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Ammonia is produced from atmospheric dinitrogen in Nature by bacterial 
nitrogenases. Though the conditions are mild, nitrogenases require at least 16 ATP 
molecules to produce ammonia and also give dihydrogen as a byproduct. In comparison, the 
industrial method for ammonia production, the Haber-Bosch process, demands high 
pressures and high temperatures that consume up to 1.4% of all anthropogenic power each 
year, but does not yield byproducts.

1
 It is desired to perform catalysis under mild conditions 

in an energy efficient process that generates ammonia cleanly. The search for a catalyst that 
combines useful features of both nitrogenase and the Haber-Bosch process has led 
researchers to investigate both mechanisms. For nitrogenases, one possible mechanism is 
the Chatt-type nitrogen reduction cycle mediated by a single iron center. Through this route, 
release of the first equivalent of ammonia gives an iron nitride species (Scheme 1).

2,3
 

Recent studies on the Haber-Bosch process also reveal surface bound nitrides are involved 
(Scheme 2).
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Scheme 1. Chatt-type nitrogen reduction cycle 

 

 
Scheme 2. Ammonia production in the Haber-Bosch process 

 

The above observations indicate iron nitrides to be important intermediates in 
ammonia production, motivating the syntheses of such compounds. For complexes of 
iron(V) or lower oxidation states, the usual 5-coordinate and 6-coordinate geometry around 
the iron center is destabilized by the π-donating interaction from the nitride ligand Rather, a 
low coordinate psuedotetrahedral environment is preferred for these nitrido complexes.
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Employing ligands that will enforce this geometry is crucial for the successful synthesis. 

 

Figure 1. High valent iron nitrides 



Based on this concept, Peters and coworkers were able to synthesize iron nitride 1 
by utilizing a tris(phosphino)borate ligand.

7
 Compound 1 is prone to dimerization and can 

only be isolated as the Fe
I
-N≡N-Fe

I
 dimer. The instability of 1 can be attributed to one or 

more of the following factors: 1) the lack of steric bulk on the ligand 2) insufficent 
σ-basicity of the ligand to stabilize the high oxidation state.
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Incorporation of N-heterocyclic carbene (NHC) ligand provided marked 
improvement to the stability of iron nitrides relative to 1. The unique properties of tris(NHC) 
ligands are best demonstrated by the successful isolation of an air-stable iron nitride 2 by 
Meyer and coworkers.

9 
Bulky substituents on the NHC form a cylindrical cavity which 

protect the terminal nitrido functionality from dimerizing and reaction with small molecules. 
The enhanced σ-basicity of the ligand relative to tris(phosphino)borates further stabilizes 
the high oxidation state of the iron center. However, compound 2 is not competent towards 
ammonia production. By switching to a tris(NHC)borate ligand,

10
 Smith and coworkers 

isolated iron nitride 3 which exhibits reactivity towards ammonia production.
11

 Reaction of 
3 with a hydrogen atom source,  1-hydroxy-2,2,6,6-tetramethyl-piperidine (TEMPO-H), 
yields ammonia in a near quantitative fashion based on 3 (Scheme 3). 

 

 

 

Scheme 3. Ammonia production of 3 

 

In 2011, the iron(V) nitride 4 was synthesized by oxidation of an iron(IV) compound 
similar to 3.

12
 Compound 4 reacts with water in the presence of cobaltocene to give high 

yields of ammonia with concomitant formation of an iron(II) species. One possible 
mechanism is ammonia formation via a hydrogen atom transfer route with protonated 
cobaltocene as the hydrogen atom source (Scheme 4).

13 
Another possibility would be 

subsequent protonation followed by electron transfer.
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Scheme 4. First step of proposed hydrogen atom transfer reaction of [4]
+
 

 

The focus of this talk will be on the unique properties of tris(NHC) ligands and their 
corresponding iron nitrides. Though none of these iron nitrides exhibit catalytic activities 
towards ammonia formation, mechanisms of the stoichiometric reactions will be discussed. 
The successful isolation of these compounds further supports the possibility of iron nitrides 
participating in both natural and industrial ammonia production processes. 



