain, water, acetone and acetonitrile. The melting point
of this compound was not determined because it carbonizes at 350 °C and it was not
further studied by the equipment limitation. The value measured of its magnetic
susceptibility was negative, therefore the compound is diamagnetic. The experimental
elemental analysis: C: 26.02%; H: 3.96%; N: 9.69%.
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Figure 25. a) Synthesis of [Mo=Ox-picdien]x product. b) Dark-green crystalline
powder obtained using THF and ethanol as solvents. c) Yellow powder obtained using
ethanol as solvent.
The analysis of the infrared spectrum of the complex (Figure 26) provides
important information about their structure. The bands at 3383 cm-1, 3202 cm-1 and
1573 cm-1 correspond to the stretching and bending vibrations of the secondary
amines. Additionally, the stretching vibration of C-H sp2 and C-H sp3 appears at 3077,
2949 and 2882 cm-1 respectively. The C-C sp2 stretching and carbon-hydrogen
scissoring stretching vibrations appears respectively at 1609 and 1482 cm -1. The
vibration band at 1438 cm-1 corresponds to C-N sp2, and finally the Mo=O stretching
vibration are represented at 942 and 894 cm -1. These data support the formation of a
new complex due to the displacement of the band vC=C in the free ligand (Table 4)
from 1590 cm-1 to 1609 cm-1 (stronger bond), thus concluding that L1 is coordinated
to molybdenum25. Additionally, the corresponding bands at 942 cm -1 and 894 cm-1,
represented in a red circle, keep in the range of Mo=O stretching vibrations, even
though the symmetry and the intensity of the signals found in Figure 18 change. The
presence of these bands implicate that oxo groups remains attached to the metal and
the coordination of L1 would produce a strain in the electronic environment
responsible of the formation of new oxygen specie such as hydroxides, peroxides, µoxo bridging species and others. Also, the region bellow of ~850 cm-1 shows series of
peaks complex to be assigned. However, this pattern could be a finger print of the
ligand coordinated to metal.
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Figure 26. IR spectrum of [Mo=Ox-picdien]x prepared in THF and ethanol.
The value measured of magnetic susceptibility of this compound was negative,
then we conclude on the presence of Mo(VI) species. However, due to the highly
sensitivity of EPR, it was possible detect paramagnetic species with signals at g values
of 1.96 and 2.004 (Figure 27). The g value of 1.96 corresponds to a characteristic
value of Mo(V)45 specie and the g value of 2.004 which is in the normal parameters
of an electron on nitrogen atom as a free electron with a bandwidth of 52.9 G. The
sample as bulk corresponds to a diamagnetic specie, but the EPR results demonstrates
that the reaction produces small quantities of paramagnetic Mo(V) species. Such
paramagnetic species could be a bimetallic specie as product of OAT (11), however,
the hyperfine coupling is not perceived in the spectrum to support it, even though it
could be possible get a monomeric specie obtained from the reverse reaction of (7).
Another possibility is the OD reaction in the ligand promoted by their coordination to
molybdenum as we can see for the case L1 coordinated to iron (Figure 8).
On the other hand, the reaction (11) corresponds to a side product of the reverse
of reaction (7) in which there is a formation of a product where metal reduce in two
units, thus there would be the presence of Mo(IV) species as product. Considering a
complex with octahedral distortion, a Jahn Teller effect, with axial ligands
compressed (Figure 28) it is possible explain that two electrons of Mo(IV) a d2 species
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be accommodated in the lowest energy orbital (b 2g) forming diamagnetic species as
long as the energy of field is much stronger than pairing energy. Thus, with the
information mentioned before it is not possible determine the presence either of d2, d0
specie or a mixture of both species.
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Figure 27. EPR spectrum of [Mo=Ox-picdien]x prepared in THF and ethanol.

Figure 28. Compression of an Oh crystal field46.
The analysis of 1H-NMR spectra of this molybdenum compound has become
complex due to the widening of the band attributed to the presence of paramagnetic
impurities which were described in the EPR spectra. Such paramagnetic species
corresponds to Mo(V) and an organic radical on nitrogen atom. The presence of
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paramagnetic species or the presence of stereoisomers, both makes signal assignment
ambiguous. However, considering the spectrum of the ligand and we compare with
the spectrum of the complex in Figure 29, it is possible to recognize three zones in
the spectra that provides evidence of the coordination of ligand L1. The upfield zone
bellow 3.5 ppm contain multiplets corresponding to methylene protons between NH
groups, in the intermediate region 3.5 - 5 ppm it is found the methylene groups next
to pyridine and at low field 5 – 9 ppm it was found the pyridine protons which
normally are overlapped with NH protons30. However, in this case the presence of
different isomers, changes in its electronic conformation due to ligand and different
side products could be the responsible of the increase of signal as mentioned before.
Additionally, it is evident the presence of an imine by a characteristic singlet at 9.97
ppm. Based on its intensity and the amount of signals, this product is not
stoichiometric.

