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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
Literature Review Powerpoint Script

Periodic table

The elements to the far right hand side of the periodic table are commonly referred to as the noble gases.  Going down the column they include helium, neon, argon, krypton, xenon, and radon.  They are rare gases, with scarcity increasing down the column.  Making them unique among the elements, they all have a full electron valence shell.  Because of this full valence shell, the noble gases have remarkably low reactivity, and are commonly thought of as completely inert.  However, this is a common misconception.  Though noble gas complexes and compounds are often very difficult to synthesize and not found in nature, they do exist.     
Noble Gases:  What’s in a Name?

One of the founders of modern chemistry, Linus Pauling, predicted the possibility of noble gas (NG) compounds in 1932 in his groundbreaking paper, “The Nature of the Chemical Bond. IV. The Energy of Single Bonds and the Relative Electronegativity of Atoms”.  Pauling postulated that with the concepts of electronegativity and electron shielding, it was not inconceivable for the heavier NG’s to react.  Because the outermost electrons experience high electron shielding in a very large atom such as Xe, they are “held” much more loosely than electrons in smaller atoms.  Thus, ideal conditions for a NG reaction would be if a heavy NG were to meet a highly electronegative or oxidizing atom or molecule, such as fluorine.  Though Pauling predicted the possibility of NG compounds in 1932, it was not until 30 years later that the prediction became a reality.

The first of its kind:

In 1962, Neil Bartlett published the first paper describing a NG compound. Published in the Proceedings of the Chemical Society of London, this ridiculously brief communication (only three paragraphs) was the start of noble gas chemistry.  Bartlett had recently synthesized dioxygenyl hexafluoroplatinate(V), O2+PtF6-.  Noting that the first ionization potential of molecular oxygen, 12.2 eV, was only slightly less than that for xenon, 12.13 eV, he reasoned xenon could be oxidized by the hexafluoride.  He was correct in his reasoning.  The titration of xenon with platinum hexafluoride yielded an orange-yellow solid which Bartlett claimed was a 1:1 compund, XePtF6.  Bartlett’s only characterization involved monitoring the treatment of the solid with water vapor which evolved xenon and oxygen gas, platinum dioxide, and hydrofluoric acid.  He concluded that the compound is ionic with Xe+PtF6-.  However, there is still ongoing debate as to the exact composition of Bartlett’s product, and more recent experiments and publications have concluded that the product is in fact a mixture of xenon fluoride cations and platinum fluoride anions.  The more modern conclusions confirm Pauling’s initial prediction that a heavy noble gas, xenon, would bond with very electronegative atoms, fluorine.

Matrix Isolation Studies

The next big event in noble gas and metal chemistry was in 1975, when the Perutz and Turner undertook the first systematic study of transition metal centers in noble gas matrices also referred to as noble gas solvents.  This paper is significant because it provides the first evidence for noble gas interaction with a metal center.  This was a huge breakthrough in noble gas chemistry, because previously they had only been observed to interact with fluorine, the most electronegative of atoms.  Perutz discovered that the photolysis of M(CO)6 yields M(CO)5 fragments with a square pyramidal geometry and an empty sixth coordination site.  
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The difference between M(CO)6 and M(CO)5 is evident by IR and UV-Vis spectroscopy.  The first set of images shows the IR and UV-Vis spectra of Cr(CO)6.   After photolysis, Cr(CO)5 is produced as seen in the second set of spectra.   Cr(CO)6 can be regenerated with further photolysis as seen in the final set.   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 also tested e.g. 2% Ne in Xe, they saw that two separate visible bands for the M(CO)5 compounds were produced.  If general matrix effects were the cause of the spectra shift, only a single band, an average of the bands from the separate solvents, would have appeared.  They inferred that two separate bands corresponding to each solvent indicated that specific interactions between the metal and the matrix species were occurring corresponding to a weak NG-metal “bond”.  
XeF2:  A Noble Ligand

In 1991 Hagiwara in conjunction with the previously mentioned Bartlett used XeF2 as a ligand to a metal center.  This marks a huge step in metal-noble gas chemistry because it was the first instance of a molecule with a noble gas acting as a ligand.  [Ag(XeF2)2]AsF6 was first prepared by making a solution of Xe and AgFAsF6 in anhydrous hydrogen and then removing the solvent.  In this case the Ag(II) oxidizes the Xe to XeF2 and yield Ag(I).  This reaction lead to production of three phases, the third being [Ag(XeF2)2]AsF6.   The production of a XeF2 ligand matches with Pauling’s prediction that large noble gas atoms would be able to form bonds with highly electronegative atoms.  The product was also generated in pure form by the combination of XeF2 and AgFAsF6 in HF or by melting AgFAsF6 in liquid XeF2 and 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. 
XeF2:  Further Advances