References: 
 
1. Appl, M. “Ammonia, 1. Introduction,” In Ullmann's Encyclopedia of Industrial 

Chemistry,; Wiley-VCH Verlag GmbH & Co. KGaA: 2000. 

2. Hendrich, M. P.; Gunderson, W.; Behan, R. K.; Green, M. T.; Mehn, M. P.; Betley, T. 

A.; Lu, C. C.; Peters, J. C. “On the Feasibility of N2 Fixation via a Single-Site Fe
I
/Fe

IV
 

Cycle: Spectroscopic Studies of Fe
I
(N2)Fe

I
, Fe

IV
≡N, and Related Species,” Proc. Natl. 

Acad. Sci. 2006, 103, 17107-17112. 

3. Chatt, J.; Dilworth, J. R.; Richards, R. L. “Recent Advances in the Chemistry of 
Nitrogen Fixation,” Chem. Rev, 1978, 78, 589-625. 

4. Ertl, G. “Elementary Steps in Heterogeneous Catalysis,” Angew. Chem., Int. Ed. 1990, 
29, 1219-1227. 

5. Saouma, C. T.; Peters, J. C. “M≡E and M=E Complexes of Iron and Cobalt that 
Emphasize Three-fold Symmetry (E=O, N, NR),” Coord. Chem. Rev. 2011, 255, 
920-937. 

6. Berry, J. F. “Terminal Nitrido and Imido Complexes Of The Late Transition Metals,” 
Comment Inorg. Chem. 2009, 30, 28-66. 

7. Betley, T. A.; Peters, J. C. “A Tetrahedrally Coordinated L3Fe-Nx Platform that 
Accommodates Terminal Nitride (Fe

IV
≡N) and dinitrogen (Fe

I
-N2-Fe

I
) Ligands,” J. 

Am. Chem. Soc. 2004, 126, 6252-6254. 

8. Nakai, H.; Tang, Y. J.; Gantzel, P.; Meyer, K. “A New Entry to N-heterocyclic 
Carbene Chemistry: Synthesis and Characterisation of a Triscarbene Complex of 
Thallium(I),” Chem. Commun. 2003, 1, 24-25. 

9. Vogel, C.; Heinemann, F. W.; Sutter, J.; Anthon, C.; Meyer, K. “An Iron Nitride 
Complex,” Angew. Chem., Int. Ed. 2008, 47, 2681-2684. 

10. Cowley, R. E.; Bontchev, R. P.; Duesler, E. N.; Smith, J. M. “Removing the Sting 
From the Tail: Reversible Protonation of Scorpionate Ligands in Cobalt(II) 
Tris(carbene) Borate Complexes,” Inorg. Chem. 2006, 45, 9771-9779. 

11. Scepaniak, J. J.; Young, J. A.; Bontchev, R. P.; Smith, J. M. “Formation of Ammonia 
from an Iron Nitrido Complex,” Angew. Chem., Int. Ed. 2009, 48, 3158-3160. 

12. Scepaniak, J. J.; Vogel, C. S.; Khusniyarov, M. M.; Heinemann, F. W.; Meyer, K.; 
Smith, J. M. “Synthesis, Structure, and Reactivity of an Iron(V) Nitride,” Science 
2011, 331, 1049-1052. 

13. Koelle, U.; Infelta, P. P.; Graetzel, M. “Kinetics and Mechanism of the Reduction of 
Protons to Hydrogen by Cobaltocene,” Inorg. Chem. 1988, 27, 879-883. 

14. Yandulov, D. V.; Schrock, R. R. “Catalytic Reduction of Dinitrogen to Ammonia at a 
Single Molybdenum Center,” Science 2003, 301, 76-78. 

15. Yandulov, D. V.; Schrock, R. R. “Reduction of Dinitrogen to Ammonia at a 

Well-Protected Reaction Site in a Molybdenum Triamidoamine Complex,” J. Am. 

Chem. Soc. 2002, 124, 6252-6253. 