Figure 29. 1H-NMR spectrum of [Mo=Ox-picdien]x prepared in THF and ethanol as
solvent. It was dissolved deuterated DMSO at 400 MHz. The signals of solvent should
appear as a quintet at 2.5 ppm but the complexity product makes complicated it
identification.
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For the same sample it was measured the ionic exchange with the addition of
deuterated water, and there is an interesting behavior appreciable in the spectrum of
Figure 30. The relaxation time of the sample decrease, and graphically is represented
by of absence of aliphatic protons. The most reasonable explanation is that in the
presence of deuterated water cause that the sample increase its paramagnetic behavior
even though the reasons are not known yet. Finally, the presence of imine also
supports the presence of Mo(V) found in EPR produced by OD reaction.

Figure 30. 1H-NMR spectrum of an ionic exchange of [Mo=Ox-picdien]x prepared in
THF and ethanol as solvent. It was dissolved deuterated DMSO at 400 MHz.
The second method of synthesis of the complex [Mo=Ox-picdien]x was performed
employing ethanol as solvent of the reaction between MoO2(acac)2 and L1. When both
reagents mixed the resulting a colorless solution, after 4 hours of reaction in reflux
the solution became yellow gradually. At 20 hours of reaction a yellow solid
precipitate in the walls of the flask. This product corresponds to a yellow fine powder
(Figure 25c). Its solubility is the same of the product obtained in THF-ethanol, it is
slightly soluble in DMSO, DMF and acetone. The melting point of this compound
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was not determined, because until 350 °C the product decomposes in two products;
one of them corresponds to a dark bluish-greenish in the center and the other one
corresponds to white in the borders (Figure 31). The measurement of magnetic
susceptibility indicate that the product is diamagnetic and the experimental elemental
analysis was: C: 26.66%; H: 3.35%; N: 8.62%.

