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Abstract 

Gas phase ultraviolet photoelectron spectroscopy was used to investigate the 

electronic structure of organometallic compounds. Acetylide ligands in 

(l1S-CsHs)Fe(CO)2CECR (R = H, tBu, Ph, C=CH) compounds are found to be effective 

1t donor ligands. There is extensive interaction between the filled acetylide 1t and 

filled d1t orbitals. The HOMO and SHOMO of the acetylide compounds are partially 

localized on the acetylide ~ carbon. Variation of the R group causes both the a and 1t 

donor ability of the acetylide to change significantly. The d1t/p1t mixing is more 

extensive in the R = tBu or Ph compounds than in the R = H compound. In the 

compound CpFe(CO)2(C=C-C=CH), the butadiyne 1t system mixes extensively with 

the metal d1t electrons. The d1t electron denSity is extended across the C4H chain. 

These findings explain the observed reactivity toward electrophiles and 

metal! acetylide communication. 

The first photoelectron spectra of Rh(III) compounds were obtained. The 

electronic structure ~f (T\S-CsMes)Rh(PMe3)(Cl)(R) compounds, where R = CI, CH3 or 

C6Hs, is sensitive to changes in the R ligand. The a donor ability of the methyl and 

phenyl ligands are similar, but the phenyl has an additional filled/filled interaction 

with a metal dn orbital. The PES of (l1S-CsMes)Rh(PMe3)(R)2 (R = H or CH3) 

revealed an electronic structure that is not isolobal with other d6 organometallic 

compounds. The HOMO and SHOMO are ligand based, as a result of the metal 

orbitals mixing with the Cp ring and M-R a bond combinations. 
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The PES spectra of the compounds ("s-CsH4X)Rh(CO)2 (X = N02, CF3, CI, H, 

NMe2' CH3) gave measures of 0 (inductive) and 7t (resonance) effects of the X 

substituent. The ionization energies of the metal based orbitals correlate with the 

carbonyl stretching frequencies and with Hammett op parameters. The X = a and 

NMe2 compounds have significant 7t overlap with the Cp ring, and also have 

accelerated rates of associative CO substitution. The measures of inductive and 

resonance effects were correlated to the rates of CO substitution. The 7t terms are 

crucial to the correlation and suggest stabilization of an ,,3_Cp slipped ring 

intermediate. 

The PES of the associative substitution products ("s-CsHs)Rh(CO)L (L = PMe3 

or PPh3) have analogous electronic structure to CpRh(CO)2' except that the valence 

ionizations are destabilized due to donor properties of the phosphines. The PPh3 

ligand is a better donor than PMe3' 
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Chapter 1 

Introduction 

It was fortunate that the development of gas phase photoelectron spectroscopy 

coincided with the emergence of organometallic chemistry. The first PES studies of 

organometallic compounds were reported in 1969, and involved simple but classic 

compounds such as Ni(CO)4 and Fe(CO)s,1 and M(115-CSHS)2.2 Since then, there 

have been an enormous number of organometallic compounds synthesized every 

year, many of which have unanswered questions about their bonding interactions. 

Understanding the bonding of organometallic compounds is important because it 

allows chemists to predict the stability and utility of new compounds. 

Ultraviolet photoelectron spectroscopy is a direct method of determining the 

bonding interactions of chemical compounds.3 This method is well documented4 

and simply involves using light to eject electrons from a molecule, and measuring the 

ionization energy (also called electron binding energy) of the electrons. The 

traditional light source in ultraviolet PES is He! light (21.2 eV), which ejects electrons 

from the outermost orbitals. Ultraviolet PES (UPS) therefore probes the character and 

composition of the valence orbitals-the orbitals that actually control the reactivity of 

the compound. This study uses UPS to study organometallic molecules in the gas 

phase. The technique allows the energy of the orbital levels to be determined very 

accurately (within 0.02 eV) and gives detailed information about the valence orbitals. 
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In a typical photoelectron spectrum, each molecular orbital gives an ionization 

