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This document 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 went through two rounds of peer review.

Xenon Hexafluoroplatinate(V) Xe+[PtF6]-
Bartlett, N. Proceedings of the Chemical Society of London, 1962, (JUN), 218-&.

In this incredibly brief communication, Bartlett describes the first charge transfer compound synthesized containing a noble gas atom which is stable at room temperature.  By performing a tensimetric titration of xenon with platinum hexafluoride, Bartlett claimed a 1:1 compound, XePtF6, was produced.  Bartlett implies that the compound is ionic with Xe+PtF6-, however later experiments discourage this conclusion.  The main arguments used to support his conclusion are comparison of the reaction performed with the synthesis of O2+PtF6- and analysis of the hydrolysis products of the compound.

Photochemistry of Group 6 Hexacarbonyls in Low-Temperature Matrices. III. Interaction of the Pentacarbonyls with Noble Gases and Other Matrices.

Perutz, R. N.; Turner, J. J. Journal of the American Chemical Society, 1975, 97 (17), 4791-4800.

The photolysis of M(CO)6 yields M(CO)5 fragments with a square pyramidal geometry and an empty sixth coordination site.  Perutz and Turner explored whether differences in UV-vis and IR spectra of these fragments (M= Cr, Mo, and W) within different solvent matrices, especially noble gases, was a result of general matrix effects or stereospecific interactions between the pentacarbonyl and the solvent species in the empty coordination site.  They noted that the visible absorption band of Cr(CO)5 is very sensitive to the matrix used.  In mixed-matrix experiments, where the matrix was not a pure solvent but contained some percentage of another solvent e.g. 2% Xe in Ne, they observed two separate visible bands for the M(CO)5 compounds.  They inferred that two separate bands corresponding to each solvent rather than an averaging of M(CO)5’s band in each solvent indicated that specific interactions between the metal and the matrix species were occurring.  If general matrix effects were the cause of the spectral shift, only a single band, an average of the bands from the separate solvents, would have appeared.  Further evidence for this theory was provided in filtered photolysis experiments and supporting IR spectra of the mixed-matrix combinations.  The former experiments illustrated the conversion of Cr(CO)5-(matrix component A) to Cr(CO)5-(matrix component B) by monitoring the changes in the visible spectra with filtered photolysis.  Monitoring the filtered photolysis of mixed-matrix combinations with IR spectra indicated that there were bond angle differences between Cr(CO)5-A and Cr(CO)5-B.  With this data, they concluded that there was a weak matrix species-metal bond and that small changes in the axial-radial bond angle were dependent upon the matrix species in the sixth coordination site.

The crystal structure of [Ag(XeF2)2]AsF6 formed in the Oxidation of Xe by AgFAsF6
Hagiwara, R.; Hollander, F.; Maines, C.; Bartlett, N. Eur. J. Solid State Inorg. Chem. 1991, 28, 855-866. 