Figure 31. Decomposition of [Mo=Ox-picdien]x prepared in ethanol at 350°C.
From the determination of the melting point it is possible realize that one of the
products of the decomposition is similar to the obtained in the later reaction using
THF (Figure 25b) as solvent. Taking into account this fact, it is possible to conclude
that heat promote an additional reaction in which we obtained a dark colored product,
such as the dark green one obtained later, both of them, include charge transfer in the
molecule (LMCT) caused by ligand. Additionally, the measurements of UV-vis at
different temperatures supports the idea that heat promotes the reaction. In the
electronic spectrum (Figure 32) it is possible identify that at RT there are not any
transitions as expected for Mo(VI) species. However, when temperature rise at
controlled time, suddenly appears two transitions at 710 nm and 881 nm respectively
(pink line). Therefore, the melting point provides evidence that at high temperatures
we have an irreversible reaction, but at moderate temperatures, there are reversible
transformations because when the heat is removed the spectrum keeps unchanged.
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Figure 32. UV-vis spectrum of [Mo=Ox-picdien]x prepared in ethanol, it was dissolved
in DMSO and it was measured at different temperatures.
The infrared spectrum (Figure 33) provides interesting information about the
compound. The bands at 3410 cm-1, 3192 cm-1 and 1572 cm-1 correspond to the
stretching and bending vibrations of the secondary amines. Additionally, the
stretching vibration of C-H sp2 and C-H sp3 appears at 3100, 3079 and 2947 and 2886
cm-1 respectively. The carbon-carbon sp2 stretching and carbon-hydrogen scissoring
stretching vibrations appears respectively at 1608 and 1484 cm -1. The band at 1438
cm-1 corresponds to C-N sp2, and finally the Mo=O stretching vibration are
represented at 944 and 903 cm-1. The presence of the band at 1608 cm-1 supports the
complex formation by the same reason mentioned before. The patter shown in Figure
26 below to ~850 cm-1 is quite similar to the shown in Figure 33. Thus, the similarities
of the IR spectra for the complexes synthetized in two different solvents (THF and
ethanol) allow us to conclude that both complexes probably are the same based on
their spectra similarities.
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Figure 33. IR spectrum of [Mo=Ox-picdien]x prepared in ethanol.
Even compound is diamagnetic, the EPR studies (Figure 34) shows a signal of
Mo(V) with a g value of 1.92. In this case, the signal of organic radical present in the
in Figure 27 with a g value of g = 2.004 was not present. The absence of the free
radical signal could allow assigning the hyperfine coupling constant, however, in this
case the signal was not resolved, but it could be an insight of hyperfine coupling. This
type of interaction is observed in bimetallic compounds reported before47–49 as a result
of a µ–oxo bridge.
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Figure 34. EPR spectrum of [Mo=Ox-picdien]x prepared in ethanol.
The analysis of 1H-NMR spectra of this molybdenum compound is complex even
though the widening of the line’s band is thinner than the spectrum of the last
compound in Figure 29. The comparison between the NMR spectrum of the ligand
and the one obtained for this complex (Figure 35) it is possible to assign the next
signals: The upfield zone bellow 3.5 ppm contain multiplets corresponding to
methylene protons between NH groups, in the intermediate region 3.5 - 5 ppm it is
found the methylene groups adjacent to pyridine and at low field zone 5 – 9 ppm it
was found the pyridine protons which normally are overlapped with NH protons as
mentioned before. Apparently the preparation of this compound using ethanol only as
solvent produce a purer product compared with the reported before. In this case the
absence of the organic radical suggest that OD is not favored at all in this reaction,
and the intensity of imine at around 10 ppm is barely noticeable. That supports the
idea that Mo(V) in this spectrum does not corresponds to OD and instead the OAT
reaction is apparently favored either producing a bimetallic specie such as reaction
(11) or mono species such as the reverse reaction (7). If the presence of Mo(V) comes
mostly from OAT reactions, the presence of Mo(IV) species should be taken into
account which also must be a diamagnetic compound. One of the reasons to get
diamagnetic Mo(IV) species was previously described by compression of an
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octahedral specie. In this case consider that the pentadentate ligand coordinates to
metal and the two oxo groups are not removed either to get a monomeric or bimetallic
specie, thus the coordination sphere of metal is seven. However, another geometries
cannot be excluded such as an octahedral specie or distortions of that.

Figure 35. 1H-NMR spectrum of [Mo=Ox-picdien]x prepared in ethanol as solvent. It
was dissolved deuterated DMSO at 400 MHz. The signals of solvent appear as a
quintet at 2.5 ppm and it is represented as (*).
4.5

Characterization of compound [MoOx-picdien]x[TPB]x prepared in methanol
and precipitated with Sodium tetraphenylborate
The product [MoOx-picdien]x[TPB]x was obtained as a result of the mixture of
colorless solutions of ligand neutralized and MoO2(acac)2 in anhydrous methanol. The
reaction was held up under reflux 20 hours and it remains colorless until around 10
hours after the beginning of the reaction. Suddenly, after this time the mixture became
a yellow solution at 20 hours of reaction, the mixture was an intense yellow solution
without any precipitate. The absence of precipitate corresponds to an interesting
feature of the reaction: a reaction controlled by solvent. The solvents employed for
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the reactions, ethanol and methanol, have a value of 1.69 and 1.170 D of dipole
moment respectively50. Thus, the molecular interactions between the solvent with
ligand L1 or MoO2(acac)2 by their dipole moment is the same but their molecular size
are representative different by the presence of an extra methylene group (-CH2-).
Thus, methanol are smaller molecules than ethanol, and it is easier to methanol favor
molecular interactions with secondary aliphatic amines and pyridine amines in the
ligand L1. Also, oxygen of acetylacetonate would make hydrogen bonds with solvent.
All of these interactions were responsible that the reaction in methanol was slow than
in ethanol. Additionally, the color mentioned before of the mixture was considered
the end of the reaction and then to get a solid it was employed NaTPB as counter ion.
The final product of the reaction (Figure 36a) corresponds to a white fine powder
(Figure 36b). The product was soluble in DMSO, and acetone but slightly soluble in
DMF and completely insoluble in alcohols and water. The melting point of this
compound was in the range of 130-132 °C. The magnetic susceptibility indicate that
the product corresponds to a diamagnetic specie. The experimental elemental analysis
was: C: 66.42%; H: 6.19%; N: 9.13%.

