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This annotated bibliography was created as part of the requirements for Chemistry 165 "Organometallics" at Harvey Mudd College during the fall semester 2009.  Student groups were asked to collaboratively research and prepare an extensive literature review on an organometallic topic.  Some of these topics were introduced in class.  If so, they were expected to extend beyond the specific metal or system discussed in class.  Each presentation and associated materials went through two rounds of peer review.

Introduction

Ammonia is an invaluable chemical to life on earth. Elemental nitrogen is a key constituent of proteins, but virtually all such bioorganic nitrogen must first funnel through a stage as ammonia. Over 80% of ammonia produced today is used to fertilize crops, and without a synthetic ammonia source, global food production would be much lower. The Haber-Bosch process was the first process to achieve this feat, in 1913, and is still the primary industrial method of ammonia synthesis. However, it uses elevated temperatures (500º C) and pressures (250 atm). Coordination complexes capable of fixing nitrogen at mild conditions (ambient temperature and pressure) exist in nature as nitrogenase, though only in special types of bacteria, and requiring significant amounts of energy. A major hurdle to overcome in this pursuit is that the nitrogen source for such a process must ultimately be the most inert: dinitrogen gas. Therefore, any binding or functionalization of dinitrogen follows in this stead. Scientists have sought to use myriad coordination complexes to bind and functionalize dinitrogen since the 1960s.

Allen, A. D., Senoff, C. V., “Nitrogenopentammineruthenium(II) complexes,” Chem. Commun. 1965, 621-622.

The first coordination complexes capable of reducing dinitrogen to ammonia using mild conditions, in solution, were first explored in 1964.
 However, no species containing bound dinitrogen was characterized. Allen and Senoff reported the first dinitrogen complexes, of the type [Ru(NH3)5N2]X2, a year later on the basis of elemental analysis, conductance, and IR and NMR spectroscopy. These complexes were formed in aqueous solution from ruthenium trichloride and hydrazine hydrate at room temperature. The free N2 IR stretching frequency of 2331 cm-1 was lowered to 2170-2115 cm-1 upon forming the Ru(II) complex, suggesting that N2 is in fact coordinated. The absence of 1H NMR signals outside of the ammonia range suggested that N2 coordinates without further chemical modification. Treatment of aqueous [Ru(NH3)5N2]I2 with NaOH liberated ammonia. Treatment with NaBH4 reductant prior to NaOH raised this yield by 33% due to the reduction of N2 (compared to a maximum theoretical increase of 40%). This observation suggested that N2 can be reduced with typical solution phase reducing agents when coordinated. Inability to grow crystals prevented Allen and Senoff from determining the N2 binding mode, however. Its later determination
 showed that N2 binds end-on to ruthenium (linear Ru – N – N axis), and that the N2 bond length is modestly increased to 1.12 Ǻ from 1.098 Ǻ in free N2.

Ozin, G. A., Vander Voet, A., “‘Sideways’ Bonded Dinitrogen in Matrix Isolated Cobalt Dinitrogen, CoN2,” Can. J. Chem., 1973, 637-640.

The first compound postulated to have an η2-bound N2 ligand was [(C5Me5)2Ti]2N2, although this inference was made largely on chemical intuition instead of evidence directly pertaining to molecular structure.
 Eventual determination of the crystal structure showed that N2 was bound end-on.
 Around the same time, Ozin and Vander Voet synthesized CoN2 by matrix isolation. This technique involves mixing the constituents of interest, here cobalt atoms and gaseous N2, in an inert gas, here argon, since it will not react with any species in the mixture. Cooling to 10 K then condenses the mixture to a solid phase on a glass plate, trapping CoN2 molecules that form upon mixing in an inert argon matrix. This process allows for spectroscopic experiments, but crystal structures are still inaccessible because single crystals cannot be grown in a matrix. IR spectroscopy of the sample strongly suggested that N2 binds side-on to cobalt. When N2 was introduced as a mixture of 14N2/14N15N/15N2, three signals were observed: 2101.0 cm-1 due to 14N2, 2066.5 cm-1 due to 14N15N, and 2029.5 cm-1 due to 15N2. Similar systems with N2 bound end-on result in four signals, one due to 14N2, two due to 14N15N, and one due to 15N2. The side-on binding gave only a single 14N15N stretching frequency because the two possible structures are redundant (Figure 1), whereas for end-on binding, the distinct M–14N–15N and M–15N–14N structures will correspond to two stretching frequencies. This evidence was accepted by the chemical community and established the first side-on binding of N2 to a metal.


