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Abstract

The activation and fixation of dinitrogen is the cutting edge in the modern
science. The conversion of abound but quite inert dinitrogen to ammonia or other
nitrogenous compounds under mild conditions has an interest of long standing for
chemists. It is realized today that the dinitrogen activation by transition
metal-containing complexes may be the proper route to accomplish the nitrogen
fixation under mild conditions. And in various dinitrogen complexes, the most
promising catalysts contain early transition metals, or more specifically goup 4. In
present paper, systematic theoretical study with density functional theory (DFT)
method on the activation and hydrogenation of dinitrogen by group 4 metals and some
of their dinuclear complexes has been performed. The report is divided into three parts
for three chapters as follows.

In chapter 2, DFT-B3LYP method is utilized to investigate the mechanisms of
the reactions of N, with Ti and its dimer Ti, in three different spin states. The
Calculated results show that Ti in quintet is more reactive to N, than that in triplet.
But only the weak end-on mode Ti-7'-N, and side-on mode Ti-77-N, complexes
could be formed where the N-N is slightly activated, while the completely activated
species NTiN is most unlikely to be produced due to its very high energy. On the other
hand, Ti, reacting with N, can give a species with a N, bridge bounded to two Ti in a
side-on binding fashion, where the N-N is strongly activated, especially the species
with a complete cleaved N-N, Ti(u-N),Ti., is most favorable in energy. Ti(u-N),Ti
can be produced through the pathway in lowest triplet state, where the
rate-determining step has very low barrier and the whole pathway is strongly
exothermic. These are in good agreement with the newly findings that Ti atom in its
ground state is unreactive to N, while Ti, reacts with N, without a significant
activation barrier to result in Ti(u-N),Ti.

In chapter 3, DFT calculations have been performed to study the
cyclopentadienyl substituent effects of the formation and reactivity to hydrogenation
of u~dinitrogen titanium, zirconium and hafnocene metallocene dinuclear complexes
with methyl-substituted cyclopentadienyl ligands. Calculated results show that it is the
relative energies between side-on and end-on mode complexes that determines

whether the side-on mode complexes being essential for hydrogenation of N, can be



formed or not. The interconversion between two modes may occur for some lower
barrier case such as the story occurred between [(17°-CsMesH)2Zr]o(uz,7%,5n>-N>) and
[(7°-CsMesH),Zr]o(ua,5" 17" -N>). In this chapter, the mechanisms for the hydrogenation
of [(775—C5Me4H)2M]2(;¢2,172,172—N2) (M=Zr and HfY) are also studied by DFT with the
real experimentally used molecules (not model complex!). Calculated results show the
hydrogenation of the two complexes have low barrier and are strongly exothermic,
which are in good agreement with correlative experimental results.

In chapter 4, Mechanistic aspects of the consecutive hydrogenation of N, to NHj3
with a zirconium complex [(;75-C5Me4H)2Zr]2(/12,172,172-N2) have been explored in
detail by density functional calculations using a model complex
[CLZr](ron*,n>-N2)[ZrCly] (1). Calculations show the theoretical results on the model
reactions can successfully interpret the experimental observations in the remarkable
reduction of N to NH; and the formation of key intermediates. In dividually,
Predicted structures of the intermediates show good agreement with the experimental
values; The sequential additions of two H, to 1 have low barriers and an
exothermicity; in the favored route for hydrogenation of the intermediate 5 with the
formation of NHj, the barrier for the elemental step is less than 30 kcal/mol,

indicating that the reaction can be thermally driven as observed experimentally.

Keywords: fixation of dinitrogen; dinitrogen activation; dinitrogen hydrogenation;

synthesis of Ammonia; group 4 metal complexes; density functional

theory
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Fig. 1 Scheme of the fixation of dinitrogen
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Fig. 2 Approximate contour surfaces of the molecular orbitals of N, and their

energy levels
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Fig. 3 Structure of the FeMo-co of FeMo protein in the Mo-nitrogenase. (a) by
Kim and Rees, 1992; (b) by Einsle et al., 2002
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Fe Protein(MgATP), + MoFe Protein Fe Protein(MgATP),MoFe Protein
1 Complex formation

ATP cleavage
reductant Nucleotide elec(;ron transfe.r
Replacement @ (‘order uncertain) ,
+
energy transduction
MgATP Reduction

phosphate release

Complex dissociation y

Fe Protein,,(MgADP + Pi);MoFe Protein,.q

Fe Protein,,(MgADP), + MoFe Protein,.q

+ 2Pi
2MgATP

(b)

2MgADP+2Pi

Fe Protein ,(MgATP),MoFe Protein

Fig. 4 Scheme of the Fe Protein Cycle of Nitrogenase: Cycles a and b Show
Reductant-Dependent and -Independent ATP Hydrolysis

H
E'L»EIH§E2_Z L&- 1*!13-—I|;+¥ (H* B3N,

4 \
H; N; H; e/ H
/ acid or
-+ E,=N-NH
NH;, \ ot NaHy alkali quench E, 2
e’ H af H+
e/H

Es- NH; P\ F; =NH = { EgNoH;
+

e/H NH;

Fig. 5 Scheme of the catalytic MoFe Protein Cycle for the reduction of N, by
Mo-Nitrogenase. The E, represent a functional half of the MoFe protein,
comprising one off polypeptide pair plus one FeMo cofactor and one P cluster,
which has been reduced by n electrons. Each e/H" pair with a bending arrow
represents a complete Fe protein cycle (Fig. 4) that transfers one electron from
Fe Protein to MoFeProtein.
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