Figure 36. a) Synthesis procedure to obtain [MoOx-picdien]x[TPB]x. b) White
powder product obtained using methanol as solvent and NaTPB to precipitate.
The infrared spectrum of this compound (Figure 37) present some differences
with the other compounds mentioned before. At 3380 cm -1 there is a small shoulder
due to O-H stretching of alcohol or water. There is a sharp peak at 3234 cm -1
corresponding to a secondary amine stretching vibration. The vC-H of sp2 carbons
corresponds to 3055, 3036 and 3006 cm-1, and for sp3 carbons are around 2881 cm-1,
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furthermore the C-Hscissoring stretching corresponds to 1477 cm -1. There are
broaden and not defined peaks at 2630 and 2323 cm -1 corresponding to vibration of
protonated amines vN-H+2. The vibrations at 1606 cm-1 correspond to vC=C and at
1438 cm-1a characteristic value of vC=N vibration as mentioned before, that is an
evidence of ligand coordination. The Mo=O vibration corresponds to the band at 913
cm-1 and 866 cm-1 and the mono-substitution of tetraphenylborate is represented by
the bands at 735 and 707 cm-1. From all of this information, the vibration of protonated
amines point out that there is little portions of ligand protonated by the counter ion.
Additionally, the presence of a band at 1595 cm -1 which is also found in free ligand
and corresponds to vC=C vibration that support the idea that either small amounts of
ligand do not coordinate or some amines of the ligand keeps free and the coordination
is different from the expected, pentadentate species. Also, the values Mo=O stretching
are in the range expected but the values are in the extreme limits. These values would
be an indicator of the formation of new oxo species, which is not checked yet but also
supported by a probably –OH fuctional group. Finally, there is an interesting signal
at 1731 cm-1, this value does not corresponds to C=O vibrations of acetylacetone
because its intensity is too weak and not sharp enough, it is more probable assigned
to an imine vibration. The normal values of this specie corresponds to the range
between 1590 and 1640 cm-1, and the obtained is further from the values reported51
but it is important consider that the electronic environment of the complex is not
conventional and this could be the responsible of the shift of the value. Additionally,
the IR of iron complex with this ligand was not possible to detect this signal.
Therefore, we assume that is band corresponds to a imine product.
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Figure 37. IR spectrum of [MoOx-picdien]x[TPB]x prepared in methanol as solvent
and NaTPB as counterion.
The measurement of magnetic susceptibility provides information that the
compound is diamagnetic. However, the EPR spectrum (Figure 38), shows
paramagnetic species with a g value of 2.004 that corresponds to an organic radical
representative of an electron on nitrogen atom. A small signal with g value of 1.96 is
assigned to Mo(V) species. In this case, the organic radical point out that these
conditions (methanol as solvent and NaTPB) allow us to obtain selectively a product
presumably as a result of OD with a reduction of Mo(VI) to Mo(V) in very small
quantities. Thus, the oxidation of amine to an imine could not necessarily involve the
reduction of metal but instead, another part of the molecule or even the surrounding
molecules could be reduced. The presence of the paramagnetic species is related to
the solvent employed. The use of a mixture of solvents, THF and ethanol, produces
an EPR spectrum with a small signal of an organic radical and a considerable intensity
signal of Mo(V). The use of ethanol produces an EPR spectrum with a representative
signal of a Mo(V) specie with a probably unresolved hyperfine coupling and the use
of methanol with NaTPB produces a spectrum with a strong signal of the organic
radical and weak Mo(V). Therefore, the solvent has a direct influence on the nature
of the paramagnetic specie that promotes. For example, the value of the bands of the
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Mo-O vibrations change, making its bond either stronger or weaker than the value of
the free ligand
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Figure 38. EPR spectrum of [MoOx-picdien]x[TPB]x prepared in methanol and
NaTPB as counterion.
The 1H-NMR measurement gives the spectrum in Figure 39 which presents less
peaks than other complexes mentioned before, in a sense the complexity of spectrum
decrease. The most outstanding signal corresponds to a small signal at 10 ppm
assigned to an imine moiety supporting the idea of the presence of an OD reaction in
the molybedum complexes.
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Figure 39. 1H-NMR spectrum of [MoOx-picdien]x[TPB]x prepared in methanol and
NaTPB as counterion. It was dissolved deuterated DMSO at 400 MHz. The signals of
solvent appear as a quintet at 2.5 ppm signed as (*).
4.6