[image: image1.emf]
Figure 1. The redundancy of the 14N15N stretch when N2 binds side-on to cobalt.

Pez, G. P., Agpar, P., Crissey, R. K., “Reactivity of [μ-(η1:η5-C5H4)](η-C5H5)3Ti2 with Dinitrogen. Structure of a Titanium Complex with a Triply Coordination N2 Ligand,” J. Am. Chem. Soc. 1982, 104, 482-490.

With the first side-on N2 ligand postulated in 1974 with little evidence,3  refuted in 1976 by X-ray crystallography,4 and the first such N2 ligand determined spectroscopically in 1973,
 crystallographic evidence of side-on N2 binding eluded chemists until 1982. Crissey et al. found that the treatment of [μ-(η1:η5-C5H4)](η-C5H5)3Ti2 (1)
 with N2 in dimethoxyethane, then THF, and finally isopentane in diglyme, gave compound 5 whose structure could be determined by X-ray crystallography. This structure is shown in Figure 2; the unit cell also contains a diglyme entity whose structure is omitted for simplicity. The N2 ligand binds to three Ti atoms, giving the first characterized μ3-N2 compound. The overall bonding of N2 can be described as an η1-bond to one Ti atom of one molecule of 1 and a simultaneous η2-bond to both Ti atoms of a second molecule of 1. The N2 bond length of 1.30 Ǻ is significantly longer than 1.098 Ǻ in free N2, part way between typical –N=N– double bonds (1.24 Ǻ) and >N–N< single bonds (1.44 Ǻ), and longer than most other N2 coordination complexes. The N2 IR stretching frequency of 1282 cm-1 is far below the free N2 value of 2331 cm-1. Both observations point to substantial N2 functionalization. Compound 5 is stable in solution under N2, though H2 displaces N2 irreversibly. Although only trace NH3 was liberated upon treatment of 5 with HCl, treatment of its ethereal solutions with water gave 90% yields of NH3/H2NNH2 mixtures to which 5 is stable. The ability to functionalize N2 and tolerate the presence of these products foresees the possibility of a chemical N2 reduction system.
J. Am. Chem. Soc. 1982, 104, 483, Figure 2.

http://pubs.acs.org/doi/pdf/10.1021/ja00366a017
Figure 2. ORTEP view of the N2-containing unit in the unit cell of 5.

J. Am. Chem. Soc. 1982, 104, 486, left column, middle figure.

http://pubs.acs.org/doi/pdf/10.1021/ja00366a017
Figure 3. Structure of a THF adduct of 1, the ‘upper’ η1-N2 subunit of 5.

J. Am. Chem. Soc. 1982, 104, 486, left column, bottom figure.

http://pubs.acs.org/doi/pdf/10.1021/ja00366a017
Figure 4. Structure of a hydroxy derivative of 1, the ‘lower’ η2-N2 subunit of 5.

Chomitz, W. A.; Arnold, J. Chem. Commun. 2007, 45, 4797.

The authors describe a new tetradentate ligand of the form [P2N2] that chelates to several transition metals to help facilitate dinitrogen coordination. This ligand consists of a secondary amine, tertiary amine, and two diisopropyl phosphines. The authors demonstrate that the ligand coordinates to smaller metals like titanium in a κ3-fashion, as the metal center is too crowded to interact with both phosphines. X-ray crystallography and paramagnetic NMR studies established the nature of the dinitrogen adduct. Some of the more central metals such as manganese can coordinate both phosphines and the amido group, but do not have access to the amino group. Coordination with iron and exposure to dinitrogen allowed for moderate activation of the N-N bond, but the complex was able to bind dinitrogen reversibly. Though zirconocenes have been known to bind to nitrogen in a side-on fashion, the P2N2 ligand is one of the few complexes that results in such a large degree of activation, as the N-N bond lengthens from the equilibrium value of 1.098 Å to 1.576 Å. With the knowledge that a structure such as that of the ligand demonstrated in this paper can account for a reasonable degree of activation of dinitrogen in many compounds, future studies could focus on customizing the ligand system for each metal to find the best system of dinitrogen activation.