This is the first time that XeF2 was utilized as a ligand for a metal center.  [Ag(XeF2)2]AsF6 was first prepared by creating a solution of Xe and AgFAsF6 in anhydrous hydrogen and then removing the solvent.  This reaction lead to the production of three phases, the third being [Ag(XeF2)2]AsF6.  The product was also generated in pure form by the combination of XeF2 and AgFAsF6 in HF or by melting AgFAsF6 in liquid XeF2.  Its crystal structure was determined.  Sheets of AgFAsF6 are present in the crystalline form, and the XeF2 ligands are situated between these sheets.  Each Ag(I) is coordinated to four XeF2 ligands via the fluorine atoms, and each XeF2 molecule is complexed to two metal centers.  
Predicted Chemical Bonds between Rare Gases and Au+
Pyykkö, P., Journal of the American Chemical Society 1995, 117 (7), 2067-2070.
This is the first paper to explore Au-Ng bonds (where Ng = noble gas; e.g. He, Ne, Ar, Kr).  In it, Pyykkö predicts the existence of stable Au-Ng compounds.  He presents calculated bond lengths, vibrational frequencies, and atomization energies for NgAu+ and NgAuNg+.  The results indicate that Ng bonded with Au would be stronger than with the other coinage metals.  They also suggest that He and Ne would form weak complexes with Au+, while Kr and Xe would form stronger bonds with increasing covalent character.  He predicts a bond length of about 276 pm for Xe, close to the sum of covalent radii.  It is also worth noting that the Ng donates a significant portion of the electron density in the Ng-Au bond.  The paper concludes by stating that in the presence of ionized Au, the formation of Ng-Au+ bonds is energetically favorable, releasing 0.3 eV for a Ar-Au bond, 0.5 eV for Kr-Au bond, and 0.9 eV for a Xe-Au bond (where the latter bonds are significantly more covalent).
Xenon as a Complex Ligand: The Tetra Xenono Gold(II) Cation in 
AuXe42+(Sb2F11-)2
Seidel, Stefan, Seppelt, Konrad Science, 2000, 290, 117-118.

This paper documents the accidental discovery of the cation AuXe42+, prepared by the reduction of AuF3 by Xe with fluoroantimonic acid.  This cation was found to form crystals of AuXe42+(Sb2F11-)2, which were stable up to around -40 °C.  Notably, this was the first preparation of an isolable metal-noble gas complex featuring direct metal-noble gas bonding.  This allowed X-ray crystallographic study of the product, the first such study to be performed on a metal-noble gas complex.  The X-ray data indicated that the cation assumes a square planar arrangement, with Au-Xe bond lengths ranging from 272.8 to 275.0 pm.  Raman spectroscopy provided results in agreement with predictions made from DFT calculations.  The authors conclude that Xe “functions as a σ donor towards Au2+” in the studied complex.  This is supported by calculations indicating that a majority of the positive charge is located on the Xe atoms.  The authors suggest that this may be due to the unusually high electronegativity of Au.
The Microwave Spectra and Structures of Ar-AgX (X = F, Cl, Br)
Evans, Corey J., Gerry, Michael C. L.  Journal of Chemical Physics, 2000, 112, 1321-1329.

This paper documents a study of complexes of silver halides with argon.  The study was carried out using an FT microwave spectrometer which utilized molecular jets to inject mixtures of Ar and halide over a silver rod subject to laser ablation by a pulsed Nd:YAG laser.  This marked the “first spectroscopic investigation of any kind for these [argon silver halide] complexes.”  The microwave spectra revealed equally spaced lines consistent with the spectra of a linear molecule.  Data indicate that the Ar-Ag stretching frequency is around 140 cm-1, and bond lengths range from 2.56 Å to 2.64 Å, both of which match well with DFT calculation predictions.  DFT calculations suggest that the dissociation energy for this bond is near 23.2 kJ mol-1, comparable to the dissociation energy of Ar-Ag+, measured to be 30.3 kJ mol-1 through electronic spectroscopy.  The researchers conclude that the interaction between Ar and Ag in these complexes is somewhere between a van der Waals interaction and a true chemical bond on the basis of shorter bond lengths and larger stretching frequencies and dissociation energies compared to true van der Waals complexes.  They cite Ar-NaCl as an example of a van der Waals complex, which shows the expected lower dissociation energy (7.9 kJ mol-1) and lower stretching frequency (21 cm-1).
An Investigation into the Reactivity of Organometallic Noble Gas Complexes:  A Time-Resolved Infrared Study in Supercritical Noble Gas and Alkane Solution at Room Temperature

Grills, David C., Sun, Xue Z., Childs, Gavin I., George, Michael W.  Journal of Physical Chemistry A, 2000, 104, 4300-4307.

