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Theoretical Study of Dinitrogen Activation by

Iron, Ruthenium, and Osmium

Abstract

Molecular nitrogen (N;) surrounds us as the major component of the atmosphere here on
Earth. Only a few organisms are capable of utilizing this plentiful source of nitrogen. The process
by which Nj is incorporated into biological systems is referred to as nitrogen fixation and involves
the nitrogenase enzymes that contain a metal-sulfide cluster at the active site. The recent X-ray
crystal structure of one such enzyme cofactor has inspired increased interest in the mechanism by
which nitrogenase converts N, to ammonia. Since the discovery of the first dinitrogen complex,
[(H3N)sRu(N,)]Cl, in 1965, the coordination chemistry of this simple molecule has flourished, and
dinitrogen compounds of almost every transition element have been prepared. Some of this early
coordination chemistry of N, was aimed at modeling what was believed to be the active site of
nitrogenase. Additionally, there is continued interest in developing new kinds of reactivities for
coordinated N, in an attempt to achieve a different goal: the discovery of new catalytic processes
for the fixation and functionalization of dinitrogen.

At the turn of last century, the imminent need for a source of fixed nitrogen became apparent,
as natural source of nitrogen compounds used largely for fertilizers, were being depleted. The
Haber-Bosch process, which has proven the most successful commercially, reacts N, gas with
three equivalents of H, gas over a transition metal iron catalyst to produce ammonia. While this
reaction is exothermic and thermodynamically favored under ambient conditions, the feedstock
gases must be compressed to several hundred atmospheres to favor ammonia production at the
high temperatures currently required. A catalyst that could perform this reaction at lower
temperatures, and therefore lower pressures, would be economically advantageous; advancements
in this area have been made using a Barium-promoted oxide-supported ruthenium-based catalyst
instead of an Fe-based catalyst..

While the Haber-Bosch process differs substantially from the biological fixation of dinitrogen,
both of these processes involve the activation of N, by a transition metal-containing catalyst.
Numerous efforts have been made to develop synthetic metal-based catalysts to functionalize
molecular nitrogen under mild conditions. Although some progresses have been made in this area,
many of the systems remain intriguing curiosities and are commercially impractical. The limited
reactivity of dinitrogen and the harsh conditions required to convert N, into useful
nitrogen-containing compounds are in contrast with the reactivities of the other small molecules..
The catalytic activation of molecular nitrogen to produce nitrogen-containing compounds under
mild conditions remains one of the loftier goals in chemistry. Theoretical and experimental study
dinitrogen activation is one of the most interesting subjects.

The present work presents a detailed theoretical study on the activation of dinitrogen by iron,
ruthenium, and osmium atoms and diatoms. The contents of this thesis are described in three parts.

Part | consists of two chapters. In the first chapter, we reviewed the structure and properties
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of N,.  We summarized the most important achievements on the experimental and the theoretical
studies of the activation and fixation of dinitrogen. Chapter 2 presented a brief introduction of
density functional theory (DFT), which is the working-horse in the present study.

In this work hybrid density functional method B3LYP, implemented in the Gaussian 98 suite
of program, was employed to do full geometry optimizations. Harmonic vibrational frequencies
were obtained at the same level to characterize the stationary points as local minima or first-order
saddle points, and to obtain zero-point energy (ZPE) corrections for monoatomic and diatomic
iron, ruthenium, and osmium containing-dinitrogen complexes and compounds with different spin
multiplicities and electronic states. All electron basis sets were applied to Fe and N and effective
core potential plus double-zeta-quality basis sets for Ru and Os were utilized. Bonding properties
were discussed according to results from natural bond orbital analysis and Mulliken population
analysis.

Detailed results are summarized in Part || and Part |11.

Part Il includes three chapters, which report the calculation results for N, interaction with
Fe, Ru and Os atoms, respectively. Fe, Ru, and Os locate in the same column of three different
rows. The nd contraction is much more severe for the 3d transition series than that for the 4d and
5d transition series, indicating that d-electron participation in the chemical bonding is more
significant for the second and third transition series than for the first. For heavier transition
elements in which the characteristic lowering of the d shell in energy with respect to the next s
shell in row 5 may be superseded by the relativistic stablization of s shells and destablization of d
shells in row 6. The more 6S contraction than that of 5S or 4s leads to a nearly degeneracy of 6S to
5d. Thus Fe, Ru, and Os have different bonding capability to dinitrogen. If metal atom is in the
ground-state configuration of d’s’, as is the case for most transition elements, the metal atom is
rather inactive in the chemistry of N; activation, due to the strong electron repulsion between o or
Ttelectrons of N, and the diffusive s electrons in the metal. Bonding with dinitrogen is enhanced
as the electronic state of metal atom is in d™*'s' or is promoted to d*'1s' or d®* and d"s'p', as the s
occupation in metal is decreased.

