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ABSTRACT 
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Gas-phase photoelectron spectroscopy was utilized to study a series of metal-metal 

bonded complexes. Molecular mechanics, Fenske-Hall and ab-initio theoretical 

calculations were performed on many of the systems. The central focus of all the studies 

was to identify metal-metal ionizations, and observe how ligands effects influence metal-

metal interactions. This information was then used to describe various physical and 

chemical properties of the species. 

The first group of compounds studied were molybdenum and mngsten triply-

bonded hexa-alkoxides of the form M2(OC(CH3)n(CF3)3.„)6 (where M=Mo, W and n=l, 2, 

3). The metal-metal TC and a ionizations were identified. It is observed that sequential 

fluorination of the ligands shifts all the valence ionizations. Because the shifts are found 

to be dominated by charge effects, the virmal levels are assumed to be equally shifted. 

This information was used to describe the similarity of the UV absorption spectra of the 

compounds. 

The next group studied are electron-rich single-bonded Rh(II)-Rh(II) complexes. The 

previously assigned PES data for Mo2(02CCF3)4 was used as a reference point when 

interpreting the data for Rh2(02CCF3)4. The electron configuration orbital ordering for 

the Rh-Rh bond in Rh2(02CCF3)4 is determined to be with the 6* and TZ* 

being nearly degenerate. It is observed that if the acetates are replaced with more 

electron-donating ligands, as with Rh2(02CCF3)2(form)2, Rh2(form)4 (form = N-N"-p-



tolylformamidine, CijHuNz) and Rh2(dpf)4 (dpf = diphenylformamidine, C,3HiiN2), the 

6* ionizations are destabilized relative to the other Rh-Rh ionizations. In addition, 

ligand-based ionizations overlap into metal-metal ionizations making it more difficult to 

interpret data. This information is then used to understand the data and electron 

structures of Rh2(pfb)4 (pfb = perfluorobutyrate, CF3(CF2)2C02'), Rh2(capy)4 (capy = 

caprolactamate, 'OC(CH2)5N), Rh2(OCCH3NCgH5)4 and Rh2(OCCH3NC6F5)4. 

Rh2(OCCH3NC6H5)4 and Rh2(C)CCH3NC6F5)4 provide examples where charge and 

overlap effects can be utilized to assign Rh-Rh ionizations. Rh2(pfb)4 and Rh2(capy)4 

exhibit very high and different product selectivities when employed as catalysts in 

reactions involving carbenes derived from diazo-carbonyl complexes. A mechanism for 

this catalysis is derived which correlates with the observed selectivities. 
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Compounds containing metal-metal multiple bonds have been studied quite 

extensively for the last 25 years due to their roles in biological chemistry, materials 

science and catalysis. Transition metals can sustain unique bonding modes with ligands, 

and with other metals that are inaccessible to main group elements. For complexes 

containing metal-metal interactions, these distinctive modes have provided pathways for 

many unique physical and chemical properties. Since the formulation of metal-metal 

multiple bonds, many theoretical and experimental efforts have been directed towards 

understanding the nature of these interactions and how various ligands can influence 

chemistry that occurs at the metal-metal site.' 

The various types of bonding 

which transition metals can undergo 

with each other has been well 

documented in the literature.' When 

two metal atoms are brought 

together, non-zero overlap of d-type 

orbitals allows five different symmetry bonding combinations (Figure 1). 

The positive overlap of two d^ orbitals forms a o-bonding combination. The positive 

combinations (d^+d^) and (d„-Ky form two 7t-bonding orbitals, and two 6-bonding 

orbitals are possible by the positive overlaps (d^y+d^y) and (d^.y2-Hi;t2.y2)- All of these 

a TZ 6 
Figure 1- Symmetry allowed interactions 
between d-orbitals. 



interactions have the corresponding anti-bonding combinations, and a basic formal bond 

order can be assigned based on the occupancy of the bonding and antibonding orbitals. 

This description is a classical molecular orbital description which neglects any extensive 

configuration interaction and assumes that a bond can be described by a single electron 

configuration. Despite it's simplistic approach, the assignment of nominal bond orders to 

metal-metal interactions supplies a model which is useful in classifying many 

compounds, and in discussing the abilities of ligands to tune the electroiuc environment 

at the M-M core. 

Many physical methods have been employed to study metal-metal interactions. Of 

these, photoelectron spectroscopy has proven to be the most direct method for probing the 

energies and ordering of metal-metal levels. In this dissertation, three classes of 

compounds containing metal-metal bonds will be discussed. The first class is electron-

poor triply bonded molybdenum and tungsten systems, the second being quadruply-

bonded molybdenum systems, and the last class being electron-rich singly-bonded 

complexes of rhodium. In all of these studies, photoelectron spectroscopy is the primary 

tool which is used to explore the electronic strucmres of the metal-metal interactions, and 

how these metal-metal orbitals are affected by ligand substitutions. 

Electron-poor Triply-bonded Molybdenum and Tungsten Hexa-alkoxides 

Triply-bonded molybdenum and mngsten hexa-alkoxide dimers, MjCOR)^ have been 

of interest to a variety of researches due to their wide range of applications. Chisholm 

and co-workers have published an enormous amount of work showing the ability of these 



systems to do everything from reductively couple ketones and aldehydes to produce 

olefins, to reacting in an intermolecular fashion to form extended polymers with electron-

rich metal-metal bonds that have potential uses as molecular wires.^ These systems have 

also been shown to be valuable as single source CVD precursors for the deposition of 

metal carbide, metal oxide, or metal. In addition, compounds with chiral alkoxides have 

been synthesized and may prove to be capable of asymmetric induction reactions. 

Overall, these compounds have been the focus of many research efforts.^' 

More specifically, our recent interests have been in studying electronic structure 

effects in fluorinated alkoxides of Mo and W. Gilbert and co-workers have reported that 

W2(0C(CH3)3)5 displays a remarkable ability to split the carbon-carbon bonds of alkynes 

to form alkylidynes as well as carbon-nitrogen bonds to form nitriles and alkylidynes.® In 

an attempt to take advantage of this reactivity to form polymeric substances, they found 

that W2(0C(CH3)2CF3)6 reacted differently with diynes than W2(OC(CH3)3)6. This lead 

them to prepare both the Mo and W analogs of M2(OC(CH3)2CF3)6 and 

M2(0CCH3(CF3)2)6 in order to examine the effects of stepwise fiuorination on the 

chemical and physical properties of these systems. 

In Chapter 3, the effects of sequential fiuorination on the electronic-structures, 

reactivity and absorption spectroscopy of M2(OC(CH3)„(CF3)3.„)6 (where M=Mo,W and 

n= 1,2,3) will be discussed. Recently, Gilbert and co-workers observed that 

Mo2(OC(CH3)3)6, Mo2(OC(CH3)2CF3)6 and Mo2(OCCH3(CF3)2)6 have nearly identical UV 

absorbtion spectra.' The mngsten analogs display the same behavior.* In addition. 



fluorination of the alkoxides in these systems alters their reactivity towards metathesis 

reactions with diynes. fii an attempt to explore electronic structure effects, gas-phase 

photoelectron spectroscopy was performed on the Mo and W analogs of 

M2(OC(CH3)2CF3)6and M,(OCCH3(CF3)2)6, and compared to the previously reported PES 

data for the M2(OC(CH3)3)g complexes. Fenske-Hall calculations were performed on the 

full dimolybdenum molecules in order to better understand the extent of ligand mixing 

into the metal-metal bonding levels. Single-crystal x-ray diffraction data have been 

published for Mo2(OC(CH3)2CF3 >6, Mo2(OCCH3(CF3)2)6 and W2(OCCH3(CF3)2)6, but for 

none of the other complexes.®'^ Because of this, molecular mechanics calculations were 

performed on the dimers in order to explore the possible arrangements the ligands may 

assume about the metal-metal cores. The PES of the free alcohols are also reported, and 

the relative shifts observed in oxygen lone-pair ionizations will be addressed. Ab-initio 

calculations were performed on the anions of each alcohol to explore the charge effects 

that the oxygens experience upon sequential addition of fluorines. From this work, it is 

concluded that fluorination causes a dominating charge effect which stabilizes all the 

valence electronic levels equally. It is presumed that if all the valence levels are 

stabilized, the virtual levels are as well, explaining the similar UV spectra for each series. 

The Fenske-Hall results concur with these observations. Non-linear shifts of the metal-

metal ionizations with CF3 substitution are attributed to uneven changes in two-center 

charge interactions with the fluorines. On going from M2(OC(CH3)2Cp3)6to 

M2(0CCH3(CF3)2)6, the orientations of the alkoxide groups will change to accommodate 



for the additional steric bulk. This results in a larger average M-F distance in 

M2(0CCH3(CF3)2)5, which is reflected in the PES data. Molecular mechanics results 

predict the geometry change of the alkoxide ligands as fluorines are added. When the 

molecular mechanics minimum energy geometries are fed directly into the Fenske-Hall 

program, the non-linear stabilization of orbital eigenvalues are observed. 

Quadruply-bonded complexes of the form MOjiOiCR)^ and MOjCform)^ 

Again, a great deal of research has been done in the area of metal-metal quadruply 

bonded systems. Specifically, the bridging tetra-acetate complexes of Mo and W (Figure 

2) have been smdied extensively.' The formal electron configurations and orbital 

orderings of the metal-metal interactions in both systems are well understood. 

Photoelectron spectroscopy experiments have been performed on many of these systems 

with varying acetate substituents in order to observe the 

effects these substimtions have upon the metal-metal 

bonding levels.Within this dissertation, the quadruply-

bonded group 6 dimers are not the central focus of 

discussion, but are important points of reference when 

analyzing experimental results for the analogous single-

bonded di-rhodium species. 

Electron-Rich Single Bonded Dirhodium(II) Complexes 

Dirhodium complexes have a large number of 

applications in many areas of chemistry.'' Traditionally, mononuclear Rh(I) and Rh(III) 

M 

Figure 2- Strucmre of di-
metal tetra-carboxylates. 



have been the prominent compounds in industrial catalytic processes, but recently Rh(II) 

dimers, particularly of the form Rh2(02CR)4, have proven to also be valuable as catalysts 

for a variety of reaction processes. These include hydrogenation/dehydrogenation 

reactions,^" oxidation and oxidative addition reactions,^' photocatalytic reactions (water 

splitting),^ and reactions involving carbenes derived from diazo-species.^^ In addition, 

dirhodium carboxylates have exhibited anti-tumor activity.^® In all of the cases where 

dirhodium complexes are active catalysts, and where they inhibit tumor growth in 

biological systems, their reactive properties are extremely dependent on the choice of 

ligand substituents on the metal-metal species. Also, the Rh-Rh interaction is believed to 

be the site of reactivity in almost all the catalytic processes and anti-tumor studies. 

Because of this, it is very important to understand the nature of the Rh-Rh bond in these 

complexes, and how this interaction is affected by ligand substitution. This in turn may 

provide the neccesary information for researchers to custom design a dirhodium 

compound for a specific task. 

There have been many theoretical and some experimental attempts to describe the 

electronic structure of Rh2(02CR)4. The earliest were done by Dubicki and Martin," who 

performed extended Hiickel calculations and concluded that the formal bond order 

between the rhodiums in Rh2(02CH)4 was 1 based on the electron configuration of 

(rTZ*6^6*^Ti**. This was followed by a number of more rigorous studies in which SCF-

Xa calculations predicted the same bond order, but showed the 6* orbital to be less stable 

in energy than the This was the first indication that the orbital ordering of dimers 



with niled 5* and tr* levels may be a factor which depends on the bridging ligands and 

the metals. The first direct experimental work came soon after. EPR studies on 

[Rh2(02CCH3)4(H20) 2]^ ions showed the unpaged electron to occupy the it* level.^-^' 

This was supported with extremely rigorous computational studies (SCF-CI) where the 

unpaired electron was for this species was calculated to be in the Rh-Rh iz* orbital.^^ Of 

course, these studies have not gone uncontested. Ab-initio calculations performed by 

Nakatsuji and co-workers predict an orbital ordering of 

Chapters 4 and 5 discuss the assignments for the PES spectrum of Rh2(02CCF3)4, and 

utilizes this information to understand Rh2(02CCF3)2(form)2, Rh2(form)4, Rh2(dpf)4 (dpf = 

diphenylformamidine) and Mo2(form)4 (form = NJ»f'-p-tolylformamidine). To assist in 

the interpretation of the Rh2(02CCF3)4 data, comparisons are made to the well assigned 

spectrum of Mo2(02CCF3)4. There are two main pieces of information gained from this 

comparison. First, assignments of regions to ligand-based ionizations are made based on 

similar areas of the full Hel PES spectra. Second, noticed intensity enhancements of 6-

type orbital ionization bands in the Hell data for both the Mo and W analogs provided a 

fingerprint for assignments of these ionization bands in Rh2(02CCF3)4. This lead to an 

assignment of the formal electron configuration for the Rh-Rh bond to be o^7r''6^6*"TC*^, 

an electron-rich single bond. Fenske-Hall calculations on the full Rh2(02CCF3)4 molecule 

are in good agreement with this assignment. 

This assignment provides a launching pad for the understanding of structurally similar 

M02 and Rh2 systems with the more electron-donating N,N'-p-tolyl-formamidinate 
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("form") ligands. To better understand how these ligands may effect the PES spectra of 

the metal-metal complexes, data on the protonated free ligand was collected. Previously 

published work on the PES of Rh2(form)4 assign the first four observed ionization bands 

of both complexes to Rh-Rh levels exclusively.^ These assignments are disputed based 

on the assignments of Rh2(02CC!F3)4, positions of ionizations for the free ligand N,N'-/7-

tolyl-formamidinate, and the comparison of Mo2(form)4 and Rh2(form)4. Free ligand 

ionizations are low in energy leading to belief that many of the bands in the previously 

assigned metal region are actually ligand-based. Mo2(form)4 and Rh2(form)4 show nearly 

identical PES spectra giving more support to the notion that low lying bands are not 

metal-metal ionizations but rather ligand-based. The dominating effect upon addition of 

the N-based ligands is reflected in the non-linear shifts of the ionizations when comparing 

Rh2(02CCF3)4, Rh2(02CCF3)2(form)2 and Rh2(form)4. Within this chapter, a detailed 

discussion of how the symmetry interaction between the ligand lone-pairs, and the 6-type 

orbitals affects the appearance of the PES data. 

Chapter 6 employs the PES assignments established in previous chapters to assist in 

the assignments for Rh2(pfb)4, Rh2(capy)4 (capy = caprolactamate, 

Rh2(OCCH3NC5H5)4, and Rh2(OCCH3NC6F5)4. Rh2(pfb)4 is very similar to 

Rh2(02CCF3)4. The Hel and Hell spectra are nearly identical with only a slight shift of all 

the bands (0.5 eV) for Rh2(pfb)4. This results in an electron configuration for Rh2(pfb)4 of 

orTi*6^6*^11**. On moving to Rh2(capy)4, the first ionization potential is destabilized by 

approximately 4 eV. In addition to this extremely large destabilization, the appearance of 



the spectrum is different, not showing a distinct separation between metal and ligand-

based ionizations. The Hell data for Rh2(capy)4 assisted in assigning the first two bands 

to metal bands. These two bands are believed to originate from the 6* and the ti*, with 

the 6* being the band at lowest binding energy (HOMO). This splitting of the 6* and TZ* 

upon substimtion of ligands that are more electron-donating is due to the symmetry 

interaction between O and N lone-pairs, and the Rh-Rh 6-type orbitals. This overlap 

effect enhances the destabilization of the 6* orbital. To further establish this argument, 

the relationship between overlap and charge effects is discussed in detail. Comparisons 

of Rh2(OCCH3NC6Hs)4 and Rh2(OCCH3NC6F5)4 are made with the data for the 

compounds discussed in Chapters 4 and 5 to demonstrate how with charge and overlap 

effects can be used to identify the source of ionization bands in these systems. 

All of the information reported in Chapters 4, 5 and 6 is brought together to describe 

some highly selective catalytic behavior of Rh2(pfb)4 and Rh2(capy)4. The details of this 

selectivity is summarized in Chapter 6. 

Chapter 7 summarizes all of the research presented in this dissertation while also 

featuring some new surface UPS and XPS data on Rh2(pfb)4. This opens the doors for 

future projects within the group. 

Experimental Limits 

Appendix A deals with exploring the limits of resolution and signal-to-noise in the gas-

phase photoelectron experiment. In particular, previously reported data on 

Mo2(02CCH3)4 showed that with sufficient resolution and signal-to-noise, vibrational 
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fine-structure of the 6 ionization band could be resolved.^^ The compounds studied in 

this section are not metal-metal bonded systems or metal-hydrides, but CpNiNO and 

Cp*NiNO. The project was bom of a controversy in the literature over the assignment of 

the first three ionization bands for CpNiNO. Recently, the Green and the Bancroft groups 

each published the gas-phase photoelectron spectrum of CpNiNO.^®-^' The data from 

each group appeared the same, but the assignments of the bands were different. The 

Bancroft group assignment agreed with the original assignment developed in the 1970's,^* 

and supported this with Xa calculations. The Green group proposed a new assignment 

and supported their results with high level DFT calculations. Basically, the controversy 

surrounds the number of bands believed to be under the first ionization envelope. The 

problem with each of these data sets is that the resolution of the first band is not sufficient 

in both cases. In an attempt to resolve the conflict, PES experiments were performed on 

CpNiNO in which a retarding potential was placed on the sample cell in order to decrease 

the kinetic energy of the ejected photoelectrons. This results in much improved 

resolution in the Hell experiment, a cmcial tool in smdying complexes containing Ni. 