band (also called an ionization). The ionizations of the molecule reflect the bonding 

interactions, or electronic structure, of the molecule.5,6 Characteristics of the 

electronic structure include the orbital symmetry about the metal center, filled/filled 

int"eractions and the electron density at the metal center. For example, PES can 

characterize the separate cr and 1t bonding interactions of a ligand with the metal 

center.7,8 The cr bonding interactions, also known as through bond or inductive 

effects, are different for each type of ligand. The 1t interactions of ligands, also 

known as resonance or overlap effects, are manifested when ligands act as 1t 

acceptors, such as carbon monoxide (CO), or as 1t donor ligands, such as halogens. 

The effects of cr and 1t interactions are important for describing the electronic 

structure of the compounds presented in this dissertation. 

Often the electronic structure of a molecule is calculated using ab initio or 

semi-empirical methods. However, calculations have limitations because they are 

notoriously sensitive to the input parameters (i.e. basis sets and bond lengths). 

Qualitative predictions using the isolobal analogy9 are also good first 

approximations, but are not fail-proof. In this study, there are two molecules for 

which the isolobal analogy does not describe the electronic structure accurately. The 

advantage of PES is that the bonding interactions in a molecule can be observed 

directly, independent of calculations. The typical approach involves obtaining the 

PES of a series of organometallic compounds in which only one variable is changed. 

For example, permethylating a cyclopentadienyl ring (llS-CsHs) to (llS-CsMes) results 
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in well characterized shifts in ionizations bands that can be used to determine the 

origin of the bands.lO The present work follows this approach, and supplementary 

calculations are occasionally used. 

The above approach is augmented by using alternative radiation sources, the 

most common of which is Hell radiation at 40.8136 eV. By comparing PE spectra 

obtained with different radiation sources, more information can be obtained about 

the amount of metal or ligand character in an ionization band. Hell spectra are 

reported for many of the compounds in this dissertation, and they play an important 

role in determining the electronic structure of the compounds. This would not have 

been possible without new instrumental developments for Hell data collection, 

which made He II data much easier to obtain. The new developments in He II data 

collection are described in Chapter 2, along with details of synthesizing the 

compounds and performing calculations. 

Over the past twenty years, most PES studies of organometallic compounds 

have been of metallocenes, metal-metal bonded compounds or piano stool type 

compounds. The work presented in this Dissertation is a continuation of the study of 

three legged (l1s-CsRs)ML3 and two legged (l1s-CsRs)ML:2 piano stool compounds. 

Chapter 3 begins with the PES of CpFe(CO)2R and Cp*Fe(CO)2R compounds, where 

R is H or CH3, Cp is CsHs and Cp* is CsMes. Many CpFe(CO)2R compounds have 

been studied with PES to determine the cr and 1t donor ability of the ligand R, with 

the exception of one important "standard", the hydride (H) ligand. The PES of 

CpFe(CO)2H shows' the electronic stlUcture of CpFe(CO)2R with a pure cr donor. 
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Using this as a standard, the 1t donor properties of methyl are also discussed. This 

chapter serves as important background for Chapter 4, where the bonding 

interactions of acetylide ligands (C=CR) are determined, and for Chapter 5, where the 

PES of Cp*Rh(PMe3)R2 (R = H, CH3) compounds ar~ presented. 

Chapter 4 covers the bonding interactions of acetylide ligands (C-=CR) with the 

CpFe(CO)2 fragment. The interactions of the C=CR ligand were unknown despite 

being characterized in organometallic compounds over 20 years ago. A question that 

repeatedly arises in the literature is the extent of backbonding by the acetylide ligand, 

since it is isoelectronic to a carbonyl (CO) ligand. The PES shows the type of 

metal! acetylide 1t interactions and their relevance to the reactivity of the acetylide 

compounds. The PES of CpFe(CO)2(111-C=C-C=CH) is also presented, a compound 

that contains the related butadiyne ligand. Compounds with butadiyne ligands are 

of interest to researchers because they can have non-linear optical properties. 