Knobloch, D. J.; Toomey, H. E.; Chirik, P. J. J. Am. Chem. Soc. 2008, 13, 4248.

This paper presents the synthesis of an N-N’-dicarboxylated hydrazine from dinitrogen and carbon dioxide using a zirconium catalyst. A µ-η2-N2 bridged permethyl zirconocene dimer was used in place of previously studied hafnocene dimers. Exposure of the dinitrogen complex to carbon dioxide resulted in quantitative conversion to the carboxylate. This new substrate was bound to each zirconocene through one oxygen atom and one nitrogen atom. Although the authors were unable to obtain a crystal structure, NMR evidence strongly suggests a C2 symmetric system. This regioselectivity contrasts starkly to work previously done by the Chirik group in which the dinitrogen was N,N-dicarboxylated. Isotopically labeled carbon dioxide and dinitrogen were used in separate experiments to further buffet the authors’ claims. The authors were able to cleave the coordinated hydrazine with an electrophilic alkyl or silyl group, specifically methyl or TMS triflate. With this transformation enacted, the authors believe that this process could be expanded to create a wide variety of chemical feedstocks.

Hanna, T.; Bernskoetter, W.; Bouwkamp, M.; Lobkovsky, E.; Chirik, P. J. Organomet. 2007, 26, 2431.

This paper details a partially methylated titanocene dimer that binds dinitrogen side-on. This complex is significant because many previous works focused on second and third row metals and titanium had not been extensively studied. The authors obtained a crystal structure of a hexamethyl titanocene dimer and found a moderately activated dinitrogen bridging ligand, with an N-N separation of 1.216 Å, indicative of an [N2]2- complex. Upon analysis of the X-ray crystallography data, the authors noted that the centroids of the cyclopentadienyl ligands nearly lie in the same plane, which limits the degree to which π-back bonds occur. In order to force this angle closer to 90˚, the authors bridged the titanocene with ansa silyl groups, which was intended to increase the exposed area of the metal complex as well as its electrophilicity. Introduction of a tert-butyl group afforded a tris(dinitrogen) system that, unfortunately, bonded end-on. Although they were not able to find more side-on bonded dinitrogen titanium complexes, they reached the important finding that similar dinitrogen complexes formed by zirconium were able to bind side-on because the zirconium center was less affected by the steric environment created by the ligands.

Pun, D.; Lobkovsky, E.; Chirik, P. J. Chem. Commun. 2007, 31, 3297.

The authors tested various dinitrogen compounds to determine their suitability as catalysts to perform the dehydrogenation of dimethylammoniaborane. They found that a dimeric tetrakis(trimethylsilyl) titanocene bridged by an end-on dinitrogen served as an excellent catalyst, with over 420 turnovers per hour. This is approximately one order of magnitude greater than the next most effective catalysts. The presence of silyl groups on the ligands tended to diminish the catalytic activity of the complexes aside from the successful complex noted above due to the relative electron withdrawing capacity of silyl substituents. Upon performing kinetic studies with a slightly less active catalyst, the authors proposed a mechanism. The ammoniaborane first performs an oxidative addition on the catalyst, followed by a β-hydride elimination to generate the B=N species, which is then free to dissociate. The resulting dihydride species can then form dihydrogen through a reductive elimination step.

Pool, J. A.; Lobkovsky, E.; Chirik, P. J. J. Am. Chem. Soc. 2003, 125, 2241.