The results showed that only one band comprised the first ionization envelope (the 

ligand-based e,-set). The metal a,-set was found to be nearly degenerate with the metal ej 

-set under the second ionization envelope. The data collected for Cp*NiNO adds fu.ther 

support to this assignment. The first band shifts, but shows no evidence of the a, 

ionization splitting out. The second band is also destabilized, but not as much as the first 

and third band. This suggests that the two orbitals with nearly pure metal character are 



contained in the second band, wtiile the first and third bands contain ionizations which 

originate from orbitals containing some Cp-character. The assignments presented in 

Appendix A agree with the Green proposal and show how important resolution can be in 

studying bands with very narrow widths. 

More on the Mysterious Cr-Cr "Quadruple Bond" 

Chromium-chromium bonding is unique when compared to the analogous group 6 

complexes. PES studies on Cr2(02CCH3)4 show a single ionization band in the metal 

region.^' The generally accepted hypothesis for this observation is that the bonding 

between the chromiums cannot be properly described using formal Hartee-Fock orbital 

representations. The ground-state of the bond is not well represented by a single electron 

configuration as with the Mo and W compounds, but requires fiill configuration 

interaction models.'*®'" In Appendix B, Hel and Hell data for Cr2(02CCF3)4 are presented. 

Using the empirical observation that the analogous Mo, W, Ru and Rh compounds show 

intensity increases of the 6 ionizations in the Hell experiments, attempts were made to 

find this band for Cr2(02CCF3)4. The Hel/Hell intensities for the band in the metal-metal 

region showed no increases giving a bit more support to the configuration interaction 

description of bonding. 

Koopman's Approximation 

When using theoretical methods to assist in assigning ionization energies, it is 

important to remember Koopman's approximation.'^ The approximation simply states 

that the ionization energy (IE) is the negative of orbital energy. 
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It is essential to note that orbital relaxation energies are not accounted for within this 

approximation which can result in erroneous calculated ionization energies by the 

theoretical methods. Basically, when dealing with systems containing metal and ligand 

ionizations, one must be cautious when correlating PES data with theoretical calculations. 
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EXPERIMENTAL 

This chapter will describe the details of both the gas-phase photoelectron spectroscopy 

experiments, as well as the theoretical computations performed. All of the PES 

procedures have been well documented in previous dissertations by John Hubbard, 

Charles Blevins II, Glen Kellogg, Mark Jatcko, Sharon Renshaw and Nadine Gruhn. The 

procedures for data workup and analysis will also be discussed. The experimental details 

for the research discussed in the appendices will not be addressed in this chapter, but 

oudined within each respective appendix. 

Preparation of Compounds 

All of the compounds discussed in this dissertation were either donated by 

collaborators, or synthesized in the Lichtenberger group. Table 1 summarizes the source 

of each of the compounds studied. 

Table 1. Sources of compounds 

Compound 

M02(0C(CH3)2CF3)6 

Provided by Compound 

M02(0C(CH3)2CF3)6 Thomas Gilbert 

MOJ(OC(CH3)(CF3)2), Thomas Gilbert 

W2(0C(CH3)2CF3), Thomas Gilbert 

W2(OC(CH3)(CF3)J)6 Thomas Gilbert 

Rh2(02CCF3)4 F.A. Cotton 

Rh2(02CCF3)2(form)2 — 
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Compound Provided by 

Rh2(form)4 — 

M02(02CCF3)4 — 

Mo2(form)4 Malcom Chisholm 

Cr2(02CCF3)4 Kim Dunbar 

Rh2(dpf)4 Michael Doyle 

Rh2(capy)4 Michael Doyle 

Rh2(pfb)4 Michael Doyle 

Rh2(OCCH3NC6Hj)4 Cassandra Eagle 

Rh2(OCCH3NC6F5)4 Cassandra Eagle 

N,N'-p-tolylformamidine — 

(CH3)3C0H — 

(CH3)2C:F3C0H — 

CH,(CF,),COH — 

The syntheses of Rh2(02CCF3)2(form)2, Rh2(form)4 and NJ^'-p-tolylformamidine were 

performed by Dawn Crumpton, a summer REU student. The procedures were followed 

as outlined in previous publications."^ The Mo2(02CCF3)4 was synthesized by Dr. Nadine 

Gruhn and procedures for this preparation are also outlined elsewhere.'*^ (CH3)3COH, 

(CH3)2CF3C0H and CH3(CF3)2COH were purchased from Aldrich. 

Gas-Phase Photoelectron Spectroscopy 

Photoelectron spectra were recorded utilizing a McPherson ESCA36 instrument that 

features a 36 cm hemispherical analyzer (8 cm gap) and custom designed sample cells, 

detection and control electronics.''^ The excitation source was a quartz lamp that can. 



depending on operating conditions/'*'*® produce both Hel (21.21 eV) and Hell (40.80 eV) 

radiation. The argon ionization at 15.759 eV was used as an internal calibration lock 

of the absolute ionization energy. The difference between the argon ^Pj/z methyl 

iodide ^E,/2 ionization at 9.538 eV was used to calibrate the ionization energy scale. 

During data collection the instrument resolution (measured using the full width at half 

maximum intensity (FWHM) of the argon peak) was usually in the range of 0.016-

0.025 eV. All data were intensity corrected with and experimentally determined 

instmment analyzer sensitivity function. The Hel close-up spectra were corrected for the 

Hel P line ionizations. The Hell data were also corrected for the Hell P line spectram. 

These corrections are necessary because the source in not monochromatic.'*' 

Table 2 summarizes all of the spectra reported in this dissertation. Full spectra 

typically have an energy window of 16-5 eV with close-up spectra narrowing in on areas 

of interest. Table 2 also lists sublimation range, compound appearance, file names and 

any other pertinent information. Hell data is denoted by filenames which are italicized. 

All the solid samples were run from an internal aluminum cell. In each case, the cell 

is thoroughly cleaned with isopropanol, coated with DAG (graphite and MoS, 

suspension, Acheson Colloid Company, used to reduce electron scattering), and baked to 

150-225 "C. For samples that were air and moismre sensitive, the cell was loaded in the 

dry box and transported to the instrument with a Zip-lock© freezer bag containing an 

atmosphere of N2. During data collection, the cell temperature was monitored using a 

"K" type thermocouple which passed through a vacuum electric feedthrough and was 
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attached directly to the cell. 

Liquid samples were run one of two ways. Very volatile liquids were run from a 

Young tube attached by a Swagelock glass-to-metal connection (Teflon ferrule) and a 

needle valve which was used to control the vapor pressure reaching the sample chamber. 

Liquids that were more volatile were run fi-om the sample cell. Generally, a cotton swab 

would be soaked in the liquid, broken off, and placed directly into the sample cell. When 

this was done, the pressure was carefully monitored to avoid large pressure jumps. 

Data Reduction 

The photoelectron spectral data are represented analytically with the best fit of 

asymmetric Gaussian peaks through the program FP."® This is a modification of a 

previously published program with the incorporation of constraints and boundary 

conditions used in the programs of Lichtenberger et al.*'^ Each band is defined by the 

peak position, amplimde, half-width on the high binding energy side of the peak, and the 

half-width on the low binding energy side of the peak. In the figures of the data, the 

length of each data mark represents the experimental variance of that point.^° 

The confidence limits of the peak positions and widths are generally ± 0.02 eV (3o). 

The confidence limits for the relative integrated peak areas are about 5%, with the 

primary sources of uncertainty being the determination of the base line subtracted from 

the peak and fitting in the tails of the peaks. If a peak overlaps substantially with another 

peak, the total areas of the peaks are known with the same confidence, but the individual 

areas are not independent and therefore are more uncertain. 
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The Hen spectra were fit using the peak positions and widths obtained from the fit of 

the corresponding Hel spectra. The amplitudes were then allowed to vary to account for 

the different cross-sections for the Hell ionization. 

Table 2. Summary of PES data 

Compound Appearance Sub Temp 

M02(0C(CH3)2CF3)6 brown crystals 75-80 "C 

MojCOCCHJCCFJ)^)^ brown crystals 70-75 °C 

W2(0C(CH3)2CF3)6 reddish-brown 
crystals 

67-70 °C 

W,(OCCH3(CF3)J), reddish-brown 
crystals 

60-65 °C 

Rh,(02CCF3)4 deep-green crystals 135-140 "C 

Rh2(02CCF3)2(form)2 dark green powder 170-180 °C 

Rh2(form)4 dark green powder 190-200 "C 

M02(02CCF3)4 yellow powder 130-135 "C 

Mo2(fonn)4 dark brown crystals 190-210 °C 

Cr2(02CCF3)4 brilliant purple 
crystals 

150-160 °C 

Rh2(dpf)4 deep green powder 190-210 "C 

Rh2(capy)4 purplish powder 175-180 °C 

Rh2(pfb)4 deep green powder 150-155 "C 

Rh2(OCCH3NC6H5)4 black crystals 175-185 °C 

Rh2(OCCH3NC6F5)4 greenish-black 
crystals 

175-185 "C 

N,N' -p-tolylformamidine white powder 40-50 "C 

(CH3)3C0H clear colorless 
liquid 

0
 0 n
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1 Compound Appearance Sub Temp 

(CH3)2CF3C0H clear colorless 
liquid 

U
 

o O
 

CH3(CF3)2C0H clear colorless 
liquid 

30 "C 

Theoretical Calculations 

A wide range of computational methods are used in this dissertation to assist in data 

interpretation. The methods utilized are molecular mechanics, Fenske-Hall, and ab-initio. 

Details on the specific molecules studied are given in each of the chapters. 

Molecular mechanics calculations were carried out using the version contained within 

the molecular modeling program Spartan©. The parameters used were the basic Sybyl© 

force field parameters.^' Details on the theory of molecular mechanics calculations have 

been extensively described in numerous publications.'^ 

Fenske-Hall calculations were performed using the program available from the Hall 

group at Texas A&M.'^ The Fenske-Hall method is an approximate, non-empirical 

molecular orbital method that has been used extensively for studying the electronic 

structures of a variety of inorganic and organometallic molecules. The method is based 

on the Hartree-Fock-Roothan LCAO-MO formalism, differing from traditional ab-initio 

methods in that certain mathematical (not empirical) approximations are made for the 

integrals in the definition of the Fock matrix elements. Because of these approximations, 

the atomic basis is limited to a minimal valence atomic set plus the immediate virtual 

basis (i.e., nd, (n+l)s, (n+l)p on the transition metals). Herman-Skillman basis sets were 
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used for all calculations. There are no empirical parameters in the matrix elements or in 

the choice of basis functions. The method retains the full overlap matrix and is iterative 

on the charge distribution of the molecule. Although the method retains the basic 

features of ab-initio calculations, the efficiency of the method allows convenient 

calculation of the orbital interactions of large molecules. The utility and limitations of 

die method for modeling the electronic strucmre and properties of organometallic 

molecules have been determined from a number of theoretical and photoelectron 

spectroscopy studies. Molecular orbital contour plots were produced with MOPLOT2.^ 

Ab-intio calculations were carried out using the molecular modeling program 

Spartan©. The procedure for determining the lowest energy configurations involved a 

number of steps. Initially, the molecules were built and optimized using molecular 

mechanics. The molecular geometry was then refined with the semi-empirical molecular 

orbital method PM3, after which the ab-initio optimizations were performed. This 

stepwise optimization was done to save CPU usage, and to insure that the minima found 

were the global minima. The basis set chosen for all the ab-initio calculations reported 

herein was 6-3IG**. All of the methods above were performed on an IBM RSK6000 

workstation. Graphics were performed on SGI workstations. 
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CHAPTERS 

The Effects of Electron-Withdrawing Substituents Have on the Metal-

Metal Triple Bonds in M2(OC(CH3)„(CF3)3.„), 
(where n = 1,2,3 and M = Mo and W) 

Introduction 

In this chapter, the effects of sequential fluorination on the electronic-structures, 

reactivity and absorption spectroscopy of M2(OC(CH3)„(CF3)3^)5 (where M=Mo,W and 

n= 1,2,3) will be discussed. Recently, Gilbert and co-workers observed ±at 

Mo2(OC(CH3)3)6, Mo2(OC(CH3)2CF3)gand Mo2(OCCH3(CF3)2)6 have nearly identical UV 

absorption spectra.' The tungsten analogs displayed the same behavior. In addition, as 

mentioned in Chapter 1, fluorination of the alkoxides in these systems alters their 

reactivity towards metathesis reactions with diynes. In an attempt to explore electronic 

structure effects, gas-phase photoelectron spectroscopy was performed on the Mo and W 

analogs of M2(OC(CH3)2CF3)5and M2(OCCH3(CF3)2)6, and compared to the previously 

reported PES data for the M2(OC(CH3)3)6 complexes.'® Fenske-Hall calculations were 

performed on the full dimolybdenum molecules in order to better understand the factors 

influencing the ionization energy shifts and other properties of these complexes. Single-

crystal x-ray diffraction data have been published for Mo2(OC(CH3)2CF3 

Mo2(OCCH3(CF3)2)6' and W2(OCCH3(CF3)2)6,® but for none of the other complexes. 

Because of this, molecular mechanics calculations were performed on the dimers in order 

to explore the possible arrangements of the ligands about the metal-metal cores. The PES 



of the free alcohols are also reported, and the relative shifts observed in oxygen lone-pair 

ionizations will be addressed. Ab-initio calculations were performed on the anions of 

each alcohol to explore the charge effects that the oxygens feel upon sequential addition 

of fluorines. 

Results 

Photoelectron Spectroscopy 

The general features of the PES spectra will be mentioned here with more detailed 

comments saved for the Discussion section. The fiill Hel valence spectrum of 

Mo2(OC(CH3)2CF3)6 is shown in Figure 3. The full spectra of all the other metal-metal 

complexes reported in this chapter are very similar in strucmre. The general assignments 

are based on previously published PES data on similar compounds.'®*^ The first two 

bands correspond to the metal-metal ionizations. The mass of bands in the "forest 

region" are attributed to ligand-based M-0, C-0, C-C, C-F and C-H ionizations. 

Mo2(OC(CH3)3)t, Mo2(OC(CH3)2CF3)t and MOiiOCCHiiCF^)^)^ 

As was previously reported for Mo2(OC(CH3)3)6, both Mo2(OC(CH3)2CF3)g and 

Mo2(OCCH3(CF3)2)6 show distinct ionizations for the degenerate Mo-Mo n orbitals and a 

Mo-Mo a ionization about 1 eV higher in energy. These ionizations are well separated 

from the "forest" region ionizations attributed to more stable ligand-based ionizations. 

Close-ups of the metal-metal ionizations for Mo2(OC(CH3)2CF3)fi and 

Mo2(OCCH3(CF3)2)6 are displayed in Figure 4 and the fit parameters for the peaks are 

shown in Table 3. 
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Figure 3- Full Hel spectrum of Mo2(OC(CH3)2CF3)5. 
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Figure 4- Closeup Hel spectra for Mo2(OC(CH3)2CF3)6 and 
M02(0CCH3(CF3)2)5. 



40 

Table 3. Ht parameters for peaks of Mo2(OC(CH3)3)6, Mo2(OC(CH3)-,CF3)6 and 
Mo2(OCCH3(CF3)2)e. 

Compounds Position (FWHM, eV), it and a It/a relative area 

M02(0C(CH3)3)6 6.79 (0.69) 7.80 (0.43) 2.0 

1 M02(OC(CH3)2CF3)6 7.92 (0.75) 9.00 (0.43) 2.7 

MO,(OC(CH,)(CF,),)« 8.78 (0.82) 9.89 (0.58) 2.3 

Figure 5 is a correlation diagram siiowing the ionization potentials for the metal-metal 

bands and how the splitting and stabilization of each is affected as CFj groups are 

sequentially added to the alkoxide ligands. The shifts of both metal bands are not 

additive with successive CF, substitutions, and the it-based ionizations show a slightly 

smaller stabilization effect. Hell data was not collected on these compounds or the 

tungsten analogs because there are not signiflcant enough changes in the Hell intensities 

for molybdenum and tungsten vs. carbon or oxygen.^^ The band shifts and orbital 

characters will be discussed in detail in the Discussion section. 

W,(0C(CH3)3)^ W2(OC(CHj)2CFj)gand W2(OCCH3(CFj)^, 

As with the molybdenum analogs, the tungsten complexes all show distinct ionizations 

for the metal-metal n and the more stable o-ionizations. Again, these bands are separated 

from the "forest region" ionizations. Close-ups of the metal-metal ionizations for 

W2(0C(CH3)2CF3)6 and W2(OC(CH3)(CF3)2)6 are displayed in Figure 6. Table 4 shows 

the fit parameters for the peaks. 
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Figure 5- Correlation diagram showing shifts of Mo-Mo TZ and A ionizations. 
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U W2(0CCH3(CF3)2)6 
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Figure 6- Closeup Hel spectra for W2(OC(CH3)2CF3)6 and W2(OCCH3(CF3)2)6-
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Table 4. Fit parameters for peaks of Mo2(OC(CH3)3)g, Mo2(CXr(CH3),CF3)g and 
M02(0CCH3(CF3)2)6. 