Conjugation is an important prerequisite for non-linear optical activity, and transition 

metals appear to enhance the nonlinear properties. It was suspected that ~/P1t 

interactions are important for this enhancement and the goal for this study was to 

show the extent of ~/P1t interactions in acetylides and butadiynes. 

The CpMn(CO)3 and CpFe(CO)2R compounds are isoelectronic, d6 systems 

with piano stool geometry. Although these have been studied extensively with PES, 

the study was never extended to the next compound in series, CpM(CO)R2, where M 

is cobalt, rhodium or iridium. Chapter 5 presents the electronic structure of 

compounds with the general formula CpRh(PMe3)(Cl)(R), which are formally Rh(III), 
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d6 piano stool compounds that are isoelectronic with CpMn(CO)3 and CpFe(CO)2R. 

These compounds were chosen because they are stable and isoIable in gram 

quantities. More importantly, they represent products of oxidative addition of alkane 

or arene C-H bonds to the metal center. The first stable, isolable products of alkane 

C-H activation were compounds of the type Cplr(PMe3)(H)(R). The stability of the 

compounds is suspected to be due to the strong M-H and M-C bonds, implying a 

unique electronic structure. Chapter 5 describes the electronic structures of the 

CpRh(PMe3)(R)2 (R = H, CH3) which are more similar to the C-H oxidative addition 

products than the Chloride containing compounds. Having only 0' donor ligands in 

the coordination sphere gives an unexpected electronic structure. 

Chapter 6 also deals with the electronic structure of rhodium compounds, 

except here they are two legged piano stool compounds (llS-CSH4X)Rh(CO)2 (where X 

= N02, CF3, CI, H, NMe2 and CH3). This study shows that varying the substituents 

on the Cp ring has a definite effect on the electronic structure of the entire 

compound. The ion~zation potentials of the metal orbitals reflect the electron density 

at the metal center and can be correlated with the carbonyl stretching frequencies 

v(CO) of the compounds. The ionization potentials are used to measure the 0' or 1t 

donor properties of the X substituent, similar to the Hammett parameters. Most 

importantly, a direct relationship is found between the measures of 0' or 1t donor 

ability of the X substituent and the rates of associative CO substitution of the 

compound. 
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Chapter 7 shows the electronic structure of the products of associative 

substitution, CpRh(CO)(PR3), where R = CH3 (Me) or C6HS (Ph). These compounds 

show the effect phosphine substitution on the bonding of the compound. The 

electronic structure is related to the reactivity of these compounds when they are 

oxidized to the [CpRh(CO)Lj+ cation. 

The final chapter is a summary of the major conclusions from each of the 

chapters. It also describes ideas for further studies of the electronic structure of 

transition metal acetylides, nonlinear optical materials and C-H activation products. 
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This chapter describes the important experimental details of the photoelectron 

spectroscopy (PES) data presented in this dissertation. The first section includes the 

conditions for data collection, recent advances in collection methods and 

improvements made on the photoelectron spectrometer instrument. The second part 

of the chapter covers data reduction for the PES spectra and details of the 

Fenske-Hall calculation reported in Chapter 5. The last section of this Chapter gives 

infonnation on the synthesis and characterization of the compounds used in the PES 

studies. 

Photoelectron Spectroscopy 

Photoelectron spectra were recorded using an McPherson ESCA36 instrument 

that features a 36cm hemispherical analyzer (10 em gap). The instrument has been 

extensively modified over the years with custom designed sample cells, excitation 

sources and detection and control electronics. These modifications and data 

collection methods are described in the dissertations of earlier members of the 

group,l1,12 and most recently in the dissertation of Dr. Mark Jatcko.13 

The most recent instrument advances include a new pumping system (Balzers 

550 Turbornolecular pump) that gives a much improved base pressure for the 
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instrument. A new electrical feed through (from Insulator Seal Incorporated, 

#9135001) was also installed on the sample chamber. It improved the stability and 

durability of the thermocouple connection and also eliminated a 2x10-6 torr leak. 