The ligand XeF2 had 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 [AsF6]- ligands.  Tramsek and Zemva were the first to produce a naked metal cation, calcium(II), coordinated exclusively to XeF2 molecules, a homoleptic center, or center with exclusively one specific ligand.  Though, 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 contains two unique Ca atom centers.  
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The compound can be written as a salt, [Ca(XeF2)5(XeF2)4/2]2+[Ca(AsF6)4(XeF2)4/2]2-.  The homoleptic center, has nine XeF2 ligands coordinated by the fluorine.  Four ligands 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.  Tramsek and Zemva postulate that this crystal structure is favored because the [AsF6]- compensate and stabilize the otherwise positive charge of the structure.     
New Techniques

1999 saw the first spectroscopic investigation of the complexes Ar-AgX (X = F, Cl, Br).  These complexes were produced using molecular jets of gas alongside laser ablation of silver.  Observed microwave rotational spectra showed equally spaced lines consistent with a linear molecule.  The Ar-Ag stretching frequency was found to be ~140 cm-1 and the bond length ranges from 2.56 to 2.64 Å.  DFT calculations were also performed that gave predictions similar to the experimental values.  The researchers concluded that the Ar-Ag interaction for these complexes is somewhere between a van der Waals interaction and a true chemical bond on the basis of a much higher stretching frequency and higher bond dissociation energy than is typical for van der Waals complexes.  That said, the stretching frequency and bond length are below those of typical covalent bonds.  This paper is the first in a series of papers using this procedure of molecular jets and laser ablation to record microwave specta of metal – noble gas compounds.  Later studies examined similar complexes with different metal centers (Cu and Au).

Probing Reactivity

This paper is an instructive look at a kinetics study of the reactivity of metal – noble gas compounds.  The authors studied the substitution of CO for Xe in 
(η5-C5R5)M(CO)2L (M = Mn or Re; R = H, Me, or Et (Mn only); L = Kr or Xe) complexes.  Notably, this reaction was performed in supercritical Xe (or Kr) as solvent, in the presence of some amount of CO.  The use of a supercritical solvent allowed tweaking of the concentration of Xe through adjustments of pressure.  Eyring and Arrhenius plots (right hand side of slide) were made to calculate important thermodynamic quantities.  They demonstrated that the substitution reaction occurs via a dissociative mechanism by showing that kobs (for the ligand substitution of CO for Xe) has a first order dependence on [CO] but no dependence on [CO] if the ratio [Xe] / [CO] is kept constant (left hand figure).  Finally, looking at the series of Cp ring substituents and the observed rates for this reaction, the researchers were able to make conclusions about the electronic and steric effects on the rate (ie the steric bulk of the substituents increases from H < Me < Et and Me and Et will give very similar electronic effects).  kobs​ was found to be roughly equal for the substituents H and Me, and about double for Et, indicating that steric factors are in control of the rate.
M-Ng bonds room for theory

In 1995, Professor Pekka Pyykko, of the University of Helsinki, published the first paper theorizing the stability of the Noble gas – gold ion bond. He had many motivations for studying this bond, including the existence of the isoelectronic series PAuP5-, SAuS3-, and ClAuCl-, with the next member of the series being NgAuNg+. Pyykko calculates bond lengths, vibrational frequencies, and atomization energies for NgAu+ and NgAuNg+.  The results suggest that He and Ne would form weak complexes with Au+, while Kr and Xe would form stronger bonds with increasing covalent character. He also found 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).
In 2000, Pyykko’s predictions were realized through the experimental work of Seidel and Seppelt…

Great leaps forward

This paper marked the most important advance in the study of metal – noble gas compounds since Bartlett’s original preparation of Xe[PtF6].  This accidental discovery was the first isolable compound that displayed direct metal – noble gas bonding.  The authors had originally set out to prepare the Au(I) compound AuF through reduction of AuF3 in fluoroantimonic acid.  The salt AuXe42+(Sb2F11-)2 was isolated and studied through X-ray crystallography and Raman spectroscopy.  The cation featured a square planar orientation of Xe atoms around the Au center, with coordination of the anion above and below the plane.  Au-Xe bond lengths ranged from 272.8 to 275.0 pm, slightly shorter than predicted through DFT calculations.  Raman spectra were in line with predicted vibrational modes from DFT calculations.  In this compound, Xe acts as a σ donor towards Au2+, so the positive charge of the cation is centered mostly on the Xe atoms (each has a charge of about +0.4).  This is also seen in the theoretically calculated charge distribution.