Compounds Position (FWHM, eV)« n and o 7c/a relative area 

W2(0C(CH3)3)6 6.27 (0.82) 7.79 (0.40) 2.0 

W2(0C(CH3)2CF3)6 7.31 (0.81) 8.98 (0.52) 1.8 

W,COC(CH0(CF0,)« 8.14(0.96) 9.88 (0.74) 1.6 

Figure 7 shows a similar correlation diagram with the stabilizations of the metal-metal 

orbitals due to ligand fluorination. The metal-metal bands do not exhibit linearity with 

sequential addition of CFj groups, and the u-based bands feel a smaller stabilization 

effect. Comparing the peak shapes of the tungsten and molybdenum complexes reveals at 

best only small spin-orbit splitting of the degenerate metal-metal Ti-orbitals, on the order 

of 0.1 eV. This can be explained by performing a spin-orbit splitting analysis on the 

combination of d-orbitals from two metal atoms. The general procedure is outlined 

extensively in a publication by Hall and another by Fenske and Lichtenberger.^'®" 

Essentially, transformation of the spin-orbit interaction matrix results in a predicted 

splitting of C for the degenerate u-levels. The C value for tungsten is 0.18 eV. Any 

additional delocalization of the W-W orbitals will reduce the effect. The reduced amount 

of broadening observed is believed to be experimental evidence for additional ligand 

mixing into the metal-metal 7r-orbitals. 

(CH3)3C0H, (CH^iCFjCOHand CH^iCF^iiCOH 

The full valence Hel photoelectron spectra for these three alcohols are displayed in 

Figure 8. In each case, the first broad band is assigned to the oxygen lone-pair ionizations 
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Figure 7- Correlation diagram showing shifts of W-W tt and o ionizations. 
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Figure 8- Hel spectra of (CH3)3COH, (CH3)2CF3COH and CH3(CF3)2COH. 



46 

(out-of-plane p orbital). These assignments are made based on previously published PES 

assignments for (CH3)3COH.®' It can be seen from the peak position assignments in 

Table 5 that the first LP.'s of these free ligands do shift in a nearly stepwise fashion (0.89 

and 0.83 eV) upon the addition of fluorines. 

Table 5. Peak maxima and widths for the O lone-pair (HOMO) ionizations of each of the 
listed alcohols. 

Alcohol Peak Position (eV) FWHM(eV) 

(CH3)3C0H 10.22 0.47 

(CH3)2CF3C0H 11.11 0.50 

CH,(CF,),C0H 11.93 0.55 

Molecular Mechanics 

Triply-bonded Mo compounds which have been smdied with x-ray crystallography 

exhibit a small range of Mo-Mo and Mo-O bond distances (refer Table 6). No structural 

data have yet been reported for Mo2(OC(CH3)3)6 or W2(OC(CH3)3)6. Molecular 

mechanics calculations were performed on Mo2(OC(CH3)3)6, Mo2(OC(CH3)2CF3)6 and 

Mo2(OC(CH3)(CF3)2)6 in order to observe steric effects due to t-butyl orientations. The 

calculations utilized simple Sybyl© force fields where the OjMo^MoO, cores were held 

static allowing for only the t-butyl portions of the alkoxide ligands to sterically rearrange. 

Table 6. Crystallographic data for various triply-bonded molybdenum alkoxides. 

Compounds Mo-Mo (A) Mo-O (A) Mo-Mo-OZ 

M02(0CH2C(CH3)3)6 2.222 1.88 88.7 
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Compounds Mo-Mo (A) Mo-O (A) Mo-Mo-OZ 

MozCOCHzSiCCHs),)^ 2.167 1.93 88.4 

Mo2(OC(CH3)2CF3), 2.230 1.91 88.8 

Mo,(OCCH,(CF,),). 2.210 1.88 89.0 

The goal of these calculations was to determine the lowest energy configurations of the 

ligands, and to see if moving from Mo2(OC(CH3)2CF3)6 to Mo2(OCCH3(CF3)2)6 

significantly changes the orientations of the CFj groups. The results show that the 

average Mo- F distance changes on going from Mo2(OC(CH3)2CF3)6 to 

Mo2(OCCH3(CF3)2)6. The average Mo-F distances for each are shown in Table 7. To 

account for the added steric bulk, the ligand orientations arrange so that the average Mo-F 

distance is slighdy shorter for Mo2(0(CH3)(CF3)2)6 than Mo2(0(CH3)2CF3)6. 

Table 7. Average Mo-F distances as calculated by molecular mechanics. 

Compound Average Mo-F distance 

M02(0C(CH3)2CF3)5 5.07 A 

Mo,COCCH,(CF0,)« 5.00 A 

This suggests that the second set of fluorines in Mo2(OCCH3(CF3)2)6 are not imposing the 

same charge effect on the metals as the first set. This second order effect is believed to 

contribute to the non-additive behaviors observed for the shifts of metal-metal iz and o 

ionizations. 

Ab-initio and Fenske-Hall Calculations 

Ab-initio calculations were performed on the anions (CH3)3CO~, (CH3)2(CF3)CO~ and 
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(CH3)(CF3)2C0~. The atomic charges of the oxygens are reported below in Table 8. The 

charges at the oxygen do shift in a linear fashion. 

Table 8. Ab-initio calculated atomic charges of the oxygens in the anions of various 
alcohols. 

Anionic species 

(CH3)3C0-

Atomic charges of O Anionic species 

(CH3)3C0- -0.93 

(CH3)2CF3C0- -0.91 

CH,(CF,),CO- -0.89 

Table 9 shows all the Fenske-Hall generated molecular orbital energies, orbital 

characters and Mo atomic charges for the molybdenum series. Calculations were carried 

out on the full molecules and geometries were idealized to maintain Djj symmetries. The 

shifts predicted for the Mo-Mo TZ orbitals and Mo atomic charges are very close to 

additive. For Mo2(OC(CH3)2CF3)6 and Mo2(OC(CH3)(CF3)2)5, rotation of the t-butyl 

groups does effect the predicted orbital energies and atomic charges of the metals. 

Therefore, any shifts in the fluorinated series that are not additive are believed to be 

caused by geometrical differences in the t-butyl groups. 

The Fenske-Hall results also predict that the metal-metal tc orbitals contain more 

ligand character than previously reported. Although these orbitals are still primarily 

metal in character, they are not as high as has been previously calculated for MoiCOH)^ 

The %Mo character of the o bond for Mo2(OC(CH3)3)g is low as compared to the other 

two compounds. The o-orbitals in these systems do have some interaction with the 
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Table 9. Fenske-Hall results for a series of Mo-Mo triply-bonded alkoxides. 

Fenske-Hall Results (orbital energies given in e  ̂V) 

Compound 1 " (%Mo) 
HOMO-tc 

(%Mo) 
LUMO-6 
(%Mo) 

tc-6 
Gap 
(eV) 

Mo 
atomic 
charge 

O 
atomic 
charge 

M02(0C(CH3)3)6 -11.36 
(74%) 

-7.10 
(54%) 

-1.60 
(76%) 

5.50 0.842 -0.514 

Mo,(OCiCH,UCF,)), -12.58 
(93%) 

-8.00 
(51%) 

-2.67 
(75%) 

5.33 0.816 -0.468 

M02(0C(CH3)(CF3)2)6 -13.62 
(93%) 

-8.95 
(51%) 

-3.57 
(75%) 

5.42 0.784 -0.422 

oxygen lone-pairs. It is not completely clear why this mixing is predicted to be small in 

the fluorinated alkoxides. 

Discussion 

Similarities in UV Absorption Data 

As was mentioned earlier, Gilbert and co-workers have reported that the UV 

absorption spectra for Mo2(OC(CH3)3)6, Mo2(OC(CH3)2CF3)6 and Mo2(OCCH3(CF3)2)6 

were nearly identical in shape, position and extinction coefficients. The same observation 

was made for the tungsten series. This suggests that the HOMO-LUMO gaps in each 

series have not been affected by the fluorination of the ligands, and the u-orbital character 

remains constant from complex to complex. This notion is supported by both the PES 

data and the Fenske-Hall calculations. The PES data shows that fluorination shifts all of 

the ionizations in the valence region. This charge effect should shift all of the virtual 

levels as well. The Fenske-Hall results shown in Table 9 support this by predicting that 



all of the levels, occupied and unoccupied, shift by approximately the same energy 

values. Previously published work on the model complex MojCOHDg states that the 

nucleophilicity of the metal-metal core is controlled by the symmetry interaction of the 

metal-metal LUMO with filled oxygen lone-pairs.® Therefore, changing the electron-

withdrawing abilities of the ligands directly affects the energy of the LUMO. Although 

this is not incorrect, the stabilization with ligand fluorination of the LUMO and all the 

other occupied levels appears to be dominated by a simple charge effect and not 

noticeably changed by overlap effects. 

Non-linearity of Metal-Metal Ionization Shifts 

The non-linear shifts of the metal-metal ionizations were unexpected because 

progressive substitutions in series such as Mo(CO)„(PMe3)6.n (where n=0,1,2,3) do 

display linear shifts of metal-based ionizations.®^ Also, in comparing what 

crystallographic data has been collected for these triply-bonded species, fluorination does 

not appear to effect the geometries of the O3M0SM0O3 cores. The alcohols (CH3)3COH, 

(CH3)2CF3C0H and CH3(CF3)2COH do show linear shifts of the first LP's, which are the 

ionizations of oxygen lone-pair electrons. This is supported by the ab-initio calculations 

(as reported in Table 8) for the closed-shell non-protonated anions. The Mulliken charges 

of the oxygens show a linear decrease in charge as fluorines are added. The non-linearity 

observed for both the Mo and W series is explained as follows. On going from the 

M2(0C(CH3)2CF3)6 to M2(0C(CH3)(CF3)2)6, the molecule has to re-orientate the positions 

of the alkoxides around the O-tBu bond to accommodate the additional steric load. In 
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doing so, the total charge effect imposed by the two sets of fluorines in 

Mo2(OCCH3(CF3)2)6 will not be twice that of the fluorines in Mo2(OC(CH3)2CF3)g. This 

second order effect is reflected in the non-linear stabilizations of the metal-metal n and o 

vertical ionizations. Theoretically, both molecular orbital and mechanics calculations 

support this theory. The resulting lowest energy configurations predicted by molecular 

mechanics calculations show an average Mo-F distance of 5.07 A for 

Mo2(OC(CH3)2CF3)6, and 5.00 A for Mo2(OC(CH3)(CF3)2)6. Energetically, this 

corresponds to about a +0.1 eV difference. Essentially, this small increase in the average 

Mo-F distance in Mo2(OC(CH3)(CF3)2)6 results in a slightly higher repulsion effect 

between the fluorines and the metals. This will counteract the inherent stability that the 

fluorines impose on the metals via through bond inductive effects. Therefore, the 

ionization energies of the Mo-Mo orbitals will not reflect the same amount of 

stabilization as is seen when comparing Mo2(OC(CH3)3)fi and Mo2(OC(CH3)3CF3)6. 

When Fenske-Hall calculations were performed on these configurations and compared to 

the previous Fenske-Hall results with the same O3M0SM0O3 parameters, different orbital 

eigenvalues and Mo atomic charges were predicted. As previously mentioned in the 

discussion of the UV absorption data, the shifts in these systems are apparently dictated 

by charge stabilization, not orbital overlap interactions. Overall, rearrangement of ligand 

orientations without changing the geometries of the O3M0SM0O3 is enough of a 

perturbation to cause observed shifts of the metal-metal 71 and o ionizations to be non

linear. 
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Conclusions 

The PES data of 1^2(00(013)3)6, M2(OC(CH3)2CF3)6 and M2(OCCH3(CF3)2)6 (where 

M=Mo,W) have provided some valuable insight into their electronic and molecular 

structures. In both series, additional CFj groups resulted in the stabilizations of all the 

valence ionizations. The metal-metal n and o bands of both series were not stabilized in 

an additive fashion. Crystallographic data, as well as results firom molecular mechanics 

and Fenske-Hall calculations, suggest the rotation angle of the alkoxide group around the 

0-C bond changes from complex to complex. This would mean that the charges felt at 

the metal atoms from the F atoms would not be additive on going from 

M2(0C(CH3)2CF3)6 to M2(0CCH3(CF3)2)6. This second order effect can be reproduced in 

the Fenske-Hall calculations by simply choosing rotational orientations of the t-butyl 

portions of the alkoxide ligands. 

The PES data have given insight into the previously reported UV absorbance data. 

The stabilizations of the all the occupied valence orbitals observed gives strong evidence 

that the unoccupied levels are also shifted by similar amounts. The Fenske-Hall results 

for the full Mo molecules predict that all the levels are shifted upon addition of CF3 

groups. This phenomenon would explain why there are no significant changes in the 

absorption maxima. 

Previously reported computational work on the congeneric model Mo2(OH)6 predicted 

the metal-metal 7t-levels to be about 90% pure in metal character. The calculations on the 

full molecules yielded values closer to 50%. Experimentally, this further mixing of 



ligand-based orbitals into metal levels can be seen when comparing the Tc-band widths of 

the Mo and W series. The expected broadening of C, 0.18 eV, does not occur and band 

widths only change within the range of 0.1-0.13 eV. This suggests that the spin-orbit 

splitting effect is dampened by further delocalization of the metal-metal orbitals. In 

addition, the Fenske-Hall calculations predict this to remain constant from complex to 

complex, providing an explanation for the similar extinction coefficients. 
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CHAPTER4 

Experimental and Theoretical Investigations of Metal-Metal Bonding 

inRh2(02CCF3)4 

Introduction 

The formal electronic configuration of the Mo-Mo bond in the d'^-d'* Mo2(02CR)4 

species has been well characterized, but the analogous dM' Rh2(02CR)4 complexes are 

not as well understood. From an experimental approach, photoelectron spectroscopy has 

contributed much to the understanding of the quadruple bond in the Mo2(02R)4 

complexes. Unformnately, dirhodium tetracarboxylates such as Rh2(02CCH3)4 readily 

decompose in the gas-phase making them nearly impossible to study via PES. 

Rh2(02CCF3)4 is the first Rh(II) carboxylate complex which proved to be stable enough in 

the gas-phase to study using gas-phase photoelectron spectroscopy. This chapter will 

discuss the important aspects of assigning the PES spectra for Rh2(02CCF3)4. The 

spectra of Mo2(02CCF3)4 provided a strong foundation for the interpretation of 

Rh2(02CCF3)4. In addition, Fenske-Hall calculations were performed to assist in the 

interpretation of the data. These results are compared with SCF-Xa calculations and the 

contrast provides some additional insight into the metal-ligand interactions. Before 

presenting the experimental and theoretical data, it is appropriate to provide a basic 

background to some important theoretical considerations concerning the nature of metal-

metal bonding in Rh(II)-Rh(II) dimers. 
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Preliminary Theoretical Considerations 

Starting from the ground-state configuration of Mo2(02CR)4, o^Tr'^6^, the addition of 

six electrons as in Rh2(02CR)4 leads to a ground-state configuration of (r7i'*6^6*-7c*''. As 

simple as this may seem, there has been a large amount of debate in the literature on 

ordering of the 6* and 7t* levels. Early SCF-Xa calculations by Cotton and co-workers*® 

on Rh2(02CH)4 suggests that the 6* orbital is destabilized relative to the 7t* level, giving 

a ground-state configuration of They attributed this ordering to the 

symmetry interaction between the 6* orbital and the lone-pair combinations of the 

oxygens. This destabilizes the 6* relative to the other Rh-Rh orbitals. For the full 

Rh2(02CCF3)4 molecule, the Xa method predicts the same splitting. The 6* and u* are 

calculated to be 0.79 eV apart with the 6* being the HOMO.®* 

As will be shown in this chapter, the experimental results show that the destabilization 

of the 6-symmetry Rh-Rh orbitals is not as predominant as has been suggested resulting 

in a predicted Rh-Rh orbital ordering of a^>7r'*>6^ >6*^ 

Results 

Photoelectron Spectroscopy ofRhiiOjCCFj)^ 

To assist in the understanding of the PES spectrum of Rh2(02CCF3)4, it became 

valuable to compare the data of Mo2(02CCF3)4. Mo2(02CCF3)4 has been studied 

extensively and the electronic structure, as well as the PES spectra, are well understood. 

Figure 9 shows the full Hel spectrum of Rh2(02CCF3)4 as compared to that of 

Mo2(02CCF3)4. In the spectrum of Mo2(02CCF3)4, the first band corresponds to the 
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Figure 9- Full Hel spectra of Mo2(02CCF3)4 and Rh2(02CCF3)4. 



ionization of the Mo-Mo 6-orbitaI, with the second band corresponding to both the Mo-

Mo a and 7t-orbitaIs. The onset of the "forest region", the area of the spectrum which is 

primarily made up of overlapping ligand-based ionizations, occurs at approximately the 

same energy (11.75 eV) for both Mo2(02CCF3)4 and Rh2(02CCF3)4. This indicates that 

ionizations below 11.75 eV most likely originate from the Rh-Rh interaction. More 

support is given to this assignment when inspecting the comparison of the full Hel and 

Hen data for Rh2(02CCF3)4. Rhodium's theoretical photoionization cross-section under 

Hen ionization increases when compared to that of carbon, oxygen and fluorine.^® Figure 

10 shows the full Hel/Hell comparison. The region below 11.75 eV grows substantially 

as compared to the "forest region" of the spectrum, indicating ionization which are high 

in Rh character. With the separation between Rh-Rh and ligand-based ionizations 

identified, it is then important to look at closeup data of the metal-metal region. Figure 

11 shows the closeup Hel/Hell comparison. The lowest ionization energy band at is best 

fit with two asymmetric Gaussian peaks. Additional evidence for the presence of two 

ionizations in this band will be provided later. The next two bands, which slightly 

overlap with each other require only one Gaussian peak each. 