After these improvements, the instrument base pressure was about 2 x 10-7 torr 

instead of 1 x lO-s torr. The sensitivity of the sample cell was also improved by 

lowering its position (by 3/16") relative to the entrance slit. This was a simple 

modification to the cell face plate13 and resulted in doubling the cell sensitivity. 

Table I summarizes all of the spectra reported in this dissertation. The spectra 

of monosubstituted benzenes C6HSX (X = CI, NMe2 and N02) were also collected for 

comparison with the rhodium compounds in Chapter 6. Each compound has a full 

spectrum (6 to 16 eV) and close up spectrum of important ionization bands. Data 

were referenced internally to the Argon 2P3/2 ionization at 15.759 eV. The kinetic 

energy scale was calibrated by using the position of CH3I Iodine lone pair ionization 

at 9.538 eV relative to the Ar 2P3/2 ionization. Resolution was always less than 0.030 

eV (fwhm of the Argon 2P3/2 peak) and was usually less than 0.025 eV. All data 

were intensity corrected with an experimentally determined instrument analyzer 

sensitivity function. (Data that is intensity corrected have a Z in the filename 

extension.) The Hell data were also corrected for the Hell ~ excitation line.14 

All solid samples were run from an internal aluminum cell designed by 

Dr. M. JatckoP After cleaning and recoating with DAG (graphite and MoS2 

suspension, Acheson Colloid Company), the cell was routinely baked out at 100°C or 
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Table I Data Collected and Experimental Conditions 

Compound Mode Temp,oC # pts Region !l eV Filename Date 

CpFe(CO)2H Hel 25 501 15.70-6.83 0.0177 FPH.FZ 12/90 

25 501 11.60-7.32 0.00857 FPHAZ 12/90 

CpFe(CO)2CH3 Hel 25 501 15.70-6.52 0.01836 FPME.FZ 3/91 

25 301 15.70-5.95 0.01285 FPME.AZ 3/91 

Cp*Fe(CO)2H Hel 14-26 501 15.70-5.95 0.01949 1PMFPH.FZ 3/88 
II 301 10.80-6.70 0.01168 IPMFPH.AZ II 

Cp*Fe(CO)2CH3 Hel 38 501 15.70-5.86 0.01967 PMFPME.FZ 11/90 
II 301 10.10-6.57 0.01168 PMFPME.AZ II 

Hel 19-40 501 15.70-6.22 0.01897 FPCCHFZ 2/90 

CpFc(CO)2(C=CH) 41 301 12.30-7.10 0.01040 FPCCH.AZ II 

Hell 42 501 20.00-5.93 0.02815 FPCCHI.FZ II 

II 301 12.30-7.10 0.01040 FPCCHI.AZ II 

20 501 16.00-6.86 0.01848 FPCCTB.FZ 3/88 

Hel 20 301 10.00-6.87 0.01036 FPCCTB.AZ II 

CpFe(CO)2(C=CIBu) 25 201 8.40-7.05 0.0067 FPCCTB.BZ II 

25 301 10.80-6.78 0.0134 FPCCTB.CZ II 

Hell 29 501 20.00-4.77 0.03045 FPCfIl.FZ 8/89 
II 301 11.80-6.86 0.0164 FPCfII.CAZ II 

95 501 15.70-6.52 0.01836 FPCCH.FZ 1/91 

Hel 
II 301 10.90-6.68 0.01407 FPCCPHAZ II 

CpFe(CO)2C=CPh 
II 301 9.30-6.91 0.00796 FPCCPHBZ II 

II 301 8.30-6.83 0.00490 FPCCPHCZ 5/91 

Hell 95 501 20.00-5.93 0.02815 FPCPHI.FZ II 

II 301 10.90-6.68 0.01407 FPCPHI.AZ II 

HC=CIBu Hel 25(liq.) 501 15.70-8.08 0.0152 HCCTB.FZ 3/89 
II 201 11.00-9.17 0.009 HCCTB.CAZ II 

HC=CPh Hel 250iq) 501 15.70-8.05 0.01533 HCCPH.FZ 1/91 
II 301 11.70-8.58 0.01040 HCCPH.AZ II 
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Table I (continued) 