In this paper, the kinetics of the noble gas complexes (η5-C5R5)M(CO)2L (M = Mn or Re; R = H, Me, or Et (Mn only); L = Kr or Xe) were investigated using infrared spectroscopy.  These complexes were studied through photolysis of (η5-C5R5)M(CO)3 in supercritical Xe or Kr in the presence of CO.  It was found that the C-O stretching frequencies were substantially shifted in the noble gas complex compared to the original tricarbonyl complex.  This allowed ready determination of kinetics data.  The mechanism of the substitution of CO for Xe was determined to be dissociative through measurement of the dependence of the rate constant on CO concentration and on CO concentration with a constant ratio [Xe] / [CO].  Similar studies were also performed on
(η5-C5R5)M(CO)2(n-heptane) systems to gain insight into the bond dissociation energy of the M-Ng bond.  Trends in the differences in rate constant for the systems with R = H, Me, or Et indicated that steric effects are in control in determining the reactivity of these complexes.  The complexes were shown to have about equal rates for R = H, Me and were about twice as reactive for R = Et.

Noble Gas-Actinide Compounds:  Complexation of the CUO Molecule by Ar, Kr, and Xe Atoms in Noble Gas Matrices

Li, Jun, Bursten, Bruce E., Liang, Binyong, Andrews, Lester Science, 2002, 295, 2242-2245.

Here, a study of noble gas complexes formed by the CUO molecule in noble gas matrices was performed through infrared spectroscopy.  The uranium-noble gas complex was formed through laser ablation of uranium into a noble gas and CO atmosphere.  This paper reported the first evidence for a noble gas–actinide complex.  It was found that the stretching frequencies observed for CUO in a Ne matrix were significantly higher from those observed in an Ar, Kr, or Xe matrix.  Further, both sets of stretching frequencies were observed for CUO in a Ne matrix doped with 1% Ar.  This led the authors to conclude that the uranium molecule complexes with one or more noble gas atoms in these matrices.  DFT calculations were performed and found to show similar shifts in stretching frequency to those observed.  Further, calculations predicted that the noble gas atom interacts more strongly with the U-C bond, consistent with the greater change in stretching frequency for this bond, relative to the change in the stretching frequency of the U-O bond.  The authors conclude, on the basis of their experimental and theoretical results, that the interactions between the CUO molecule and noble gas atoms are weak chemical bonds, rather than van der Waals interactions.

First Compound Containing a Metal Center in a Homoleptic Environment of XeF2 Molecules.

Tramsek, M.; Benkic, P.; Zemva, B. Angew. Chem. Int. Ed.  2004, 43, 3456-3458.

The ligand, XeF2 has been extensively studied since 1991, when Bartlett discovered its ability to coordinate to gold.  However, up until this paper, all the compounds synthesized had consisted of a metal center coordinated to both XeF2 and [AF6]- ligands.  Tramsek and Zemva were the first to produce a naked metal cation, calcium(II), coordinated exclusively to XeF2 molecules, a homoleptic center.  Although a homoleptic metal center was synthesized, a compound with only homoleptic metal centers was not.  The reaction of Ca(AsF6)2 and a large of excess of XeF2 in anhydrous HF yielded Ca2(XeF2)9(AsF6)4.  Via extensive crystallographic analysis and Raman spectroscopy, they determined that this compound contained two unique Ca atom centers.  One, the homoleptic center, has nine XeF2 ligands coordinated by the fluorine.  Eight of the nine ligands are attached at the apexes of an Archimediean antiprism, while the final one caps one rectangular face of the prism.  The four ligands closest to the noncapped end each bridge to a second, nonhomoleptic calcium center.  The second calcium center’s ligands consist of the four bridging XeF2 molecules and four [AsF6]- ions.  Thus, the structure of the Ca2(XeF2)9(AsF6)4 unit cell is a sixteen member ring consisting of two of each type of calcium center connected by XeF2 bridging ligands.  The unit cell is connected into wavy layers which are then stacked on top of each other.  The author’s postulated that the positive charge on the Xe in the nonbridging ligands is stabilized by surrounding negatively charged fluorine atoms from the [AsF6]- ligands in the layer above.  