Structure proposition based on studies
The coordination of ligand L1 with Mo(VI) have been studied further based in the
solvent employed. As mentioned before, the dark green powder obtained employing
a mixture of THF and ethanol, and the yellow fine powder obtained employing only
ethanol based on infrared spectroscopy are both essentially the same. Additionally,
the ligand is coordinated and the signals of oxo groups are present yet, their magnetic
susceptibility is negative but both products present paramagnetic species. It was not
possible to get a single crystal to determine their structures. Also, the magnetic
resonance of these products present either non-response or unresolved peaks in
studies such as 1H-NMR,

13

C-NMR, COSY and HSQC making their interpretation

complex, therefore it was not possible use these techniques as a tool to propose a
structure. With the purpose of proposing a structure, all information provided by all
studies carried out and specially the elemental analysis which provides the amount of
hydrogen, carbon and nitrogen in the sample. The content of the mentioned atoms in
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the products are summarized in Table 6. There are two structures which can be
proposed according to elemental analysis and the different reactions described before.
Table 6. Values of elemental analysis for products corresponding to THF and
ethanol as solvents in the reaction.
[Mo=Ox-picdien]x
Prepared with THF and
ethanol

Prepared with ethanol

Experimental

Experimental

H

3.96%

3.35%

C

26.02%

22.66%

N

9.69%

8.62%

In Figure 40, there are the three structures proposed to representate these
compounds. First of all, in all structures proposed is considered a molecule of lithium
chloride for two reasons, one of them is that the average composition of hydrogen,
carbon and nitrogen atoms in molecule approximate better to experimental ones. The
other reason corresponds to the fact that in the neutralization of ligand, the lithium
chloride is formed and then it could be part of the structure by intermolecular
interactions. In structure A, the complex corresponds to a Mo(VI) cation with net
charge of +2 and coordination number of seven, its counter ion corresponds to Mo(VI)
anion with chlorides replacing the (acac) of the initial reagent. The possible
geometries of cation could be monocapped octahedron, monocapped trigonal prism
or pentagonal bipyramid, with the information we have it is not possible choose
between one of them. The geometry of the anion is most probable to be octahedral,
and the presence of oxo groups in both ionic species is supported by their common
stretching in infrared spectrum. The reasoning that metal specie becomes its own
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counter ion is based in the behave of species as Zn(II) with tetrachlorozincates.27 In
this case and in the next ones, the structures proposed are not based on the presence
of paramagnetic species formed from OD or OAT reactions. Previously was presented
the organic radical and the Mo(V) specie produced by the formation of bimetallic
compound. According to their magnetic susceptibility measurements these species are
impurities, that means that their abundance in the sample is not considered in the bulk
and their contribution to the results of elemental analysis is minimal. In structure B
and C, the only difference corresponds to the counter ion of complex, and the
coordination number of cation is six. The overall charge of the cation is +2 but in this
case the metal corresponds to a d2 specie, and the diamagnetism is explained by its
geometry, a compressed octahedron in crystal field splitting accommodate both
electrons in the lowest energy level as long as the energy differences of orbitals are
greater than pairing energy as shown in Figure 28. The change of oxidation state of
metal corresponds to a product of the back reaction of (7) where the oxidation state
of metal change in two units by each oxygen atom transfer, also, it is not known yet
which is the oxygen carrier in this reaction. The presence of Mo(V) recorded by EPR
is obtained by the reaction (11) which corresponds to a side reaction dependent on the
electronic strain of ligand. The counter ion of B correspond to a Mo(IV) complex
coordinated with six chlorides to get a net charge of -2, however considering that the
initial reagent, MoO2(acac)2, the oxidation state caused by the removal of the two
oxygen produces a Mo(II) and the net charge with chlorides should be -4. Therefore,
in reaction conditions, it is not possible to get Mo(IV) species without oxo groups
because additionally in IR spectrum, the Mo=O stretching bands seems quite intense.
Finally, the counter ion of structure C, is a Mo(VI) complex where only (acac) is
displaced by chlorides. As a result, the values calculated (Table 7) for structure A and
C are those more approach to experimental values for the complex obtained as a
mixture of THF and ethanol, and the complex obtained only with ethanol.
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Figure 40. Proposition of structures a) only Mo(VI) species, b) and c) mixture of
Mo(IV) and Mo(VI) species.
Table 7. Calculated average content of atoms in structures proposed for[Mo=O xpicdien]x prepared in THF and ethanol as solvent.
Structure A