Under Hell ionization, there is a substantial increase in the area of peak #2 (52%) and 

peak #3 (77%) relative to peak #1. These two peaks are assigned to Rh-Rh 6 and 6* 

ionizations. This is based on observations of similar systems such as Mo2(02CCF3)4, 

W2(02CCF3)4" and Ru2(02CCF3)4 " where ionizations originating from 6 and 6* 

symmetry metal-metal orbitals showed enhanced intensity in the Hell experiment as 
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Figure 10- Full spectra Hel/Hell coropaiison for the metal-inetal iooizations of 
Rh2(OA3^3)4. 
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Figure 11- Closeup Hel/HeU comparison for the metal-metal ionizations of 
Rh2(02CCF3)4. 



compared to other metal-metal ionizations. For example. Figure 12 shows the Hel/Hell 

comparison for the Mo-Mo a/Tc and 6 bands. Under Hell ionization, the 6 ionization 

grows 90 % in intensity relative to the intensity of the o/u band. This is particularly odd 

for molybdenum complexes since its respective photoionization cross-section of does not 

significantly increase relative to carbon, oxygen or fluorine. This eliminates the 

possibility of there being higher ligand character in either of the bands. Therefore, this 

phenomenon has become a fingerprint for the identity of metal-metal 6-symmetry 

ionizations in M2(02CCF3)4 complexes. As will be discussed later, the relationship 

between the Hell intensity of 6-ionizations is not only observed in the 04^ trifluoroacetate 

dimers, but in other 04^ dimers with very electron-withdrawing ligands. With all of this 

information, the closeup spectrum is assigned as follows: 

Table 10. Peak parameters for Rh2(02CCF3)4 

Band Ionization Energy (eV) FWHM(eV) Width High/Low (eV) Origin 

#I 9.54 0.37 0.35/0.22 7t* 

#2 9.71 0.42 0.27/0.21 6* 

#3 10.61 0.43 0.26/0.19 6 

#4 11.08 0.46 0.45/0.24 7t 

The o-ionization is most-likely buried under the "forest region" and cannot be formally 

assigned from the data. There are some subtle changes from the spectrum of 

Mo2(02CCF3)4 in the region between 13-14 eV, but is difficult to attribute these changes 

to any shifts of specific ionizations. 



I 
3 

MooCOoCCFO 

+95% 

12.0 11.0 10.0 9.0 

Ionization Energy (eV) 

Figure 12- Closeup Hel/Hell comparison for the metal-metal ionizations of 
^02(0200^3)4. The 6 band grows 95% in area relative to the a/n band. 



Fenske-Hall Calculations 

Fenske-Hall calculations were carried out on the ftill Rh2(02CCp3)4 molecule. The 

results are shown in Figure 13. The orbital eigenvalue corresponding to the HOMO is 

aligned with the experimental first ionization potential. Contour plots of the four highest 

occupied Rh-Rh levels are shown in Figures 14 and 15. These plots reveal that there are 

ligand-lone pair combinations that can interact with the Rh-Rh 6* orbital, but not the 6. 

The Rh-Rh TZ orbitals have the proper symmetry to mix with in-plane ligand lone-pair 

combinations. These interactions are small in comparison to the 6*-ligand interactions 

because the ligand-based orbitals have better overlap and are more energetically matched 

the Rh-Rh 6* orbital. The Fenske-Hall results predict the Rh-Rh TZ* to be the HOMO 

with the Rh-Rh 6* being only 0.04 eV more stable. There is then a 2.53 eV gap to the 

Rh-Rh 6 orbital, followed by a 1.26 eV gap to the Rh-Rh Tt. The Rh-Rh a-orbital is 

predicted to be at 2.45 eV more stable than the Rh-Rh n. This information along with the 

predicted orbital characters of each Elh-Rh eigenvalue are tabulated below. 

Fenske-Hall does place two ligand-based orbitals in the "metal-metal" region. The first 

has e^ symmetry and is located between the Rh-Rh by (6*) and bg (6). The second has bg 

symmetry and is located between the Rh-Rh bg (6) and Cy (k). Photoelectron spectra 

indicate that the metal bg(6) and e„(7i) levels have ionization energies that are distinctly 

less than the ligand ionization energies. The larger relaxation energies associated with 

metal-based ionizations likely contribute to this trend. 
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Figure 13- Comparison of experimental ionization potentials and theoretically 
calculated values using the Fenske-Hall method. The HOMO as calculated by 
the Fenske-Hall calculation is aligned with the first experimental ionization 
potential. The Rh-Rh orbitals are marked with bold lines. 
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Figure 14- Contour plots of the Rh-Rh it* (HOMO) and 6* (SHOMO). 



71 

Figure 15- Contour plots of the Rh-Rh n and 5. 
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Table 11. Fenske-Hall results for Rh2(02CCF3)4. 

Orbital Eigenvalue (eV) Orbital Synunetry % Rh Character 

9.27 Cg (It*) 90% 

9.31 b„(6*) 76% 

11.58 b,(6) 90% 

13.10 eu(7c) 74% 

15.55 a. (a) 70% 

Discussion 

S-Ionization Intensity Enhancement 

As was previously mentioned in the Results section, the enhancement of 6-type 

ionizations in the Hell experiment is common throughout all of the M2(02CCF3)4 

analogues. This is valuable tool for assigning the ionizations of Rh2(02CCF3)4. Although 

the exact cause of this phenomenon has yet to be determined, there is some evidence 

which may give a clue to its origin. Green and co-workers published an early paper 

which reported the Hel and Hell spectra for a series of quadruply bonded molybdenum 

complexes, Mo2(02CCH3)4, Mo2(02CC(CH3)3)4, Mo2(02CCF3)4 and Mo2(02CH)4.®® For 

this series, it was observed that the Hell intensity of the 6-ionization for both 

Mo2(02CH)4 and Mo2(02CCF3)4 grew substantially relative to their respective a/Ti bands. 

They report a small intensity enhancement of the 6-band for Mo2(02CCH3)4, and even a 

smaller one for Mo2(02CC(CH3)3)4. Recent synchrotron studies on Mo2(02CCF3)4 again 

reported this phenomenon, and extended the information by plotting branching ratio 
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relationships over a 100 eV range.®^ Green and co-workers also utilized this enhancement 

to assign the spectrum Ru2(02CCF3)4.®' Although the phenomenon has been recognized 

and used to interpret other data, there have been no attempts to explain its source. 

Previous studies originating from the Lichtenberger group show no significant increases 

of the 6-ionizations in either Mo2(02CCH3)4 or Mo2(02CC(CH3)3)4, but have observed the 

enhancement for W2(02CCF3)4." 

The data presented herein reproduces the previously reported observations for 

Mo2(02CCF3)4. This was done because of the discrepancy of Mo2(02CCH3)4 and 

Mo2(02CC(CH3)3)4 with the results reported by Green. The possibility of a resonance 

enhancement due to the pressence of fluorines was ruled out because the phenomenon is 

also observed for Mo2(02CH)4. Instead, it appears there is a relationship between the 

electron withdrawing ability of the ligand (which directly relates to the ionization energy 

of the metal-metal orbitals) and the extent to which the 6-band is enhanced under Hell 

ionization. Although there is no obvious explanation for this relationship, it could be due 

to the shape of the metal-metal 6-orbitals. The symmetry allowed interaction between 

these metal-metal orbitals and ligand lone-pair combinations provides a pathway for 

which the 6-orbitals can be directly affected. Less electron-withdrawing ligands have 

more interaction (a better energy match) with the metal-metal 6-orbitaIs causing them to 

be more polarized. More electron-withdrawing ligands, such as formate or tri-

fluoroacetate will have less interaction with the metal-metal 6-interactions, resulting in 

tighter, less polarized orbitals. These "tighter" orbitals may have the properties needed 



for a higher probability overlap with incoming Hell photons, resulting in an intensity 

increase of these bands in the Hell experiment. The only outside evidence for this type of 

relationship comes from calculated atomic cross-sections.'® When moving from left to 

right in each row of transition metals, the atomic radii decrease. The calculated HeD/Hel 

relative atomic cross-sections for the corresponding d-orbitals increases when moving 

across each row (Table 12). This gives some indication that orbital "tightoess" is related 

to photoionization cross-sections. Inasmuch as this explanation provides a basic 

explanation for the phenomenon, there will need to be more evidence to give it merit. 

Table 12. HeD/Hel Atomic Photoionization Cross-Sections of Second Row Metals.'® 

Metal Zr Nb Mo Tc Ru Rh 

HeD/Hel 0.143 0.211 0.336 0.593 0.797 1.223 

Pd 

1.364 

Fenske-Hall vs. SCF-Xa 

It is interesting to contrast the results from the Fenske-Hall method with the SCF-Xa 

method as compared to the PES assignments of Rh2(02CCF3)4. Figure 16 shows recent 

Xa results provided by Cotton and co-workers on the frill Rh2(02CCF3)4 molecule.®^ As 

was done with the Fenske-Hall results, the orbital eigenvalue corresponding to the 

HOMO is aligned with the first experimental ionization potential. The SCF-Xa results 

predict a different Rh-Rh ordering than calculated by the Fenske-Hall method. The Rh-

Rh 6 and 6*-orbitals are destabilized relative to the Rh-Rh u and n*-orbitals giving a 

formal electron configuration of The SCF-Xa method also predicts there 

to be more ligand-based orbitals energetically near to the Rh-Rh levels. 
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Figure 16- Comparison of experimental ionization potentials and theoretically 
calculated values using the SCF-Xa method. The HOMO as calculated by the 
SCF-Xa method is aligned with the first experimental ionization potential.. 
The Rh-Rh orbitals are marked with bold lines. 



There are two main differences between the results of each method. First, the Fenske-

Hall method predicts less ligand-based orbitals in the Rh-Rh region. Second, and 

possibly a result of the first, the Fenske-Hall method calculates a small metal-ligand 

filled-filled interaction between the oxygen lone-pair combinations, and the 6-symmetry 

sets of the Rh-Rh interaction. The mixing of these orbitals is symmetry allowed, but 

minimalized by the poor energy matching of the ligand and metal levels. This results in 

the more traditional prediction of the Rh-Rh orbital configuration of In 

this case, the Fenske-Hall method's inherent tendency to overestimate the stability of 

ligand-based eigenvalues improves its correlation with the experiment results. Despite 

this, the method still calculates larger splittings between Rh-Rh orbitals than is observed 

in the PES data. 

In contrast, it seems that the weakness of the SCP-Xa method is its tendency to 

underestimate the stability of ligand-based eigenvalues. This not only results in more 

ligand-based orbitals being placed in the metal-metal region, but causes a flip of the Rh-

Rh 71* and 6* orbitals. The approximations within the method are giving more weight to 

metal-ligand filled-filled interactions, destabilizing the Rh-Rh 6-symmetry eigenvalues 

relative to the Rh-Rh Tr-symmetry levels. What was found to be particularly disturbing 

was the orbital character of the highest lying filled ligand orbital calculated by the SCF-

Xa method. This eigenvalue corresponds to an orbital high in C-CCCFj) o-bonding 

character, which suggests that the SCF-Xa method is having even more complex troubles 

accurately determining orbital eigenvalues. 
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Figure 17 compares the Fenske-Hall results for Mo2(02CCF3)4 and Rh2(02CCF3)4. 

Again, the method predicts the Mo-Mo orbital ordering correctly for Mo2(02CCF3)4, and 

does not place any ligand-based orbitals in the metal-metal region. It is interesting to note 

that on going from Mo2(02CCF3)4 to Rh2(02CCF3)4 the metal-metal n and 6 orbitals are 

both stabilized, but the 6 orbital is stabilized more and.... 

Rh-Rh Orbital Ordering for Rh2(02CCF^^ 

As has been previously mentioned, the ordering of the Rh-Rh orbitals in Rh(II) dimers 

has been a subject of controversy. There have been numerous theoretical calculations 

performed on various Rh2(02R)4 analogs in order to assign the formal electronic 

configuration of these electron-rich singly bonded dimers.^^' Most published work 

assigns a configuration of crTi*6^T:**8*\ but there are some ab-initio results which predict 

the a-orbital to be the HOMO.^^ Nevertheless, there has yet be any direct experimental 

evidence for any of these assignments. The PES data presented in this chapter is the first 

experimental evidence to be put forth, and it disagrees with all the previously published 

theoretical assignments. 

The Hel and Hell spectra for Rh2(02CCF3)4 revealed some interesting points about the 

namre of bonding in dirhodium systems. First, the data suggests that there is not a large 

splitting between the 6* and ti* orbitals as predicted by most theoretical methods. In 

fact, the data points toward a ground-state configuration of with the 6* and 

-K* being nearly degenerate. The growth of the high binding energy side, band #2, and 

band #3 under Hell ionization provides solid evidence for the assignment of ±ese two 
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Figure 17- Comparison of Fenske-Hall results for the metal-metal orbitals of 
Mo2(02CCF3)4 and Rh2(02CCF3)4. Just the areas between the HOMO and M-
M a orbitals are shown. 
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bands to 6-type orbitals. The Fenske-Hall method, which traditionally has done quite 

well in describing metal-metal bonded systems, agrees with this formal Rh-Rh bond 

configiuation. 

Conclusions 

Photoelectron spectroscopy has become very valuable in understanding the electronic 

structures of metal-metal bonded systems. In the case of Rh(II) dimers, there has been a 

void of PES data to support or contradict theoretical predictions. The data for 

Rh2(02CCF3)4 provides valuable insight into the nature of bonding in these systems. To 

assign the photoelectron spectrum, Mo2(02CCF3)4 became a valuable starting point. It's 

spectrum and electronic structure are well understood. This assisted in identifying the 

ligand-based and metal-metal ionizations because both spectra show nice separation 

between these regions, and both had nearly identical onsets for their respective "forest 

regions". To help even further, the enhancement of 6 ionizations in the Hell experiment 

observed for other metal dimers containing highly electron-withdrawing ligands became a 

fingerprint for assigning the 6 and 6* symmetry ionizations in the spectrum of 

Rh2(02CCF3)4. The final experimental assignment for the formal Rh-Rh bond 

configuration is with the 6* and tt* being nearly degenerate. 

Overall, the Fenske-Hall method has proven to be quite reliable in predicting the 

ordering of metal-metal orbitals in both early and late transition metal dimers. Perhaps in 

systems with highly electronegative ligands such as M2(02CCF3)4, the tendency for the 

Fenske-Hall method to overestimate ligand-based eigenvalues is a strength. In the case of 



Rh2(02CCF3)4, this effect results in a weak interaction between the Rh-Rh 6-synimetry 

orbitais and the lone-pair combinations of the acetate oxygens, and places the tc* as the 

HOMO. The method also does a nice job of predicting the 7t* and 6* to be very close in 

energy, with a larger gap to the 6-orbital. This is consistent with the experimental data. 

In contrast, the SCF-Xa method tends to overestimate this interaction, which destabilizes 

the 6-symmetry orbitais and gives a Rh-Rh orbital configuration of 6**. 

In the future, the lack of interaction between the ligand lone-pairs and Rh-Rh 6-

orbitals may prove to be an important link in understanding the cause of the intensity 

enhancement of these ionizations in the Hell experiment. 
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CHAPTERS 

From Rh2(02CCF3)4 to Rh2(form)4: Photoelectron Spectroscopy of 
Rh(II)-Rh(n) Complexes With Electron-Donating Ligan^ 

Introduction 

In this chapter, the study of Rh(II)-Rh(II) dimers will expand into complexes which 

possess strong electron-donating ligands. The focus will be on determining the electronic 

structure of Rh2(dpf)4 type complexes, where dpf = diphenylformamidine (structure 

shown in Figure 18). This complex, as well as the p-tolyl substituted derivative, ("form") 

show drastically different PES spectra than Rh2(02CCF3)4. To understand how the PES 

data and Rh-Rh interaction is changing, the data for Rh2(02CCF3)4 will be used as a 

reference point. Previously published PES data for Rh2(02CCF3)2(form)2 and Rh2(form)4 

predict the first four ionization bands in each data set to be metal-metal ionizations.'^ 

These ionizations are said to correspond to orbitals high in rhodium character. The 

predicted formal electronic configuration for the Rh-Rh interaction for each complex is 

stated as o^7r'*6^Ti**6*^. Although this ordering will not be disputed, the orbital character 

and peak assignments are challenged. First, the data for Rh2(02CCF3)2(form)2 and 

Rh2(form)4 will be analyzed to see the effects of sequential addition of p-tolyl 

formamidinate ligands to the tri-fluoroacetate. Then comparisons between Rh2(form)4 

and Mo2(form)4 will be discussed. Within this discussion, the information gathered by 

comparing Elh2(02CCF3)4 and Mo2(02CCF3)4 will be used to assist in the assignments of 



Figure 18- Diphenylfonnamidine structure where R = H, CH3. 



the analogous "form" complexes. Finally, analysis of the Hel/Hell data for RhiCdpf)^ 

reveals information on the extent of delocalization in the dirhodium species with strong 

electron-donating ligands. 

As with Rh2(02CCF3)4, results from Fenske-Hall calculations for all the molecules 

introduced in this chapter will be presented. Discussion of the method's performance on 

these systems as compared to Rh2(02CCF3)4 will be presented. 