Evidence for Emergent Chemical Bonding in Au+-Ng Complexes (Ng = Ne, Ar, Kr, and Xe)

Breckenridge, W. H.; Ayles, V. L.; Wright, T. G., Journal of Physical Chemistry A  2008, 112 (18), 4209-4214.
The authors of this paper performed theoretical calculations on the Au+-Ng (Ng = Ne, Kr, Xe) systems in order to determine whether chemical bonding is occurring in the system. They utilized the long-range-forces model potential for M+-Ng species proposed by Bellert and Breckenridge in their calculations. If this model correctly describes the bonding of the system without any covalent interaction the fit parameter Z ≈ 1.00 and thus covalent bonding is negligible. If, on the other hand, Z is significantly greater than 1.0 the fit parameter has increased unnaturally to account for the covalent attraction, which is not described by the physical terms in the model. Based on results for alkyl noble gas compounds the authors suggest that compounds for which Z > 1.1 exhibit covalent interactions and cannot be solely represented by physical attraction. Natural bond order analysis was also undertaken to study the sharing of electron density between the Au+ and Ng molecules. 

According to the authors these studies show conclusively that a partial chemical bond is formed in the Au+-Kr and Au+-Xe systems. To this end they discredit the conclusion of Read and Buckingham who suggested that Au+-Xe was a completely physical interaction by explaining that the Read-Buckingham model does not produce the correct De value. Furthermore, the studies do not show any covalent characteristics in the Au+-Ne system. While the Z value from the potential model is >1.2 for Au+-Ar, this could be reduced below Z = 1.1 if the ignored higher order terms were considered, and the NBO model shows only small electron sharing, thus this system is left unclassified covalent or physical. These conclusions agree with those made by Pyykkö, et al. but refute those made by Read and Buckingham. The authors would like experimental measurements of bond distances and strengths for the Au+-Ng complexes to compare with their theoretical work and state that they are working on experiments to determine these values. 

The Chemical Bond between Au(I) and the Noble Gases. Comparative Study of NgAuF and NgAu+ (Ng = Ar, Kr, Xe) by Density Functional and Coupled Cluster Methods
Belpassi, L.; Infante, I.; Tarantelli, F.; Visscher, L., Journal of the American Chemical Society  2008, 130 (3), 1048-1060.
This paper extensively examines the NgAuF and Au+-Ng systems via the “best of current theoretical and computational” modeling. They undertake a fully relativistic DC-CCSD(T) and DFT calculation as well as an examination of electron density changes as Ng-Au bonds form via Dirac-Kohn-Sham calculations. A detailed understanding of the theoretical calculations that led to this picture are not essential to this literature review, however the conclusions that the authors draw are important. They find that the bond energies follow the trend Ar-Au < Kr-Au < Xe-Au for both NgAuF and NgAu+ systems. While the Ar-Au bond is of similar strength in both complexes, Kr bonds stronger to Au+ than AuF, and Xe even more so. This makes sense with the increasing polarizability of the noble gasses; however the bond lengths follow the opposite trend, being shorter in the fluorides than the ions (and thus we find the stronger bonds are longer, rather than shorter, as expected). The authors rationalize this with the distortion of electron density caused when F binds to the Au+, with increasing density away from the bond axis and decreasing along the bond axis. The authors also explain that the electron density rearrangement is far more complicated upon the formation of the Ng-Au bond than expected for such a weak interaction, including effects on the outer valence, inner valence, and even deep core electron regions. The authors also note that AuNg+ is more electrophilic than Au+ is. Finally, they state that the “main feature of the bond is a pronounced charge accumulation in the middle of the region between the Ng and Au nuclei, delimited on both sides by a zone of charge depletion particularly marked at the noble gas,” which indicates the covalent nature of this bond. Also, they note that that the bonding picture for all the noble gasses examined are similar, just more pronounced in the later noble gases. 