New Directions

This paper was the first demonstration of an actinide – noble gas complex.  CUO was prepared in a noble gas matrix by laser ablating uranium into an atmosphere of noble gas and CO at 4 K.  IR spectroscopy was then used to study the molecule in the noble gas matrix.  The researchers found absorptions at 872.2 cm-1 and 1047.3 cm-1, corresponding to the U-O stretch and the U-C stretch, respectively, when this was performed using a Ne matrix.  However, when the matrix is changed to Ar, the above frequencies are decreased to 804.3 cm-1 and 852.5 cm-1.  Such large changes cannot be assigned to the effect of a more polarizable matrix.  This led the researchers to conclude that the matrix is forming a complex with the uranium atoms.  This was supported further by using a mixed matrix of Ne doped with 1% Ar, which gave a spectrum showing all four of the described peaks (lower right picture).  DFT calculations were also applied to this molecule and also suggested an interaction between the uranium center and the noble gas with a dissociation energy of 3.2 kcal / mol.  DFT calculations predicted a bent configuration for the complex, with the noble gas atom interacting more strongly with the U-C bond (upper left picture).  This makes intuitive sense, as well, because the U-C stretch frequency is changed more by the formation of these complexes than the U-O stretch.  DFT calculations and the collected data lead the authors to conclude that the interaction between the metal center and the noble gases is a true chemical bond.

M-Ng bonds more room for theory
Significant theoretical work has gone into noble gas – metal chemistry, including both predictive theories (such as the Pyykko paper discussed previously) as well as papers providing theoretical models and descriptions for the interactions. Some of the most recent significant work has been done in this area, including a paper published in 2008 by Breckenridge, Ayles, and Wright. Their paper provides a theoretical examination of what is occurring in the Au+-Ng 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 the fit parameter Z ≈ 1.00 and thus covalent bonding is negligible, whereas if Z > 1.0 the fit parameter has increased unnaturally to account for the covalent attraction not described by the physical terms in the model. Based on results for Alk+-Ng complexes the authors suggest 1.1 be considered the boundary between physical attraction and covalent bonding. You can see the results of these calculation in table 2. According to the authors these studies show conclusively that a partial chemical bond is formed in the Au+-Kr and Au+-Xe systems. The studies do not show some covalent characteristics for the Au+-Ar system, however the data in not conclusive and thus it is left unclassified covalent or physical. The data does however show that the the Au+-Ne system is not covalent and thus it is described as purely a physical relation.
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Along similar lines, Belpassi, et al. published a theoretical paper examining NgAuF and NgAu+ bonds. In order to achieve their model they use state-of-the-art detailed computer modeling. A detailed understanding of their calculations is beyond the scope of this discussion, 

 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 (as seen in the figure). 
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While the Ar-Au bond is of similar strength in both complexes, Kr bonds stronger to the 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 (as seen in the figure on the right). 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. 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 (1060). Also, they note that this is present in all of the complexes they study, including Au-Ar, and only becomes more pronounced in Kr and Xe. 

So, are the Ng-Au bond covalent? From these papers we say it is, at least for the Kr and Xe cases. But these are recent theoretical models and are still up for experimental confirmation or, as the case may be, evidence that a different model is more accurate. While these papers mark the latest thinking in the field, the next few years shall show us if they are actually the best models possible.

Nobel Gas Chemistry
We have seen the advancement of the field of noble gas – metal chemistry, and have tried to put in perspective some of the people who made this possible. Here is a “who’s who” of atypical noble gas chemistry, including many of the scientists we have highlighted in this presentation, as well as others that have made advances in this area of study. However, this field is young and there is room for significant further work, meaning this list will continue to grow as more scientists join the search for an understanding of noble gas chemistry.

Nobel Gas Chemistry 2

Since the first noble gas compound was synthesized in 1962 the field of noble gas chemistry has grown by leaps and bounds. While few direct applications have come from the work the chemical understanding that has grown from it has been astounding, leaving many previous ideas to be reconsidered. This field is young though, and there is much work yet to be done – including new compounds to be theorized and discovered and providing a better understanding for those that we have already seen. 2012 marks 50 years of noble gas chemistry, and if this past decade is any indication, the future of the field looks promising indeed.














