The authors extensively studied the kinetics of reductive elimination on early metals and proceeded to use it as a mild way to bind dinitrogen. They used partially silylated zirconocene alkyl hydride catalysts to perform reductive eliminations of isobutane. In the process, the authors found a cyclometallated species through the TMS group on one of the cyclopentadiene rings. Extensive isotopic labeling studies showed that the reductive elimination did not proceed through the direct pathway involving an elimination of the alkyl and metal-bound hydride. The authors found that it occurred through a reductive elimination proton transfer to a Cp ring followed by an oxidative addition of the TMS group to the metal center, reductive elimination of the alkyl group with the hydride derived from TMS, and finally, the oxidative addition proton transfer back to the metal. Kinetic studies showed that this process proceeded significantly faster in the presence of an increased number of TMS groups on the Cp ring. Upon studying the reductive elimination of alkanes, the authors then moved to nitrogen fixation. The silylated zirconocene catalysts were able to create a dimeric µ2-η2-N2 species with an especially long N-N bond length of 1.47 Å as verified by x-ray crystallography. Kinetic data indicated that the formation of the dinitrogen bound compound likely resulted from a reductive elimination of the cyclometallated species.

Pool, J. A.; Lobkovsky, E.; Chirik, P. J. Nature, 2004, 427, 527.

The authors detail stoichiometric methods by which ammonia can be generated from dinitrogen. They first prepare a µ2-η2-N2 complex by reducing a zirconocene with sodium amalgam in the presence of dinitrogen. This results in a fairly activated dinitrogen with an N-N bond length of 1.377 Å and a dihedral angle between the two zirconocenes of 65.3˚. The authors confirmed with labeling studies that the dinitrogen undergoes one N-N’ hydrogenation while forming both metal hydrides. X-ray studies indicate that the N-N bond distance greatly increases in length. This is one of the first instances of hydrogenation of a bound dinitrogen complex. Unlike the industrial process, this hydrogenation occurs at room temperature and one atmosphere. Further hydrogenation at slightly elevated temperatures lead to the liberation of ammonia. Although water can cause the liberation of ammonia from a dinitrogen complex, the authors provided evidence for the thought that ammonia liberation was not a result of residual water, as the hydroxide complex expected through water-induced ammonia production was not observed.

Jaroschik, F.; Momin, A.; Nief, F.; Le Goff, X. F.; Deacon, G. B.; Junk, P. C. Angew. Chem. Int. Ed. 2009, 48, 1117.

The authors present some of the initial work on organoneodymium complexes and specifically look at tuck-in complexes and dinitrogen fixation. A rare divalent Nd complex is isolated as an adduct of an 18-crown-6 potassium iodide complex. This oxidation state is confirmed through SQUID magnetometry measurements and UV-Vis spectra indicative of characteristic f to f transitions typical of lanthanoids as well as f to d transitions typical of previously isolated divalent lanthanoid complexes. Upon standing, this complex then forms a tuck-in metallacycle arising from the C-H bond activation of one of the tert-butyl substituents on the cyclopentadiene ring. After isolating crystals, the authors were able to confirm the first tuck-in lanthanoid complex, indicating the potential of lanthanoids to perform oxidative additions. Upon exposure of the bis(cyclopentadienyl) neodymium complex to reductive conditions and dinitrogen, the authors were able to isolate crystals of the η2-bridged dinitrogen complex with a moderately activated dinitrogen, as indicated by a N-N bond length of 1.23 Å and a Raman vibrational band of 1622 cm-1 as compared to 2311 cm-1 for free dinitrogen.

Bernskoetter, W. H.; Olmos, A. V.; Lobkovsky, E.; Chirik, P. J. Organomet. 2006, 25, 1021.

The authors present the first example of a side-on dinitrogen hafnocene complex and study the hydrogenation and thermolysis of the nitrogen-bound complex. They prepared the dimeric dinitrogen compound via the diiodide complex and obtained an X-ray structure, which indicated a very strong activation as evidenced by an N-N bond length of 1.423 Å with a dihedral angle of 65.3˚. This indicates that the dinitrogen can be considered as [N2]4-, which is corroborated by the imine-like frontier molecular orbitals shown in a density functional theory calculation. Upon hydrogenation at 4 atm, the hafnocene complex behaves similarly to the zirconocene complex as it forms the dimeric hafnocene hydride bridged by N2H2. Kinetic studies under pseudo-first order conditions show that the hydrogenation of the hafnocene complex is 4.3 times faster than the zirconocene complex with a kinetic isotope effect of 1.7. This KIE lends credence to an H bond forming step as the rate determining step. In order to rationalize the increased activation of dinitrogen and the faster hydrogenation, the authors formed the dicarbonyl complex of the octamethylhafnocene complex and showed that the hafnium center possesses more electron density than the analogous zirconium center. The authors then heated the hafnocene complex and found that the methyl groups adjacent to the hydrogen on the cyclopentadiene ring undergo cyclometallation to eventually form methylene bridges between the cyclopentadiene ring on one metal center to the opposite hafnium.