Results 

Photoelectron Spectroscopy 

Interpreting the PES data for this new set of Rh(II)-Rh(II) complexes proved to be 

quite challenging due to the lower energy ligand ionizations which appeared in the 

"metal-metal" region of the spectra. To assist in the interpretation, the spectrum of free 

N-N"-p-tolylformamidine was collected. This data provides information about the 

stability of ligand ionizations are prior to interaction with the Rh-Rh core. As will be 

discussed, the ligand-based ionizations are particularly low in these systems, making 

specific elucidation of Rh-Rh ionizations nearly impossible. 

N-fT-p-tolylformamidine, Rh2(02CCF3)/form)2 and Rh/form)^ 

In the interpretation of the data for Rh2(02CCF3)2(form)2 and Rh2(form)4, comparison 

to the free ligand N-N" -p-tolylformamidine and Rh2(02CCF3)4 proved to be useful in 

understanding the effects of the electron-donating "form" ligands. Figure 19 shows the 

comparison of Rh2(02CCF3)4, Rh2(02CCF3)2(fonn)2 and Rh2(form)4. Moving from 

Rh2(02CCF3)4 to Rh2(02CCF3)2(form)2 drastically alters the appearance of the PES data. 
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Figure 19- Hel data for Rh2(02CCF3)4, Rh2(02CCF3)2(form)2 and Rh2(fonn)4. 
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Figure 20- Hel data for N-N" -p-tolylfonnamidine, Rh2(02< 
Rh2(form)4. 

,CCF3)2(form)2 and 



The change on moving from Rh2(02CCF3)2(form)2 to Rh2(form)4 is much less dramatic. 

The shape of the valence ionization region is similar, but the ionizations are shifted about 

1 eV to lower binding energy. This suggests that the formamidinate ligand-based 

ionizations are directing the appearance of the spectra. This notion is supported by 

comparing the free ligand spectrum of N-N"-p-tolylformamidine with 

Rh2(02CCF3)2(form)2 to Rh2(form)4, as shown in Figure 20. The free ligand ionizations 

for N-N" -p-tolylformamidine extend all the way down to 7 eV, approximately 5 eV less 

stable than the first LP. of trifluoroacetic acid. Ionizations of trifluoroacetic acid are 

destabilized by approximately 2 eV when comparing first LP. of the free ligand with the 

onset of the forest region in Rh2(02CCF3)4. If a similar destabilization is felt by the 

"form" ligands, extensive mixing of these ionizations with all the others below 7 eV 

makes it difficult to assign Rh-Rh ionizations in the spectra of Rh2(02CCF3)2(form)2 and 

Rh2(form)4. It does appear that when moving from Rh2(02CCF3)2(form)2 to Rh2(form)4, 

there is additional splitting between the leading band from the second band. This leading 

ionization is believed to originate from an orbital which has b„(6*) symmetry, but is high 

in ligand character. 

RhiiO2CCF3)(form )j 

The preparative route for Rh2(form)4 involved the addition of N->r-p-

tolylformamidine to Rh2(02CCF3)2(form)2(H20)2.'*^ Mass spectrometry data on the 

product from this reaction showed appreciable amounts of Rh2(02CCF3)2(form)2, and 

another species which showed a molecular ion (988 amu) matching the molecular weight 
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Figure 21- Mass spectrometry data for an unpurified sample of Rh2(form)4. A 
peak corresponding to the molecular weight of Rh2(02CCF3)(form)3 shows at 
988 amu. 



of Rh2(02CCF3)(form)3 (shown in Figure 21). This intermediate was also detected when 

the PES data was collected for Rh2(form)4. Rgure 22 shows the data for 

Rh2(02CCF3)2(form)2, Rh2(form)4 and the intermediate Rh2(02CCp3)(form)3. During the 

experiment, Rh2(02CCF3)2(form)2 was collected at it's sublimation temperamre of 170 

°C. After all of this species had sublimed, the temperature was raised and the data for 

Rh2(02CCF3)(form)3 was collected at 180 °C. After this intermediate had fiilly 

sublimed, the temperamre was raised to 190 °C where the data for Rh2(form)4 was 

collected. 

Mo2(fomi)f 

Figure 23 shows the Hel spectrum of Mo2(form)4. The data is very similar in shape to 

that of Rh2(form)4, and when compared, has nearly identical peak positions as well. 

When discovered, this similarity was disturbing because there are no other structurally 

identical transition metal complexes which have been studied by PES that contain 

different metals and have the nearly identical spectra. This provides further evidence to 

the hypothesis that there is extensive delocalization in these systems, and that the ligand-

based ionizations control the appearance of the PES spectra. The leading ionization band 

for Mo2(form)4 is very likely to have 6-symmetry, but be high in ligand character. Figure 

24 compares the Hel data for N-N" -p-tolylformamidine to that of Mo2(form)4 and 

Rh2(form)4. This is displayed to again show how low the ligand ionizations for the 

formamidine-type ligands extend as compared to the complexes. For Mo2(02CCF3)4, the 

onset of the forest region is approximately 2 eV less stable than the first LP of 
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Figure 22- Hel data for Rh2(02CCF3)2(form)2, Rh2(02CCF3)(fonn)3 and 
Rh2(form)4. 



84 

MojCfonn)^ 

Rho (for 111) 

9.75 7.75 5.75 

Ionization Energy (eV) 

Figure 23- Comparison of the Hel data for Mo2(form)4 and Rh2(form)4 
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Figure 24- Comparisons of the Hel data for N-N" -p-tolylformamidine, 
Mo2(fonn)4 and Rh2(fonn)4. 
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trifluoroacetic acid. As with the Rh analog, this would suggest that ligand-based 

ionizations in Mo2(form)4 can extend all the way down to 5 eV. 

Rh2(dpf)^ 

This compound, which is structurally identical to the Rh2(form)4 species (except the 

phenyl rings on the ligands are not methyl substituted at the para-positions) was supplied 

in a large abundance by Doyle and co-workers in order to perform the Hel and Hell 

experiments. The full Hel data is nearly identical in shape to that for Rh2(form)4 (shown 

in Figure 25), but was stabilized by approximately 0.5 eV. Figure 26 shows the fiill 

Hel/Hell comparison for Rh2(dpf)4. As can be seen, the region below 10 eV grows in 

intensity relative to the rest of the spectrum. This suggests that there are metal 

ionizations in this region, but does not give enough evidence to assign individual bands to 

Rh-Rh orbitals. In the region below 10 eV, the relative band intensities stay about the 

same with Hell ionization. This suggests that there is a fair amount of mixing between 

the Elh-Rh orbitals and ligand orbitals (which in free N-N"-p-tolylformamidine extend to 

7 eV). As with Rh2(02CCF3)2(form)2 and Rh2(form)4, the leading ionization band is 

believed to originate from an orbital with 6* symmetry, but is high in ligand character. 

It is important to note that when comparing Mo2(form)4 to Rh2(form)4, changing 

metals does not change the appearance of the spectrum, but altering the ligand (as with 

Rh2(dpf)4) does change the appearance of the spectrum. 

Fenske-Hall Calculations 

Despite the Fenske-Hall method's tenancy to overestimate the stability of ligand-based 



s 
i 
o 

16.0 14.0 12.0 10.0 6.0 8.0 

Ionization Energy (eV) 

Figure 25- Comparison of the Hel data for Rh2(dpf)4 and Rh2(form)4. 
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Figure 26- HeWfell comparison for Rh2(c^f)4. 



orbital eigenvalues, the results for Rh2(02CCF3)2(form)2 and Rh2(form)4 are in better 

agreement than anticipated. Previously published Xa calculations on the model 

complexes Rh2(HC(NH)2)2(02CH)2 and Rh2(HC(NH)2)4 predict a formal electronic 

configuration for the Rh-Rh interactions to be (rTi*8ru**6*^. Although this orbital 

ordering is not disputed, the amount of metal character in these orbitals is questioned. As 

will be presented, the Fenske-Hall results correlate much better with the experimental 

evidence for more extensive delocalization. 

Rh2(02CCF3)2(fomi)2 

In performing the calculations on Rh2(02CCF3)2(form)2, the "form" ligands were 

placed cis to one another. This is in agreement with crystallographic data. The Fenske-

Hall results for Rh2(02CCF3)2(form)2 are shown in Table 13. The table displays orbital 

eigenvalues, orbital symmetry, and percent metal character. As previously mentioned, 

Xa calculations predict much higher percent metal character in each of the Rh-Rh orbital 

eigenvalues. This is inconsistent with the Hel/Hell data for Rh2(dpf)4 which shows that 

there is delocalization in these systems containing the electron-donating formamidinate 

ligands. 

Table 13. Fenske-Hall results for Rh2(02CCF3)2(form)2. 

Orbital Eigenvalues (eV) Orbital Symmetry % Rh Character 

7.65 a, (6*) 34% 

8.68/8.78 b„ b2 (7C*) 60% 

11.08 82(6) 80% 

11.26/11.72 b„b,(K) 60% 



The Fenske-Hall method calculates the HOMO to be 6* synmietry, but to be only 34% 

rhodium in character. The Rh-Rh 7t* orbitals are predicted to be next, but with 

significantly higher metal character. After the 7t* orbitals, three ligand-based levels are 

predicted to exist before the Rh-Rh 6 orbital. The percent character of the 6-orbital is 

calculated to be 80%. The ic-levels are then calculated to follow the 6-orbital by less than 

0.5 eV. They are predicted to have approximately the same metal character as the 

corresponding n* levels. 

The Fenske-Hall method predicts the same orbital ordering as the previously published 

Xa calculations, but does do better in predicting the Rh-Rh levels to be slightly more 

delocalized. The placement of the ligand orbitals in the metal-metal region by both 

methods does result in part from neglecting that the metal orbitals will have larger 

relaxation energies than the ligand levels. 

Rhiiform)^ 

Table 14 shows the calculated orbital eigenvalues, orbital symmetry and percent 

character as predicted by the Fenske-Hall method for Rh2(form)4. The orbital ordering 

Table 14. Fenske-Hall results for Rh2(fonn)4. 

Orbital Eisenvalues (eV) Orbital Symmetry % Rh Character 

7.07 b„(6*) 37% 

8.58 eg (7C*) 85% 

10.32 bg(6) 96% 

11.65 e.. (71) 85% 
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agrees with Xa calculations on the model complex Rh2(HC(NH)2)4. The HOMO is 

calculated to have 6* symmetry, but is only 37% metal in character. The ir* level is 

calculated to be the next eigenvalue, and has significant higher metal character than the 

5* level. As was calculated for Rh2(02CCF3)2(fonn)2, there are three ligand-based 

orbitals predicted between the Rh-Rh it* and 6 orbitals. The 6 level is calculated to be 

very high in metal character, and is followed by the n orbital which is predicted to be 

equal in metal character to the corresponding 7i* level. 

The Fenske-Hall method appears to correctly describe the orbital character of the 6* 

orbital, but fails to accurately describe the characters of the other Rh-Rh levels. 

Mo2(form)^ 

Table 15. Fenske-Hall results for Mo2(form)4. 

Orbital Eigenvalues (eV) Orbital Symmetry % Mo Character 

7.53 b,(6) 88% 

10.65 eu(7t) 90% 

11.13 a„(CT) 80% 

Table 15 shows the Fenske-Hall results for Mo2(form)4. Between the Mo-Mo n and 6, 

there are three ligand-based orbitals. These results suggest that the first ionization band 

in Mo2(form)4 is the 6-ionization, but predict it to be high in molybdenum character. 

Based on the similarities between the PES data for Rh2(form)4 and Mo2(form)4, this 

calculated percent character is believed to be an overestimation. More detailed attention 

will be given to this in the Discussion section. 
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Discussion 

Interpretation of PES Data 

Detailed assignment of the PES data for RJi2(02CCF3)2(form)2, Rh2(form)4, and 

Rh2(dpf)4 is difficult. The is mainly due to the properties of the formamidinate ligands. 

These ligands are strong-electron donating substituents and tend to direct the shape of the 

PES data when bound to metals by causing extensively electronically mixed systems. 

There are two pieces of evidence to support this notion. First, when comparing the Hel 

spectra of Rh2(02CCF3)4, Rh2(02CCF3)2(form)2, and Rh2(form)4 there is a drastic change 

in spectral appearance on moving from Rh2(02CCF3)4 to Rh2(02CCF3)2(form)2. The clean 

separation between metal-metal and ligand-based orbitals which is observed for 

Rh2(02CCp3)4 is no longer seen in the data of Rh2(02CCF3)2(form)2. When moving from 

Rh2(02CCF3)2(form)2 to Rh2(form)4, the change in spectral appearance is much less 

drastic. All the valence bands are shifted, and there are some small changes in the 

strucnire. Without making any conunents on peak assignments, these observations 

provide evidence that the formamidinate ligands are dictating the spectral shape resulting 

from ligand-based ionizations being located down in the what is traditionally referred to 

as "metal-metal" region. In addition, moving from Mo2(form)4 to Rh2(form)4 does not 

affect the appearance of the spectrum, but substimtions on the "form" ligands does. The 

PES data did reveal the possibility of an intermediate complex Rh2(02CCF3)(form)3. This 

is supported by mass spectrometty data of the unpurified Rh2(form)4 solid which shows a 

parent ion peak at 988 amu. 
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More detailed infonnation is gathered from the Hel/Hell data of Rh2(dpf)4. In 

comparing the Hel and Hell data for Rh2(dpf)4, there is a region which does grow under 

Hen ionization. Because of the low lying ligand orbital ionizations which can also be in 

this region, there is not enough evidence to assign Rh-Rh ionizations to discreet bands. 

The fact that there are no significant changes in band intensities below 10 eV suggests 

that there is extensive delocalization between the low lying ligand orbitals and the Rh-Rh 

levels. Rh2(02CCF3)2(form)2, is probably also delocalized, but to a lesser extent. 

Granozzi and co-workers^ have published Hel and Hell data for Rh2(02CCF3)2(form)2 

and assign the first ionization band to the Rh-Rh 6* orbital, but were unable to assign any 

of the other bands with confidence. They suggest that the second and third bands 

originate fi-om the Rh-Rh n* levels, but mention that the Hell data does not support this 

assignment. In assigning the data for Rh2(form)4, the authors again assign the first 

ionization band to the Rh-Rh 6* orbital, but also assign with confidence the second 

ionization band to the Rh-Rh tt* orbitals. They go on to assign the following band to the 

Rh-Rh 6 ionization. The question becomes, if the authors are so confidently assigning 

peaks to discreet Rh-Rh ionizations for the PES data of Rh2(fonn)4, why do they refrain 

from doing so for Rh2(02CCF3)2(form)2? Their confusion appears to be in assigning the 

Rh-Rh 71* ionizations for Rh2(02CCF3)2(form)2. The DV-Xa calculations they performed 

predict the 7C*-orbitals to not be split by a significant amount. Consequently, they are 

perplexed by the appearance of two separate ionization bands after the leading band. 

The Hen data they present shows no bands which significantly increase relative to the 
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corresponding Hel data, bi fact, it is difficult to make any comments from the Hell data 

they present due to it's poor quality. For Rh2(form)4, they report that the first ionization 

band increases signiflcantly relative to the second ionization band. Upon inspection of 

this data, it does appear that the first band does increase relative to the second, but the 

quality of this data is also poor, and it does not appear that baseline positions were taken 

into account when discussing relative peak intensities. 

Although this author does agree that the first ionization in both complexes originate 

from an orbital that has Rh-Rh 6* character, the amount of character that this orbital has 

relative to the other valence bands is questioned. From a qualitative molecular orbital 

perspective, it is logical to assume that the 6-symmetry orbitals would be destabilized 

relative to the Ti-symmetry orbitals. The 6-levels have the proper symmetry to interact 

with the ligand lone-pair combinations, giving these metal-metal orbitals a direct pathway 

from which to interact with changing electron-donating properties of the ligands. Figure 

27 shows this interaction. This is reflected in the Fenske-Hall results which predict the 

6* for both Rh2(02CCF3)2(form)2 and Rh2(form)4 to be the HOMO. It is important to 

note that this interaction will be significant in discussing the data presented in Chapter 6. 

The similarities between the Hel data for Rh2(form)4 and Mo2(form)4 was surprising. 

To date, there are no other examples of PES data where two complexes with the same 

ligands, but with different metals with different numbers of d-electrons, show such 

similar spectra. Fenske-Hall results for Mo2(form)4 predict the HOMO to originate firom 

the Mo-Mo 6-orbitals, but also predict the orbital to be high in metal character. 
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Figure 27- Qualitative molecular orbital picture of the fiUed-filled interaction 
between the Rh-Rh 6* orbital and the ligand lone-pair combinations. 



Unfortunately, the relative theoretical photoionization cross-sections for Mo vs. N do not 

differ enough to obtain orbital character information from a Hell experiment. The 

spectral similarities between these two complexes are not believed to be purely 

coincidental. It is thought that the leading ionization bands in both data sets are high in 

ligand-character and hence, their respective ionizations are dictated by this property. 

Figures 28 and 29 show basic qualitative molecular orbital descriptions which compare 

the energies of the Mo-Mo 6-orbital and Rh-Rh 6*-orbitaI on going from M2(02CCF3)4 to 

M2(form)4. For Mo2(02CCF3)4 and Rh2(02CCF3)4 (Chapter 4), the Mo-Mo 6-orbital starts 

out at approximately 1.5 eV less stable than the Rh-Rh 6*-orbital. If the ligand-based 

lone-pair combinations are much more stable than the metal d-orbitals, as for 

Mo2(02CCF3)4 and Rh2(02CCp3)4, the filled-filled interaction between the ligand lone-

pair combinations and the 5-symmetry orbitals results in a small destabilization of the 

metal-metal 6-orbital, and a small stabilization of the corresponding ligand-based orbital. 