Structure B

Structure C

H

3.20%

3.35%

3.27%

C

26.49%

22.66%

27.09%

N

9.65%

8.62%

9.87%
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For the product prepared in methanol and precipitated with NaTPB the structure
proposed is similar to later structures proposed, the difference in this case corresponds
to the counter ion employed with a charge -1. In this case, the structure approximate
better to experimental values when there is only one molecule of tetraphenylborate,
because if it is more than one, the average concentration of Carbon and Nitrogen
differs (Table 8). Therefore the charge of cation should be +1. In order to obtain this
net charge the metal in complex must be a Mo(V) specie. In this case by EPR it was
shown that an organic radical is produced as a result of OD instead of OAT. The
absence of Mo(V) signal is probably by the coupling of paramagnetic species that
silence its signal. Thus, OD reduce the metal in one unit and oxidize ligand producing
an imine as suggested the NMR studies. The structure in Figure 41 are proposed based
on elemental analysis and the most probable reaction that match with the
spectroscopic studies performed. Undoubtedly, the obtaining of a single crystal
corresponds to the best way to guarantee the exact structure.

Figure 41. Structure proposed to the product obtained in methanol as solvent and
precipitated with NaTPB.
Table 8. Values of elemental analysis obtained experimentally and calculated
theoretically with proposed structure D of [MoOx-picdien]x[TPB]x.
[MoOx-picdien]x[TPB]x
Experimental

Structure D

H

6.19%

5.92%

C

66.42%

65.58%

N

9.13%

9.56%
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5

Conclusions
The obtained Mo(III) complex from the reaction of Mo(acac) 3 and L1 was
achieved because its oxidation state was confirmed through UV-vis and cyclic
voltammetry. Their structure should produce a labile position that will be studied
further. The results of this part of the work was published last year: “Synthesis and
characterization of a Nitrogenase-cofactor biomimetic based on molybdenum complexes with
a polydentate-N5 ligand”. Steven Jiménez-Guailla, Michelle Chicaiza-Lemus, Juan Pablo
Saucedo-Vázquez. Bionatura. 2019, 4(3), 913. DOI. 10.21931/RB/2019.04.03.6. A copy of
this paper will be presented in annex 2.

The products obtained from the reaction of MoO2(acac)2 with L1 with different
solvents are diamagnetic either as Mo(VI), Mo(IV) or a mixture of both species which
correspond to d0 and d2 species respectively. In the case of the complex of Mo(VI),
we found the coordination of L1 to displace the (acac) and the production of Mo(IV)
as a result of OAT reaction.
The solvent apparently is the responsible of the paramagnetic species produced in
the reaction as minor products. EPR allows to demonstrate the presence of Mo(V)
species and an organic radical most probably centred on a nitrogen of the coordinated
ligand. Mo(V) species could be formed either side reaction of a OAT producing a µoxo specie or by OD. The use of ethanol as solvent produces Mo(V) and EPR shows
certain hyperfine structure characteristic of such Mo(V), on the other hand, the use of
ethanol and THF as solvent produces a mixture of Mo(V) (most abundant than only
ethanol case) and the organic radical. However, when NaTPB was used to precipitate
the complex obtained from the reaction performed in methanol, the amount of organic
radical predominates over the Mo(V), which suggests that OD is favoured than OAT.
As we

described previously,

the

presence

of unexpected oxidative

dehydrogenation reaction was demonstrated by EPR. Furthermore, 1H-NMR showed
that OD reaction produce an imine (9.6 pmm) in non-stoichometric amounts. It was
not possible the determination of the nature of Mo(V) precisely, however, based on
the results we think that the complex corresponds to a bimetallic specie with a µ-oxo
bridge as result of OAT.
The OAT reaction is a key aspect in order to understand the reactivity observed
in this work due to the high affinity of molybdenum to oxygen. Moreover, in the
52

reaction that use ethanol as solvent, EPR the signal were assigned to Mo(V) species,
suggesting that OD reaction did not occur, supporting the idea of the presence of
OAT. In this case the substrate that oxidize should be a MoO2(acac)2 to produce the
MoO3 oxide or another unidentified substrate.
The products obtained from reactions using ethanol and the mixture of ethanolTHF have spectroscopic similarities (IR), even though their color is completely
different. This fact suggest that the compounds could be isomers, however, NMR
studies

(COSY,

13

C{1H} and HSQC) did not allows to perform a good

characterization.
Undoubtedly, further spectroscopic studies must be done in order to assign
unambiguously the structures of the obtained compounds; however, the obtained
results are encouraging towards the search for molybdenum compounds with possible
activity for the reduction of atmospheric nitrogen.