The dinitrogen molecule is poorly suited to act as a ligand. Compared to CO, which is
isoelectronic to N,, non-polar N, is both a poorer g-donor and a weaker Tr-acceptor, and is
therefore more difficult to activate. The bonding mode of N, is highly dependent on the nature of
the metal center(s), and the ligand environment used. The typical bonding structures are shown in
Figure 1-3.

The bonding of N, to a metal can be categorized by the ability of the metal certer(s) to reduce
or ‘activate’ the N-N bond, via donation of electron density into the Tt[Horbitals of the dinitrogen
moiety. The degree of back-bonding is typically measured by the weakening of the N-N bond,
observed both from the increase in the bond length compared to free N,, and the decrease of the
N-N stretching frequency (from infrared and Raman spectroscopy).

Based on the results of MN, (M=Fe, Ru, and Os), conclusions can be drawn as follows.

(1) In the linear structure of L-MN,, the lowest state is 132_, 13A, and 1°2" for Fe, Ru, and
Os, respectively. While L-FeN, (1°") is unstable by 5.2 kcal/mol with respect to the ground state
Fe(a ° D)+N2(12g+), L-RuN,(1°A) and L-OsN,(1°Z") are more stable than their ground state
reactants by 12.8 and 11.1kcal/mol, respectively. The N-N bond length in L-MN, (M=Fe, Ru, and



Os) is 1.117, 1.121, and 1,124 A, respectively, indicating that the dinitrogen (the calculated N-N
distance in free N,: 1.096 A) is only slightly activated by Fe, Ru, and Os. The trend of increasing
elongation of N-N distance in L-MN, suggests an increased activation ability of the metal center
from up row to down row. For L-MN, (1°Z") with an open-shell 8 configuration, the order of the
stability is FeEN,<RuN,<OsN,. In the L-OsN,, there exists unambiguous overlap between hybrid
sdo orbital of Os and 40 orbital of N,, this doesn’t appear in L-FeN, and L-RuN,.

(2) Bent structure complexes, B-MN,, are all unstable. Most of them are transition states,
which either correspond to a state that connects a linear MN, to a side-on MNj,; or corresponds to
a state that relates to an asymmetric insertion of the metal into the N-N bond.

(3) Side-on MN, (S-MN,) complexes possesses a C,, symmetry. Thus there exist various
kinds of electronic structures of low-lying states. The elongation of N-N is not significant in the
respective ground state of S-MN, for M=Fe, Ru and Os. For instance, the lowest state of S-FeNj is
1°B,, where the N-N distance is 1.126A, only 0.03 A longer than the N-N distance in the free N,.
N, can be strongly activated in some high-lying states. For example, the N-N bond length in 1'B,
of S-OsN, is 1.446A, comparable to the N-N bond length in H,N-NH,. S-MN, are all uphill as
compared to their ground state reactants.

(4) Our calculations show that formation of NMN from the ground state M and N, are all
endothermic; while formation of NMN from the ground state M and atomic N are all exothermic.
The optimized structures and the calculated vibrational frequencies of NFeN (13B1), NRuN (1 lAl),
and NOsN (1 1Al) are in good agreement with those from Andrews’ experiments. We show that the
order of the stability is NFeN<NRuN<NOsN. The endothermicity of NMN with respect to M+N2
is 17, 75, and 126 kcal/mol for M = Os, Ru, and Fe, respectively, indicating that a direct insertion
into N=N is easiest for osmium atom and the insertion reaction is most difficult for iron atom.

(5) As N, approaches to a metal center, the activation may develop along the routine from
L-MN, to B-MN, to S-MN, and then to NMN. The insertion barriers from S-MN, to NMN are
calculated to be ~100 kcal/mol for Fe, ~40 kcal/mol for Ru and ~6 kcal/mol for Os, showing that a
direct insertion into N is feasible for Os; while unfeasible for Fe.

Part I11 includes chapter 6, which deals with the nitrogen activation by diatomic systems.
Twelve different kinds of coordination structures were investigated for Fe,N,; while seven
different kinds of coordination structures were investigated for Ru,N; and Os,;N,. A side-on
coordination mode with N-N and M-M bond axes being perpendicular to each other was found to
be the most effective way to activate the N=N bond by M, for all three metals. While Os, was
shown to lead to a full dissociation of N, into 2N, Ru, is capable of activating N, to a partial
dissociation of N, or elongating the N-N bond length to that of an N-N single bond distance. Fe,
was found to be the least active. The N-N distances can only be elongated to that of a double bond
distance by Fe,. In M,N,, the metal atoms tend to adopt a configuration of s'd” or s*°d"°. In
general, M, in low spin states are more active towards N, than do the high spin states.

Our calculations show that terminal coordination modes stabilize M-N,; while side-on
coordination modes are best for N, activation. Thus we anticipate that an active center on a
catalyst surface should be a cluster that possesses some metal atoms to provide terminal

coordination sites and some other metal atoms to provide side-on coordination sites.
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