This results in separation between ligand and metal-based orbitals, which is observed in 

the PES experiments. If the ligand levels and metal-metal orbitals are close in energy, as 

is thought for Mo2(form)4 and Rh2(form)4, more extensive mixing occurs and the two 

resulting orbitals that are more equally weighted with ligand and metal character. Using 

this model, to close the 1.5 eV gap between the Mo-Mo 6-orbital and the Rh-Rh 6*-

orbital, the formamidine lone-pair combinations must be better matched energetically 

with Rh-Rh 6* than the Mo-Mo 6. This results is a larger overlap effect which further 

destabilizes the anti-bonding combination of this interaction (which we assign to the Rh-
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Figure 28- A qualitative molecular oibital picture showing the lilled-filled interactions between the respective metal-
metal oibitals and O lone-pairs that occur in RhjCO/XFj)^ and Mo2(0/XlF3)4. 
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Figure 29- A qualitative molecular orbital picture showing the filled-filled interactions between the respective metal-
metal orbitals and N lone-pairs that occur in RhzCform)^ and Mo2((form)4. 
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Rh 6*-orbitaI) and pushes its energy to be nearly equal to the Mo-Mo 6-orbitaI in the 

molybdenum analog. 

Conclusions 

Overall, the less stable orbitals of the formamidine ligands have a profound effect on 

the electronic structure, and hence the PES data for Rh2(02CC!F3)2(form)2, Rh2(form)4, 

Eyi2(dpf)4 and Mo2(form)4. Not only are the metal-metal 6-symmetry orbitals destabilized 

relative to the metal-metal ir-orbitals, making the 6*-orbital the HOMO for all the 

rhodium complexes mentioned, but metal-metal levels contain much higher amounts of 

ligand character as compared to the M2(02CCF3)4 analogs. The PES data did reveal the 

possibility of an intermediate, Rh2(02CCF3)(form)3. The mass spectrometry results for an 

unpurified sample of Rh2(form)4 showed a parent ion peak corresponding this species 

(988 amu). When the PES experiment was performed on this crade mixture, a unique set 

of data was collected at a sublimation temperature halfway between that of 

Rh2(02CCF3)2(form)2 and Rh2(form)4. Other than the data presented in this chapter, this 

compound has yet to be formally isolated and characterized. 

The previously published PES assignments for Rh2(02CCF3)2(form)2 and Rh2(form)4 

by Granozzi and co-workers are believed to be somewhat incorrect. They attempt to 

assign all the Rh-Rh levels to discreet bands in the PES data for each complex. This 

ignores any extensive mixing which this author observed when studying the Hel/Hell data 

for Rh2(dpf)4. There are no bands which show any significant growth under Hell 

ionization suggesting there are no Rh-Rh levels that have high percent metal character. 
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The formal electron configurations of the Rh-Rh interactions in these complexes, is 

most likely o^TC'*6^7t*^6*^. Unfortunately, the extensive mixing of the ligand and metal 

levels makes it experimentally difficult to assign ionizations to the levels below the 5*. 

The most important piece of information gathered firom studying these complexes is how 

the Rh-Rh 6*-levels are affected by more electron-donating ligands. This overlap effect 

will be an key point of discussion in Chapter 6. 
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CHAPTER 6 

The Relationship Between Catalytic Selectivity and Electronic 

Structure in Rh2(pfb)4 and Rh2(capy)4 (where pfb=CF3(CF2)2C02', and 
capy=OC(CH2)sN) 

Introduction 

The previous two chapters were devoted to studying the electronic structure of d'-d' 

Rh-Rh interactions, and how the electron-donating properties of the bridging ligands 

effected electronic structures. In this chapter, that information will be used to assist in 

exploring the relationship between electronic structure and catalytic selectivity in some 

very common catalysts used in organic synthesis, Rh2(pfb)4 and Rh2(capy)4 (where pfb = 

CF3(CF2)2C02' and capy = •OC(CH2)5N)- The stmctures of these complexes are shown in 

Figure 30. The Rh2(pfb)4 compound is strucmrally very similar to Rh2(02CCF3)4, and as 

will be presented, the similarities also extend to the electronic structure. Rh2(capy)4 is in 

a class of compounds which will be refereed to as acetamide dimers. These species are 

Rh(II)-Rh(II) compounds, but the bridging ligands are mixed nitrogen/oxygen at the 

metal-ligand binding sites. The acetamide dimers provide a bridge between the acetate 

and formamidinate dimers (shown in Figure 31). Besides Rh2(capy)4, two other 

acetamide dimers were studied, Rh2(OCCH3NC6H5)4 and Rh2(OCCH3NC6Fs)4. Before 

presenting the data for these new complexes, it is appropriate to give a background into 

some of the highly selective catalatic reactions that Rh2(pfb)4 and Rh2(capy)4 can drive. 
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Figure 30- Structures of Rh2(pfb)4 and Rh2(capy)4. 
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Figure 31- The three class of dirhodium complexes studied in this dissertation. 
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Background Of Catalytic Selectivity 

Rh(lI)-Rh(II) dimers have proven valuable in a wide range of catalytic reactions. 

^^2(^2^^3)4's probably the most commonly used catalyst and has a variety of 

applications from the catalysis of water splitting reactions,^' to anti-tumor activity It 

was quickly discovered when employed as catalysts, that varying the substituents on the 

bridging ligands, or changing the atoms bound to the metal, had a profound affect on 

turnover rates and product selectivities.^^ The focus of this chapter will be on the 

catalysts Rh2(pfb)4 and Rh2(capy)4. Doyle and co-workers have found that these species 

can perform highly selective catalysis of diazo-carbonyl complexes to form products 

containing five-membered rings, and the choice of one or the other has dramatic results 

on the product distribution.®^ These reactions are relatively simple, and provide a very 

nice platform for which to study the interactions of the transition metal catalysts with the 

organic species. There has been a lot of effort put forth to ascertain the specific manner 

in which the dirhodium species interact with the organic moieties. The most accepted 

pathway for catalysis is via an axially bound carbene species as shown in Figure 32. To 

date, there has been no direct mechanistic evidence for this, but there is some support for 

the existence of intermediate carbene complexes.®® '' Pronounced similarities in both 

reactivity and selectivity have been observed in stoichiometric cyclopropanation reactions 

of (C0)5WCHPh™ and Rh2(OCCH3)4-cataIyzed reactions of phenyldiazomethane." In 

addition, iodorhodium(III) mesotetraphenylporphrin (RhTPPI,8) has been reported to 

catalyze transformations of diazo compounds.'^ In these reactions, rhodium-carbene 
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Figure 32- Interaction of diazo-species with dirhodium catalyst. 
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intermediates have been observed. 

Figure 33 shows a reaction that demonstrates the extreme selectivity of Rh2(pfb)4 as 

compared to Rh2(capy)4 in the catalysis a diazo-carbonyl complex to form two different 

five-membered ring products.^" The product distribution for Rh2(02CCH3)4 is also 

shown. When the catalysts is Rh2(pfb)4, the product 2 is formed in 100% relative yield. 

The * on the reactant designates the carbon which loses dinitrogen, and becomes the 

carbene carbon. Product 2 results from the addition of the aromatic C-H bond across the 

Rh-C interaction. If Rh2(capy)4 is employed as the catalyst, the product distribution is 

completely opposite, producing 100% relative yield of product 1. This product results 

from the addition of the C=C double-bond across the Rh-C interaction. Rh2(02CCH3)4 

produces an equal distribution of the products. Figure 34 shows another example of this 

extreme catalytic selectivity. In this reaction, there are no aromatic C-H bonds, and the 

C=C bond is terminal. The product distribution is the same as in the first reaction. 

Rh2(pfb)4 produces in 100% relative yield the compound which results from addition of 

the tertiary C-H across the Rh-C interaction (product 2). Rh2(capy)4 produces in 100% 

relative yield the other compound which results from the addition of the terminal C=C 

bond across the Rh-C interaction. Again, Rh2(02CCH3)4 produces an equal product 

distribution. Steric effects resulting from changing the organic fragments have been 

extensively studied and are well understood.^ Altering the electronic factors of the 

organic fragments has also been performed, but does not seem to affect product 

distribution in most reactions where Rh2(pfb)4 and Rh2(capy)4 are used.^"*"" What has not 
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CataKst Itelative % YfeMs 

Rh2(pfl>)4 0 100 

Rh2(OAc)4 48 52 

Rh2(capy)4 100 0 

Figure 33- Reaction of a diazo-carbonyl complex to form five-membered ring products. The relative % yields 
when each catalyst is employed is listed. 
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Rh2(ca|Q')4 100 0 

Figure 34- Another reaction of a diazo-carbonyl complex to form five-membered ring products 
% yields when each catalyst is employed is listed. 
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received a large amount of attention, is exploring why changing the electronic factors of 

the catalysts affects the Rh-C interaction, and hence drives such high catalytic 

selectivities. A recent publication utilized linear free-energy correlations to correlate 

many thermodynamic properties of the firee-ligands of the rhodium catalysts, to their 

respective catalytic selectivities This paper presented IR evidence that Rh(n)-Rh(ID 

dimers can backbond to CO in the axial position. Unfortunately, they also concluded that 

the interaction of the catalyst with the organic fragments is controlled by the polarizability 

of the ligands on the rhodium dimers, and that the Rh-Rh orbital energies should not 

change in energy upon ligand substitution. Doyle and co-workers published some crude 

MNDO calculations which predict that the charge on the carbene carbon for :CH2 axially 

bound to Rh2(02CCF3)4 is more positive than if the species is bound axially to 

Rh2(02CCH3)4." Beyond these attempts, there have yet to be direct discussions on how 

electronic factors of the Rh-Rh bond affect the carbene intermediate, and consequently 

the catalytic selectivity. 

Results 

Phctoelectron Spectroscopy 

Rhi(pfb)^ 

Figure 35 shows the full Hel spectrum of Rh2(pfb)4 as compared to Rh2(02CCF3)4. As 

with the spectrum of Rh2(02CCF3)4, the data for Rh2(pfb)4 shows a separation between 

the ligand-based ionizations ("forest region") and Rh-Rh based ionizations. Figure 36 

shows a closeup of the metal-metal region for Rh2(pfb)4. The shape and behavior of this 
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F^ure 35- CcHiparsion of the Fiili Hel data of Rh2(O^CCF3)4 and Rh2(pfb)4. 
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F^ure 36- Hel/Hell cxxiqKirison for the metal-inetal region of Rh2^fb)4. 
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F^ore 37- Qoseup Hel COTiqjarison for die metal-metal ionizations of 
Rh2(OiCXZF3)4 and Rh2^fb)4. 
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region with Hell ionization is nearly identical to that of Rh2(02CCF3)4. Figure 37 shows a 

comparison of the closeup Hel data for Rh2(02CCF3)4 and Rh2(pfb)4. Table 16 lists the 

peak parameters for the closeup Hel/Hell data of Rh2(pfb)4, the orbital assignments and 

the amount each peak is shifted as compared to Rh2(02CCF3)4. As with Rh2(02CCF3)4, 

there is some uncertainty on the exact ordering of the Rh-Rh u* and 6* orbitals. The 

Hen area changes are relative to the first asymmetric Gaussian peak. The leading band is 

fit well with two asymmetric Gaussians, and is a bit broader than the same band for 

Rh2(02CCF3)4. The second ionization envelope is well represented by two asymmetric 

Gaussians. The first band containing the two fit peaks at 9.43 and 9.65 eV is believed to 

originate from the Rh-Rh k* and 6* orbitals. As with Rh2(02CCF3)4, the intensity growth 

of the high binding energy side of this band suggests that this may be the 6* ionization. 

The next Gaussian at 10.61 eV is assigned to the Rh-Rh 6 with the last at 11.00 eV being 

assigned to the Rh-Rh n. The shifts of the peaks relative to Rh2(02CCF3)4 are very small. 

Table 16. Peak parameters for Rh2(pfb)4. 

Peak 
Position 

(eV) 

Peak 
Assignment 

FWHM 
(eV) 

Width 
High/Low 

(eV) 

Hen 
Area 

Changes 

Shifts from 
Rh2(0iCCFj), 

Peaks (eV) 

9.43 eg(it»)/b„(6*) 0.38 0.44/0.31 — -0.09 

9.65 eg(7t»)/b„(6») 0.44 0.49/0.38 +50% -0.06 

10.61 (bg)6 0.43 0.51/0.35 +77% 0.00 

11.00 (e„)K 0.46 0.54/0.37 -17% -0.08 
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Figure 38- CcMi5)arsion of the Fiill Hel data of Rh2(c^y)4 and Rh2(pfb)4. 
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Rhj(capy)^ 

Figure 38 shows the full Hel spectrum of Rh2(capy)4 as compared to that of RhjCpfb)^. 

The ionizations between 9 and 16 eV are believed to be primarily ligand-based. Figure 

39 shows the closeup Hel/Hell comparison for the region below 9 eV. The first three 

ionization bands grow in intensity relative to the broad complex collection of overlapping 

bands afterwards. This indicates that the first three bands arc higher in rhodium character 

and probably originate ft-om the Rh-Rh bond. Table 17 shows the fit parameters for these 

three bands as well as the orbital assignments. The Hell peak percent area changes are 

relative to the first band. This first band fits well with one asymmetric Gaussian and is 

assigned to the Rh-Rh 6* ionization. The second ionization band has a small shoulder on 

the low binding energy side, so it is best represented by two asymmetric Gaussians. This 

band is assigned to the Rh-Rh n* and 6 ionizations. It is difficult to say which is at lower 

binding energy. The third band is fit with one asymmetric Gaussian and is assigned to the 

Rh-Rh n orbital. 

Table 17. Peak parameters for Rh2(capy)4. 

Peak Position 
(ev) 

Peak 
Assignment 

FWHM(eV) Width High/Low 
(eV) 

Relative Hell 
Area 

6.10 b„(6*) 0.28 0.35/0.22 — 

6.71 e/u*) 0.24 0.28/0.21 +22% 

6.88 b,(6) 0.23 0.27/0.19 +33% 

7.33 e.,(7r) 0.35 0.47/0.24 +26% 

The region after the Rh-Rh n ionization which shows a notable decrease with Hell 
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Figure 39- Hel/HeO comparison for Rh2(capy)4. 
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ionization is believed to originate from nitrogen lone-pair 

ionizations. 

Rh/OCCHjNC^s)^ and RhjfOCCHjNCJ^si^ 

Figure 40 shows the configuration of the ligands in 

these complexes. Figure 41 shows the fiill Hel spectra for 

both EUizCOCCHjNQHs)^ and Rh2(OCCH3NC6F5)4. 

Figures 42 and 43 show the respective closeup data. As 

with Rh2(capy)4, the spectrum of Rh2(OCCH3NC5H5)4 

shows two leading ionization bands. The first band is 

represented by a single asynunetric Gaussian, while the second is fit with two Gaussian's. 

Table 18 displays the fit parameters for the closeup data of Rh2(OCCH3NQH5)4. The 

percent Hell area changes are relative to the first peak. 

Table 18. Peak parameters for Rh2(OCCH3NC6Hs)4. 

Peak Position 

6.39 

Peak 
Assignment 

FWHM(eV) Width High/Low 
(eV) 

Relative Hell 
Area Change 

Peak Position 

6.39 b„(6*) 0.24 0.28/0.24 — 

6.89 0.20 0.22/0.17 +15% 

7.06 , b^(6) 0.20 0.23/0.17 +14% 

The first band is assigned to the Rh-Rh 6* ionization. The second band is assigned to the 

Rh-Rh Tc* and 6 orbitals with the Rh-Rh ti ionization being buried under the nitrogen 

lone-pair and phenyl ionizations starting at 7.3 eV. The changes in relative areas of the 

second and third fit peaks are small and do not provide any significant information other 

O N 

^Rh—Rh^O 
or'|N-'| 

O N 
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CH, F^F 

r J' 
' ^Nl ^ 

^Rh—Rh-O 
or-|N^| 

O N 

Figure 40. Structures of 
Rh2(OCCH3NC6H5)4 and 
Rh2(OCCH3NC6Fs)4. 
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F1g^re 41- Qmpixison of fiill Hel data for Rh2(CXXIH3NC^5)4 and 
Rh2(OCCH3NC6F5)4.. 
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F^ure 42- Hel/Hell comparison for Rh-Rh ionizations of Rh2(OCCH3NC6H5)4. 
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F^iute 43- Hel/Hell ccraqjarison for Rh-Rh ionizations of Rh2(OCCH3NQF5)4. 
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than that all of the ionizations in this area have very similar orbital characters. Table 19 

shows the fit parameters for the closeup data of Rh2(OCCH3NC6F5)4. 

Table 19. Fit parameters for Rh2(OCCH3NC6F5)4. 