6

Recommendations
The use of computational resources and some calculations (DFT), the assignation
of different species in IR could better identify different species. Indeed, it is possible
study the radical character of the ligand or another substrate (charge and spin
distributions). Finally, it is possible study the most stable configuration and isomer
under the described conditions.
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Annexes

Annex 1. Infrared spectrum of the free ligand L1·3HCl with their properly assignation.
Frequency = 9.863512 GHz
Temperature = 22 °C (295 K)
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Annex 2. EPR spectrum of ligand L1·3HCl. That suggest that the magnetic
susceptibility of the ligand is negative (diamagnetic). Thus, the paramagnetic species
obtained in the formation of complexes is a consequence of the reaction.
Annex 3. Publication in Bionatura.
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Abstract: Nitrogen fixation is an outstanding process in which atmospheric molecular nitrogen is reduced to ammonia, which is
easier to assimilate by the plants. Due to the challenge to understand the nitrogen fixation process in vivo conditions, biomimetic
compounds have been synthesized to perform the reduction of nitrogen in softest environments than in the Haber process. Thus,
the purpose of this work is the synthesis and characterization of new molybdenum complexes with polydentate nitrogenated
ligands and the evaluation of those complexes as possible dinitrogen reductants.
Key words: Nitrogenase, nitrogen fixation, biomimetic, molybdenum complex.

Introduction
Nitrogen fixation is a fundamental process to obtain ammonia and sustain life. There are at least three forms of nitrogen 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 photochemical 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 contribute 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 converted into an industrial process2. In such a process, hydrogen
required for the reduction of N2 is synthesized by a redox reaction between CO and H2O, nitrogen is taken from air through
distillation towers, then, both gases are directed to a chemical 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.

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, imido, 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 nitrogenase 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 fixation 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 synthesis of such nitrogenase cofactor biomimetics began with the
synthesis of molybdenum-dinitrogen complexes, which were
1

Escuela de Ciencias Químicas e Ingeniería, Universidad Yachay-Tech, Ecuador.
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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 investigations 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 mechanism according to the model of Thorneley and Lowe suggests 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 mechanism 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-pirydinecarboxylaldehyde and diethylenetriamine which were distilled
before the reactions. UV-Vis spectra were obtained in a Perkin
Elmer Lambda 1050 spectrophotometer; cyclic voltammograms 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 reported previously9 but with slight changes and implementing two
types of synthesis by changing the presence of inert (He) atmosphere by air atmosphere. In a general procedure, 100 mg
of hexacarbonyl molybdenum (0) were dissolved in 5ml of acetylacetone. 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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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’-pyridyl)-2,5,8-triazonane was carried out according to the procedure previously reported10, 11. In a round flask 25 mL of anhydrous 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 chromatography 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 reduced 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 yellow-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 species.
Obtained product from the reaction under inert atmosphere 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.

Figure 2. The reaction of Schiff base formation.

From the reaction of 2-pirydinecarboxylaldehyde and diethylenetriamine we obtained the condensation product (imine)
and the corresponding reduced amine via catalytic hydrogenation with 81% of yield. The obtained compound was characterized using NMR-H1 and assigned unambiguously to the pentadentate ligand (Figure 4).
The yellow-brown product obtained from the reaction
between tris (acetylacetonate)molybdenum(III) and the pentadentate 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 corresponds to charge transfer electronic transitions. The other
transition is located at 309 nm and has a lower extinction coefficient (890 M-1cm-1) that could be assigned to a d-d transition. 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 literature is reported that the second and the third electronic transitions 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 ← 4A2g13. 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 reversible 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 MoCl3(pyridine)3 shows an Eo = 0,49 VSCE [Mo(III)/Mo(IV)]14.

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

Figure 3. a) Synthesis reaction of tris (acetylacetonato) molybdenum (III) and b) Dark purple crystals obtained.
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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.
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We performed the synthesis and partial characterization
of a molybdenum complex coordinated with a pentadentate
ligand. UV-Vis and electrochemical studies helped us to determine the oxidation state of Mo as 3+. The strategy of the
synthesis was to have a complex with molybdenum in an octahedral 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 molybdenum 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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