Spencer, L. P.; MacKay, B. A.; Patrick, B. O.; Fryzuk, M. D. Proc. Natl. Acad. Sci. 2006, 103, 17094.

The authors report a new bimetallic tantalum [PN2] complex that binds dinitrogen in an η1- η2 fashion to generate ([N2P]Ta)2-(µ2-H)2-(µ2-η1:η2-N2) in which the dinitrogen bond can be broken upon the addition of zirconocene tetrahydride. Unlike previous work that had shown that molecules of the type E-H add to the tantalum complex to form tantalum hydrides and E-functionalized nitrogen, the authors made the important discovery that the addition of [Cp2ZrClH]x did not produce a tantalum hydride species. Upon further investigation through NMR studies, the authors found that the N-N bond of dinitrogen had been cleaved to form the phosphinimide ([NP(N)N]Ta)(µ2-H)2(µ2-N)(Ta[NPN])(ZrCp2) (shown below), as confirmed through x-ray crystallography. Noting the absence of the Cl and H present in the starting zirconocene, the authors instead tried the reagent [Cp2ZrH2]2 and found the same product in higher yield, while also expelling dihydrogen. The addition of a zirconocene coordinated to two L ligands resulted in the same product, which lead the authors to believe that the hydrides undergo reductive elimination to leave behind the reactive zirconocene fragment. Although the proposed mechanism is unclear, the authors suggest that this process could result from a two-electron inner-sphere reduction mediated by the zirconocene.

[image: image2.wmf]
Morello, L.; Love, J. B.; Patrick, B. O.; Fryzuk, M. D. J. Am. Chem. Soc. 2004, 126, 9480.

The authors report a method to form C-N bonds from a dinitrogen zirconium complex and terminal alkynes. Upon addition of two equivalents of alkyne to an η2-dinitrogen complex, one alkyne binds to a nitrogen atom to result in an E-alkene while the other bridges the two zirconium atoms. The structure was confirmed through X-ray crystallography since NMR spectra were inconclusive. In order to postulate a reasonable mechanism, the authors performed kinetic studies by deuterating on the terminal position of the alkyne. Comparison of the rate constants lead to a determination of a kinetic isotope effect of 1.0 indicating that C-H/D bond breaking or forming was not involved in the rate determining step. They then proposed a mechanism involving a [2+2] cycloaddition with a Zr-N bond with the terminal end of the alkene facing towards the nitrogen. This allows for the proper stereochemistry of the alkene, although there is significant steric repulsion between the substituted end of the alkyne and the ligands. There is no H bond breaking or forming in the proposed rate-determining step. Fluxional analysis indicates that the molecule does exhibit a vibrational mode consisting of compression and relaxation at moderate temperatures.

� Vol’pin, M. E., Shur, V. B., Doklady Akad. Nauk S.S.S.R. 1964, 156, 1102.


� Bottomley, F., Nyburg, S. C., “Molecular Nitrogen as a Ligand: the Crystal Structure of Nitrogenopentammineruthenium(II) dichloride,” Chem. Commun. 1966, 897-898.


� Bercaw, J. E., Marvich, R. H., Bell, L. G., Britzinger, H. H., “Titanocene as an Intermediate in Reactions Involving Molecular Hydrogen and Nitrogen,” J. Am. Chem. Soc. 1974, 94, 1219-1238. The side-on configuration was favoured by the authors over the end-on because (a) this mode was necessary to give the Ti center a pseudo-tetrahedral geometry, which they observed for all other titanocene derivatives, and (b) the side-on mode corresponded to an 18-valence electron complex, the end-on, only 16 electrons (p. 1233).
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� The structure of 1 is seen in Figure 3 as the THF adduct.
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