Peak Position 

7.30 

Peak 
Assignment 

b„(6*) 

FWHM(eV) Width High/Low 
(eV) 

Relative Hell 
Area 

Peak Position 

7.30 

Peak 
Assignment 

b„(6*) 0.27 0.32/0.22 — 

7.78 eg(iT*) 0.22 0.26/0.19 +65% 

7.95 b,(6) 0.24 0.29/0.19 +84% 

The second ionization envelope is fit with two Gaussians. The assignments for this data 

are the same as for Rh2(OCCH3NQH5)4, but the relative area changes under Hell 

ionization are drastically different. The two leading bands in Rh2(OCCH3NC6F5)4 have 

moved deeper into the ligand-based ionizations starting at around 8.2 eV. Consequently, 

the separation between the bands does not drop as close to baseline. Figure 44 shows 

another comparison of the full Hel data of Rh2(OCCH3NCjH5)4 and Rh2(OCCH3NC6F5)4 

with labels on pertinent ionization regions. The two leading bands in each data set (Rh-

Rh ionizations) are labeled A and B. The peak believed to originate from ligand-based 

phenyl ionizations is labeled C. On moving from Rh2(OCCH3NC6H5)4 to 

Rh2(OCCH3NC6F5)4, A and B are stabilized by the same amount (approximately 1 eV) 

and retain the same relative splitting. However, C is shifted by a smaller amount 

(approximately 0.5 eV). This is because the phenyl ionizations feel both the electron-

withdrawing and Tt-donating properties of the fluorines resulting in a smaller relative 

stabilization. The region between B and C is consequendy shortened. This region is 
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F^nre 44- Omqiarison of ftdl Hel data for Rh2(CXXH3NC6H5)4 and 
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believed to be comprised of nitrogen lone-pair ionizations and the Rh-Rh it ionizations, 

both of which will feel the charges effects of the fluorines, but not the 7r-donation. 

Therefore, regions A and B shift into the baseline region of C. 

Fenske-Hall Calculations 

Rh2(pfb)4 

The results from the calculation on the full Rh2(pfb)4 molecule are shown in Table 20. 

The orbital eigenvalues along with orbital symmetries and percent rhodium character are 

shown. As with Rh2(02CCF3)4, the Rh-Rh 6* and it* orbitals are predicted to be nearly 

degenerate with the ti* being slightly less stable (HOMO). There is then a large splitting 

Table 20. Fenske-Hall results for Rh2(pfb)4. 

Orbital Eigenvalue (eV) Orbital Symmetry % Rh Character 

9.73 Cg (11*) 90% 

9.77 b„(6*) 76% 

12.05 bg(6) 90% 

13.42 Cu (71) 82% 

16.06 a„(o) 70% 

(2.28 eV) until the 6 orbital. There are three ligand-based eigenvalues predicted between 

the Elh-Rh 6 and n orbitals. The o orbital is calculated to be 2.64 eV more stable than the 

7t level. Overall, the splittings of the eigenvalues, percent characters and amount of 

ligand-based orbitals in the metal-metal region are nearly identical to that of 

Rh2(02CCF3)4. 
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Rhiicapy)^ 

The calculated orbital eigenvalues, corresponding symmetries and percent rhodium 

character for the full Rh2(capy)4 molecule are presented in Table 21. The HOMO is 

predicted to be the Rh-Rh 6* orbital. It is split out from the SHOMO, the Rh-Rh n* 

level, by 0.65 eV. The next eigenvalue at 9.03 eV corresponds to the Rh-Rh 6 orbital and 

is followed by the Rh-Rh it orbital at 10.67 eV. Interestingly enough, the first ligand-

based eigenvalue does not appear until after the Rh-Rh ti level. There are five ligand-

based orbitals between the n and a. There is another component to the a level which is 

located at 11.13 eV. It is only 20% d^^, but is comprised of about 25% 5s character. 

Table 21. Fenske-Hall results for Rh2(capy)4. 

Orbital Eigenvalue (eV) Orbital Symmetry % Rh Character 

6.41 b„(6*) 78% 

7.06 eg(7c*) 90% 

9.03 b,(6) 81% 

10.67 e„ (7t) 73% 

13.42 a„(a) 50% 

As with all of the Rh-Rh complexes presented in this dissertation, the 6* orbital of 

Rh2(capy)4 has the proper synmietry to interact with ligand-based lone-pair combinations. 

The metal character of the 6* level is predicted to be higher in Rh2(capy)4 than for 

Rh2(form)4 (which as presented in Chapter 5, was calculated to be 34%). This suggests 

that the mixing between ligand and metal levels in acetamides such as Rh2(capy)4 is less 
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extensive. 

Discussion 

Charge and Overlap Effects 

When describing shifts in PES experiments that result from chemical substitutions, 

charge and overlap effects dictate the extent to which ionization energies are stabilized or 

destabilized. Sometimes, the charge effect will dominate as was seen with the triply-

bonded alkoxides in Chapter 3. However, there are many situations in which charge and 

overlap effects work together. This, combined with a basic knowledge of molecular and 

orbital symmetry, can provide valuable information for interpretation of PES data, 

ultimately leading to a more complete understanding of the system's electronic structure. 

In the case of these Rh(ll)-Rh(ir) dimers, overlap effects play a substantial role when 

comparing acetates, acetamides, and formamidinates. At this point it is appropriate to 

briefly review the knowledge acquired from Chapter 5 and Chapter 6 concerning these 

effects. 

The Ilh-Rh orbital ionization which is affected the most by overlap effects is the 6*. 

Figure 45 shows how charge and overlap effects work together to change the energy of 

the Rh-Rh 6* orbital. Starting with the acetates, the oxygen lone-pair combination which 

has the proper symmetry to interact with the Rh-Rh 6* orbital is much more stable. The 

filled-filled interaction between these two levels results in a very small destabilization of 

the 6* orbital. Substitution of two acetates with two formamidinates (as with the 

compounds in Chapter 5), or replacing all four acetates with acetamides, results in more 
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appreciable mixing. The orbital undergoes a destabilization due to changing the group 

electronegativity of the ligands (charge effect), but receives an extra "push" from the 

additional destabilization due to the filled-filled interaction with the ligand lone-pair 

combinations. This effect was seen in Chapter 5 with the non-linear shifts of the Rh-Rh 

6* ionizations on going from Rh2(02CCF3)4, to Rh2(02CCF3)2(form)2, to Rh2(form)4. 

When all four ligands are formamidinates, the ligand lone-pair energies are very near, if 

not more unstable than the Rh-Rh orbitals. This results in more extensive mixing 

between these orbitals. On moving from Rh2(02CCF3)2(form)2 to Rh2(form)4, the charge 

effect is the same as moving from Rh2(02CCF3)4 to Rh2(02CCF3)2(form)2. The additional 

destabilization due to overlap is much smaller because the ligand lone-pairs are now less 

stable than the Rh-Rh orbitals resulting in a smaller shift of the 6* ionization when 

moving from Rh2(02CCF3)2(form)2 to Rh2(form)4, In the acetate and formamidinate 

complexes, the ligands have high synmietry, and it is relatively easy to envision the 

orbitals that have the proper synunetry for this overlap interaction. Figure 46 shows 

contour plot of the Rh-Rh 6* level of Rh2(02CCF3)4 as displayed in Chapter 4. There is 

also a symmetry allowed combinations of oxygen lone-pairs which can interact with the 

Rh-Rh 6 orbital, but it is much more stable and has a poor energy match. 

The acetamide complexes are a bit different due to the break in symmetry of the 

individual ligands. Figure 47 shows a contour plot of the 6* orbital of Rh2(capy)4. It can 

be seen that even though the symmetry of the individual ligands are broken, there exist a 

lone-pair combination that can mix with the 6*. In addition, there now exists ligand lone-



128 

F^ure 46- Contour plot of tbe 6* oibital of Rh2(OiGCp3)4 as calculated by the Faiske-
(M medKxi. Note Ae ligand Icne-pair combination \\^ch is mixing widi tbe Rh-Rh 
inteiacticxi. 
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F^ure 47- ContDur plot of die 6* oifoital of Rh2(c^y)4 showing the ligand lone-pair 
intetacticns with the Rh-Rh bond. 



Figure 48- Contour plot of the 6 orbital for Rh2(capy)4. The view shown is looking 
down the Rh-Rh bond. The ligand lone-pairs on centralized on the N and C. Note the 
ligand combinations which can interact with the Rh-Rh orbital. 
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pair combinations that can interact with the Rh-Rh 6 orbital. This ligand lone-pair 

combination is comprised of C-N z bonding interactions. Figure 48 shows the contour of 

the Rh-Rh 6 which shows the ligand component. As a result, the Rh-Rh 6* and 6 orbitals 

are both destabilized in the acetamide complexes. This is reflected in the PES spectra of 

the acetamide complexes for Rh2(capy)4, Rh2(OCCH3NC5H5)4 and RhjCOCCHjNCsFs)^, 

where the ionization bands following the 6* bands contains two ionizations, the Rh-Rh 

Tt* and 6. 

Overlap contributions to the Rh-Rh 6* of Rh2(02CCF3)4 and Rh2(capy)4 are 

summarized in detail in Figures 49 and 50. Both show molecular orbital diagrams were 

constructed from the Fenske-Hall calculations on the full molecules (Rh2(02CCF3)4 was 

reported in Chapter 4, and is used here as a model for Rh2(pfb)4). For Rh2(02CCF3)4 

(Figure 49), there are four orbitals that result from mixing the four acetate orbitals of bu 

symmetry, (antisymmetric in-and-out combination of plane oxygen p-orbitals). Only one 

of these combinations has the correct symmetry for overlap with the Rh-Rh 5* orbital. 

The antisymmetric combination of this filled-filled interaction is high in Rh-Rh character, 

has bu symmetry and is assigned to the Rh2(02CCF3)4 6*. For Rh2(capy)4 (Figure 50), die 

molecular orbital picture is identical in synunetry, but energetically different. The capy 

ligand orbitals are closer in energy to the Rh-Rh 6* orbital. This results in a smaller 

energetic gap between the four capy orbitals having b^ symmetry and the Rh-Rh 6* giving 

a larger overlap destabilization of the 6* of Rh2(capy)4 when compared to Rh2(02CCF3)4 

(=0.4 eV). This value is small because of the way the Fenske-Hall method 
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underestimates overlap effects. 

Catalytic Selectivity 

The axial positions of Rh2(pfb)4 and Rh2(capy)4 are vacant and in solution can readily 

coordinate ligands. Figure 51 shows the two types of interactions that are possible 

between the catalyst and the carbene carbon. The carbene can donate it's lone-pair 

electrons into the Rh-Rh a* (LUMO). In addition, the Rh-Rh ir* level can back-donate 

to the low lying carbene prc-orbital. Because the carbene carbon is the site of reactivity, 

the extent to which these interactions occur will affect any chemistry occurring at the 

carbene carbon. Comparing the PES data for Rh2(pfb)4 and Rh2(capy)4 does reveal some 

striking differences in their electronic structures. The first, and most notable, is the 

difference between the first ionization energies of each. The first band in Rh2(pfb)4 is 

approximately 4 eV more stable than that of Rh2(capy)4 and the orbital splitting in each is 

different. Figure 52 shows the interaction between Rh2(pfb)4 with the carbene carbon. As 

a result of the stability of the Rh-Rh n* orbital, the back-donation into the low lying 

carbene p7t-orbital is minimized. This creates a fairly electrophilic carbene carbon that 

favors C-H insertion. When the catalyst is Rh2(capy)4, the interaction with the carbene 

carbon is drastically changed (as shown in Figure 53) The Rh-Rh TZ* orbital is now much 

less stable resulting in more pronounced back-donation from the Rh-Rh 7C*into the low-

lying carbene pTi orbital. This creates a less electrophilic carbene carbon which can 

undergo insertion into a C=C. To further enhance this process, the Rh-Rh 6* orbital is 

destabilized enough, and has the proper nodal symmetry, to donate into the C=C LUMO. 
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F^ure 51- Hie two modes of interaction wliich can occur between a free carbene and the 
axM position of a Rh-Rh bold. 
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Rh2(pfb)4 catalytic selectivity 

Rh—Bh— 

t J H—C-^ H—C-^ 

Figure52- Hie interaction between a caibene caibon and axial position of Rh2(pfb)4. 
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Rh2(capy)4 catalytic selectivity 

F^ure 53- The interaction between a caibene carbon and axial position of Rh2(capy)4. 
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This interaction weakens the C=C bond making the insertion of the carbene carbon even 

more energetically favorable, and C-H insertion less favorable. 

The fact that the catalytic selectivity of Rh2(02CCH3)4 is intermediate to that of 

Rh2(pfb)4 and Rh2(capy)4 suggests that the Rh-Rh u* orbital in Rh2(02CCH3)4 does not 

have a strong enough back bonding interaction with the carbene carbon to influence it's 

reactivity towards C-H or C=C insertion. The 6* orbital may also not be energetically 

favorable for donation a into C=C TZ* orbital. When employed as a catalyst in these types 

of reactions, Rh2(OCCH3NC5Fj)4 shows very similar selectivities and mm over rates to 

that of Rh2(02CCH3)4. This suggests that the ionization energies of Rh-Rh 6* and tt* 

orbitals for Rh2(02CCH3)4 are similar to that of Rh2(OCCH3NC5F5)4. If so, the splitting of 

6* and TC* orbitals in these systems is much more dependent on the properties of the 

bridging ligands than the 6 and ti orbitals in the quadruply-bonded analogs. 

Conclusion 

Photoelectron spectroscopy has provided valuable insight into how ligands can affect 

the Rh-Rh interactions, and consequently the catalytic selectivity of Rh2(pfb)4 and 

Rh2(capy)4. The overlap interaction between ligand lone-pair combinations, along with 

charge shifts destabilize the Eih-Rh orbitals for Rh2(capy)4 vs. Rh2(pfb)4 by almost 4 eV. 

The closeup data of the metal-metal ionizations for Rh2(pfb)4 is nearly identical to that of 

Rh2(02CCF3)4, resulting in an orbital ordering of a<7i<6<6*=7C* . For Rh2(capy)4, the 

destabilization of the 6 and 6* orbitals results in an orbital ordering of a<iT<6=K*<6*. 

Charge and overlap effects are seen when smdying the data for Rh2(OCCH3NC5H5)4 and 
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Rh2(OCCH3NC5F5)4. The addition of fluorines to the phenyl rings of the ligands 

stabilizes the Rh-Rh and ligand-based nitrogen lone-pair ionizations due to the charge 

effect. The phenyl ionizations are not stabilized as much because of the ^-interactions 

with the fluorines. 

A mechanism is proposed for the catalysis of diazo-carbonyl compounds to form five-

membered ring products that offers reason to the high selectivity observed for the 

catalysts Rh2(pfb)4 and Rh2(capy)4. When Rh2(pfb)4 is employed as the catalyst, the axial 

interaction with the carbene carbon of the organic fragments involves very little k back-

donation from the Rh-Rh n* orbital. This is due to the stability of this metal-metal 

interaction. This creates a very electrophilic carbene carbon which preferentially 

undergoes insertion into C-H bonds. If Rh2(capy)4 is used, the it interaction is larger 

making for a less electrophilic carbene carbon. In addition, the destabilized Rh-Rh 6* 

orbital can donate into the C=C LUMO further activating this bond for insertion from the 

carbene carbon. 



140 

CHAPTER? 

Conclusions and Future Directions 

Conclusions 

Throughout this dissertation, the underlying theme in each chapter has been the use of 

charge and overlap effects to interpret the electronic structure and ionization energy shifts 

of dimetal complexes. These effects have been extensively used to describe observations 

in the PES data for many mono-nuclear complexes studied by the Lichtenberger group, 

but this work presents some of the first detailed discussions where charge and overlap 

considerations have been applied to dinuclear systems. 

In Chapter 3, it was observed that sequential fluorination of molybdenum and tungsten 

triply-bonded alkoxide complexes shifted all of the valence ionizations. This data serves 

as an example of systems where the charge effect dominates as ligand substitution occurs. 

The shifts are not completely linear, but this is accounted for by the change in the average 

metal-fluorine changing distance complex to complex. Because all the valence levels are 

stabilized upon fluorination, it is assumed that the virtual levels are also stabilized. This 

explains the similarities reported in the UV absorption data for each series. The HOMO-

LUMO gap is staying relatively constant as the ligands are fluorinated. 

Chapter 4 extended into the area of electron-rich single bonded Rh(II)-Rh(II) dimers. 

The data for Mo2(02CCF3)4 was used as a reference point in interpreting the data for 

Rh2(02CCF3)4. The orbital ordering for Rh2(02CCF3)4 was determined to be 



141 

o>7t>6>6*=ic*. The n* and 6* levels are nearly degenerate with some evidence 

suggesting that the n* is the HOMO. The empirical observation that ionizations of 6-

symmetry orbitals in the Hell experiment grow in intensity relative to the corresponding 

Hel data became a "fingerprint" for assigning these ionizations in the spectra of 

Rh2(02CCF3)4. Unfortunately, this intensity enhancement ceases to exist for dimers with 

more electron-donating ligands suggesting that the phenomenon may be due to the 

tightness of the 6-symmetry orbitals. Results from the Fenske-Hall method do a much 

better job of describing the electronic strucmre of these systems when compared to results 

from the SCF-Xa method. 

Chapter 5 utilizes the information gathered in Chapter 4 to assist in understanding how 

substitution of more electron-donating ligands affects the Rh-Rh interaction. It was found 

that as these substitutions occurred to form complexes such as Rh2(02CCF3)2(form)2 and 

Rh2(form)4, the overlap interaction between ligand lone-pair combinations with the 6* 

orbitals destabilized these metal-metal levels relative to the other occupied Rh-Rh 

orbitals. Hel/Hell data for Rh2(dpf)4 revealed that these systems are rather delocalized. 

This agrees with PES data on the free ligand N-N"-p-tolylformamidine which shows 

ionization bands that extend down to 7 eV, implying that many ionizations in the "metal-

metal" region of the spectra for these complexes may be ligand-based. These 

observations disagree with previously published assignments for Rh2(02CCF3)2(form)2 

and Rh2(form)4 which assign the first four ionization bands in each spectra exclusively to 

metal-metal ionizations originating from orbitals high in rhodium character. 
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Chapter 6 continued the discussion of ligand effects on Rh-Rh bonding with 

comparison of the PES data for the well known catalysts Rh2(pfb)4 and Rh2(capy)4. These 

complexes show very diverse and highly selective properties when employed as catalysts 

in reactions involving carbenes derived from diazo-carbonyl complexes. It was found 

that the electronic structure of the Rh-Rh bond in each is very different. Energetically, 

the first ionization energy for Rh2(capy)4 is approximately 4 eV less stable than that of 

Rh2(pfb)4. The overlap interactions between ligand lone-pair combinations and the Rh-

Rh 6-symmetry orbitals in Rh2(capy)4 destabilize these levels relative to the other metal-

metal orbitals. Similar overlap effects are used to describe shifts and assign peaks for 

Rh2(OCN(C6H5))4 and Rh2(OCN(C6F5))4. The final conclusion is that the catalytic 

selectivity is a dependant on the it-back bonding ability of the di-rhodium complex in the 

axial position, along with the stability of the 6* orbital which can enhance C=C bond 

activation. 

Future Directions 

The research presented here provides a number of opportunites for future work. In 

fact, as with most research, there is much more that need to be done to better understand 

many of these systems. First, more attention should be directed towards molybdenum 

formamidinate complexes. A recent publication presents interesting electro-chemical 

properties of a variety of substituted Mo-form dimers."'^' These compounds have well 

behaved volatilities in the gas-phase making them ideal for the photoelectron 

spectroscopy experiments. The data presented for Mo2(form)4 will provide a good 
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starting point for future studies. 

It is also important to explore the analogous ruthenium dimers. Some work has been 

done on these species, but many of the results are inconclusive. Much of the confusion is 

due to the possible unpaired spin-states that are readily accessed in Ru(II)-Ru(II) dimers. 

A firm understanding for more rhodium complexes should be obtained before jumping 

into these studies. 

Finally, there is a need for some surface UPS and XPS experiments on the dirhodium 

systems. Because of the packing nature of these D4h compounds, ionizations can be 

pushed out in the surface experiment which are not exclusively seen in the gas-phase 

experiments. This author has already began doing some of these experiments. Presented 

at the end of this chapter are preliminary results from surface UPS and XPS 

measurements of Rh2(pfb)4. The data has yet to be thoroughly analyzed, but initial 

inspections show no ionizations splitting out in the surface experiments. Nevertheless, 

much more work needs to be done in this area. Possibly, the data for Rh2(capy)4 will 

reveal more interesting results. 
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Figure 54- Surface Hel UPS of Rh2(plb)4 with no bias. 
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Figure 55- Surface Hel UPS of Rh2(plb)4 (corrected). 
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Figure 56- Surface XPS of Rh2(plb)4. 
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APPENDIX A 

Gas-Phase Photoelectron Spectroscopy of CpNiNO and Cp*NiNO: 
A ̂ ^esoludon" to the Controversy 

Introduction 

Recent publications by Green et alJ^ and Bancroft et alP^ disagree on the assignment 

of the gas-phase photoelectron spectrum of CpNiNO. Both paper pose strong arguments 

for their assignments and have theoretical support for each. This dispute prodded us to 

investigate CpNiNO in order to see if our high resolution capabilities could lend 

information to the assignments. Cp*NiNO was synthesized and smdied in the hope of 

gaining additional information on the orbital splittings. 

Exnerimental 

Gas-phase Photoelectron Spectroscopy 

Photoelectron spectra were recorded utilizing an instrument that features a 36 cm 

radius, 8 cm gap hemispherical analyzer (McPherson) and custom designed sample cells, 

detection and control electronics.""^' The argon ionization at 15.759 eV was used as 

an internal calibration lock of the absolute ionization energy. The difference between the 

argon and methyl iodide ionization at 9.538 eV was used to calibrate the 

ionization energy scale. During data collection the instrument resolution (measured using 

the fwhm of the argon peak) was in the range 0.013-0.015 eV. All data were 

intensity corrected with and experimentally determined instrument analyzer sensitivity 
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function. The Hel close-up spectra were corrected for the Hel P line ionizations. The 

Hen data were also corrected for the Hell P line spectrum.*" The sample of CpNiNO was 

mn from a Young tube attached with a Swagelock glass to metal connection (Teflon 

ferrule) and a needle valve used to admit the gaseous compound. The compound then 

passes through a short line of copper tubing into the ionization chamber where an 

electrically isolated copper tube containg a I nun slit directs ejected photoelectrons into 

the analyzer. 

Obtaining extremely high resolution for both the Hel and Hell experiment was 

desirable for examination of the first and second ionization bands. In order to achieve 

this, a retarding potential was placed on the copper mbe where ionization occurs. To 

obtain the same working resolution between the Hel and Hell experiments, a potential of 

+19.546 volts (separation between Hel and Hell source energies) was applied for the 

collection of Hell spectra. A constant potential was achieved using an Ambitrol VI 

Model TW 5005 Twin Power Supply and monitored with a Keithley 178 Digital 

Multimeter. The potential was applied through a vacuum feedthrough which was wired 

to the copper tube. 

The photoelectron spectral data are represented analytically with the best fit of 

asymmetric Gaussian peaks using the program FP.*' In the data presented herein, a large 

number of Gaussian peaks were used to obtain the best analytical representation of the 

profile of each ionization. Therefore, the individual Gaussians are not shown and only 

the resulting best-fit line is displayed. The individual Gaussians do not have any 
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correlation to band assignments other than comparing overall band shapes between Hel 

and Hen data sets. 

Preparation ofCp*NiNO 

6.0 grams of (C5Me5)2Ni was dissolved in 200 ml of pentane and NO gas was slowly 

bubbled through the reaction mixture while stirring. The reaction was cooled in an ice 

bath as the NO was added, and the additionwas performed under an N2 atmosphere. The 

initial deep-green color turned to a dark brownish-red hue after about 1 minute of 

bubbling with NO gas. After the color change was observed, the reaction mixture was 

left stirring under a static positive pressure of NO gas for about 1 hour. 

The pentane was then carefxilly removed by vacuum and heating the reaction mixture 

to 60°C. The final product was a reddish-brown oil, approximately 1-2 grams. It was 

important to use extreme caution in this step because of the high volatility of the final 

product, Cp*NiNO.*^ 

Summary of Controversy 

Figure 1 shows the full Hel spectrum of CpNiNO. The bands are labelled A, B and C 

for ease of explanation. Before going into detail about the different assignments, it is 

appropriate to describe the molecular orbitals which are of importance. Figures 2 and 3 

show the four highest occupied molecular orbitals as described in both the papers by 

Green et al. and Bancroft et al. The Green paper presented LCGTO-DF results, and the 

Bancroft paper presented Xa-SW results. These orbitals plots were generated with 

Fenske-Hall results and are used soley to illustrate the nature of each of the orbitals. All 
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of the arguments presented within this paper will be based on experimental results. 

The degenerate Orbital 1 (e, symmetry) is mainly delocalized on the ligands and 

contains little metal character. Orbital 2 (a, symmetry), contains much more metal 

character being mainly comprised Ni dz^ orbital, with some o-antibonding character with 

NO. The degenerate Orbital 3 (e^ symmetry) is also predominantly metal d-character. 

Orbital 4, a degenerate e, set, is again high in metal d-character but contains less than 

orbital 3, the ej combination. These general descriptions of orbital character are in 

agreement with the theoretical results published by both Green et. al. and Bancroft et. al.. 

The controversy lies in the assignment of bands A and B in the PES spectrum (refer to 

Figure 1). Green and co-workers claim that band A originates from orbital 1 (e,) and that 

band B is comprised of ionizations from orbitals 2 (a,) and 3 (ej) with band C being from 

orbital 4 (e,). The base this assignment on comparisons of the branching ratios of the first 

3 bands, and by assigning the NO"^ stretching frequency to the prominent features of the 

band A. Bancroft and co-workers claim that band A originates from both orbital 1 (e,) 

and orbital 2 (a,), with orbital 1 (e,) being the HOMO and orbital 2 (a,) being located on 

the shoulder after the initial sharp ionization on the low binding energy side of the band. 

Bancroft et al. go on to assign band B to the ionization of orbital 3 (63) and band C to 

orbital 4 (e,). They base there assignment of band A on the Hel/Hell. Their data reveals 

that the shoulder on band A grows in intensity under Hell ionization relative to the first 

peak of the band. The experimental results presented herein support one of these 

assignments with added information. 
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Results and Discussion 

The resolution at which this data was collected proved to be very important in the 

utilization of photoionization cross-sections to establish the assignments of the metal and 

ligand-based ionizations. Figure 1 shows the full Hel spectrum of CpNiNO. To 

demonstrate the importance of resolution on the analysis of band A, close-up data was 

collected at three instrument resolutions, shown in Figure 4. The important feature to 

note is how the resolution loss noticably affects the width of the narrow leading peak. On 

going from a resolution of 13 meV to 24 meV (fwhm argon the broadening already 

starts to change the relative height of the shoulder located on the high-binding energy 

side. When this same resolution (24 meV) is used in the Hell experiment, the broadening 

of the leading peak is even more drastic giving the appearance that this shoulder is 

increasing in intensity relative to the leading peak. This is important because the Hell 

experiment is critical in determining the ionizations which contain a large amount of 

nickel d-character. The resolution loss shown here is a result of the ejected 

photoelectrons having a higher kinetic energy and is a common phenomena in 

photoelectron spectroscopy. Under these conditions of high resolution, the complex 

vibrational structure can be seen. 

To avoid peak broadening due to resolution loss in the Hell experiment, we applied a 

retarding potential on the ejected photoelectrons, lowering their kinetic energy to that of 

photoelectrons being produced under Hel ionization. With this technique, we were able 

to probe for peak height changes that resulted only from varying orbital character. The 
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results are for this experiment are shown in Figure 5. It can be seen that when the 

retarding potential is applied in the Hell experiment, absolutely no changes in peak 

heights are observed giving evidence that band A originates only from the ionization of 

orbital 1 (e,). The parameters for the line that is used for the Hell data were actually 

determined by the fit of the Hel data. This supports the assignment by Green et al. that 

this band is comprised of one ionization, and contradicts the prediction by Bancroft et.al. 

that orbital 2 (ai) (the aj orbital containing a large amount of Ni d-character as compared 

to the e,) lies under the shoulder after the leading narrow peak. 

Figure 6 shows the closeup Hel and Hell results utlizing the same retarding potential 

for the analysis of band B. When the identical best-fit line for the Hel data is applied to 

the Hen data, a subtle difference in the intensity of the lead edge is observed. This region 

of the band appears to grow slightly in intensity upon Hell ionization. This observation 

lends credit to the assignment that two ionizations lies under this band with the leading 

edge resulting ft-om the ionization of orbital 3 (ej) with the ionization of orbital 2 (a,) 

closely following in energy. The detailed structure of the band most likely results from 

overlapping vibrational structure from both ionizations. This leaves the assignment of 

orbital 4 (e,) to band C, which is consistant with both previously proposed assignments. 

Figure 7 shows the Hel/HeH comparison of the first three bands. It can be seen that band 

B grows significantly relative to bands A and C (agreeing with the data of both Green and 

Bancroft). There was no retarding potential was used to collect this Hell data, and this 

can be seen when inspecting the Hell Gaussian fits. Without the retarding potential, it 
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appears that (as Bancroft reported) the shoulder on band A grows relative to the onset of 

the band. This demonstrates once again the importance of resolution when analyzing the 

character of very narrow overlapping bands using Hel/Hell comparisons. 

Cp*NiNO 

The preparation and collection of the PES data for Cp*NiNO (Cp* = penta-methyl 

cyclopentadienyl) were performed in the hope that shifts in ionization energies would 

provide additional information for the assignment. The shifts observed in the data of 

Cp*NiNO provide strong evidence that the band A is comprised of only one ionization. 

Figure 8 shows the full spectrum of Cp*NiNO as compared to CpNiNO. It can be seen 

that pentamethylation of the Cp ring shifts all the ionizations in the valence region and 

has little effects on the shapes of bands A, B, and C. If band A contained the a, orbital, it 

would be expected to split out. This is because this orbital has less Cp character then the 

e, and would not be destabilized to the same extent. This can be seen with band B. It is 

not destabilized to the extent that bands A and C are. 

Conclusions 

From these experiments it is concluded that the assignment of the PES of CpNiNO is 

as follows. The first ionization envelope labelled as band A originates soley from the 

ligand-based e, orbital and does not contain the metal-based a, orbital ionization. Band B 

contains both the metal-based a, and 62 with the comprising the leading edge of the 

band. Band C orginates from the metal-based e, orbital. It has been shown that 

resolution plays an important role in the analysis of narrow ionizations such as seen in 
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band A. The loss of resolution on going to the Hell experiment can result in the 

broadening of components of a band which can lead to false interpretations of intensity 

changes. 

In addition, Cp*NiNO was prepared and analyzed. This data provides strong evidence 

for the existence of a single ionization in band A. Overall, these experimental results 

support the assignments by Green et al. and contradict the ones reported by Bancroft et 

al.. In addition, further evidence is shown that suggests the a, ionization is located under 

band B and is slightly lower in energy than the ^ orbital. 
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F^ure 56- Fiill Hel {^toelectim spectrum of Qi'fiNO. 
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Orbital 1 (HOMO, Ci symmetry) 

Orbital 2 (aj symmetry) 

FiguiB 57- 3-D contour plots of the degenerate e, ligand -based oibitals ^OMO) and tfie 
metal-based ai orbital. 
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Orbital 3 (62 symmetry) 

Orbital 4 (cj symmetry) 

F^ure 58- 3-D oxitDur plots of the two d^enerate 63 and e, molecular oibitals. Oibital 3 is 
m^y metal in cbaiacter \^e oibital 4 is comparatively more delocalized cm the ligands. 
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F^ure 59- Examples of how resolution can affect band appearance. 
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Figure 60- Close-up Hel/Hell PES data of band A. The Hell data was 
employing a +19.546 eV retarding potential. 
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FigMre 61- Hi^ lesohition Hel/Hell data of band B. 
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Figure 62- Hel/Hell PES spectra of the first 3 bands of C{NiNO. 
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Figure 63- Hel FES spectra of CpNiNO and Cp*NiNO. 
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More Information on the Mysterious Cr-Cr Bond 

Background 

Of all the metal-metal interactions, the Cr-Cr interaction in Cr2(02CCH3)4 has stuck 

out as a non-conformist. The PES data on this compound shows a single ionization band 

in the metal-metal region,' which is unusual considering the Mo and W analogs have 

multiple ionizations below ligand ionizations. It has been suggested that the bonding in 

dichromium tetra-acetate is not properly described with traditional Hartree-Fock models 

of orbitals.^"^ Rather, theoretical calculations point towards a description where the 

ground-state is not comprised of a single electron configuration, but a combination of 

many.®"^ This bonding formulation is difficult to support with experimental evidence. In 

an attempt to provide some experimental insight, the Hel/Hell data of Cr2(02CCF3)4 has 

been collected. The purpose of these experiments was to see if the enhance intensity that 

6 ionizations for the analogous Mo, W,* and Rh complexes could be observed for 

Cr2(02CCF3)4. The data shown in this appendix is not presented as evidence for a 

configuration interaction type of metal-metal bonding in this system. This is because 

there is not enough evidance to confidently assign the source of the 6 ionization intensity 

enhancement phenomenon. Nevertheless, it is important for the advancement of the 

theories presented in this dissertation concerning the intensity enhancement phenomenon, 

and of the proposed theories of bonding for dichromium tetra-acetate complexes. 
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Results and Discussion 

Figure 1 shows the full Hel spectrum collected for Cr2(02CCF3)4. It's general 

appearance is very similar to that of Cr2(02CCH3)4, but all the valence ionizations are 

shifted by approximately 1.5 eV. Figure 2 shows the Hel and Hell results of the first 

band. The band is analytically represented by five asynunetric Gaussian's. Table 1 

shows the analytical fit parameters. The reported area changes in the Helt data are 

relative to the Gaussian at lowest binding energy. As can be seen, there are no significant 

intensity increases in any portion of this band with Hell ionization. Because 6 orbital 

ionizations show distinct intensity growths in the Hell data of Mo2(02CCF3)4 and 

W2(02CCF3)4, it is plausible that a discreet ground-state 6 orbital does not exist for 

Cr2(02CCF3)4. Although this data is by no way definitive, it does suggest that the nature 

of the Cr-Cr bond in Cr2(02CR)4 complexes is different than the Mo-Mo and W-W 

interactions in Mo2(02CCF3)4 and W2(02CCF3)4. 

Table 22. Peak parameters for Cr2(02CCF3)4. 

Peak Position (eV) 

9.46 

FWHM(eV) Width High/Low 
(eV) 

Hen Relative 
Area Chanses 

Peak Position (eV) 

9.46 0.40 0.40/0.39 — 

9.77 0.39 0.44/0.35 +20% 

10.04 0.31 0.31/0.31 -8% 

10.29 0.38 0.41/0.33 -22% 

10.58 0.44 0.56/0.32 -18% 
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Figure 64- Full Hel spectram of Cr2(02CCF3)4. 
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Figure 65- Hel/Hell comparison for the "metal ionization" of Cr2(02CCF3)4. 
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