Compound Mode Temp,oC # pts Region 11 eV Filename Date 

HeI 78 501 15.70-6.87 0.01766 FPC4H.FZ 6/90 

CpFe(CO)2(C=C)2H " 501 12.20-7.02 0.01035 FPC4H.AZ 6/90 

75 301 9.10-7.26 0.00612 FPC4H.BZ 5/91 

Hell 118 501 20.00-5.08 0.02984 FPC4HI.FZ 12/90 

" 301 11.00-6.08 0.00984 FPC4HI.CZ 12/90 

130 501 15.70-5.95 0.01949 RHPCL2.FZ 10/89 
HeI 130 301 9.60-6.49 0.01035 RHPCL2.AZ " 

Cp*Rh(PMc3)CI2 
150 11.40-6.47 0.01644 RHPCL2.CZ 3/90 

180 501 20.00-4.77 0.03045 CL2ll.FZ 2/90 
Hell 180 301 9.60-6.49 0.01035 CL2ll.AZ " 

170 301 11.40-6.46 0.01644 CL2ll.BZ 3/90 

100 501 15.70-5.95 0.01949 MECL.FZ 9/90 
HeI 104 201 8.25-6.04 0.01107 MECL.BZ " 

Cp*Rh(PMc3)(Cl)(Me) 
100 301 10.90-6.10 0.01059 MECL.CZ " 

Hell 110 501 20.00-5.25 0.02951 MECUI.FZ " 

110 301 10.90-6.11 0.01598 MECLll.CZ " 

55 501 15.70-5.95 0.01949 RHPME2.FZ 11/89 
HeI 50 301 10.00-5.98 0.01340 RHPME2.CA 11/89 

Cp*Rh(PMc3)(Mc)2 
65 301 10.60-5.98 0.01522 RHPME2.CZ 4/90 

Hell 65 501 20.00-5.23 0.02951 ME2ll.FS 8/90 

65 301 10.60-5.98 0.01537 ME2ll.AZ " 

118 501 15.70-5.95 0.01949 PHCL.FZ 2/90 

118 301 10.20-6.36 0.01279 PHCL.AZ " HeI 

120 301 8.10-6.26 0.00615 PHCL.DZ " Cp*Rh(PMc3)(Cl)(Ph) 

140 301 11.00-6.08 0.00984 PHCL.CZ " 

Hell 118 501 20.00-5.08 0.02984 PHCLll.FZ 3/90 

118 301 11.00-6.08 0.00984 PHCLll.CZ 8/90 

Cp*Rh(PMc3)(H)2 HcI 45 501 15.70-5.95 0.0195 RHPH2.FZ 4/90 

45 301 10.50-6.11 0.0146 RHPH2.AZ " 
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Table I (continued) 

Compound Mode Temp,oC # pts Region l!. eV Filename Date 

Cp*Rh(PMc3)(H)z Hell 50 501 20.00-4.94 0.03012 RH2II.FZ 7/90 

50 301 10.60-5.99 0.01537 RH2II.FZ " 

25(liq) 501 15.70-7.14 0.01706 CPCFRH.FZ 4/88 

(T\S-CsH4CF3)Rh(CO)z " 301 12.00-7.06 0.01645 CPCFRH.AZ " HeI 

" 201 8.60-7.50 0.00548 CPCFRH.BZ " 

" 201 9.60-7.28 0.01158 CPCFRH.CZ " 

30 501 15.70-6.56 0.01828 CPNORH.FZ 4/88 
(T\s -CsH4NOz)Rh(CO)z HeI " 301 12.00-7.43 0.01523 CPNORH.CA 5/88 

" 201 9.70-7.39 0.01157 CPNORH.CB " 

(T\5 -CSH4NMcz)Rh(CO)z HeI 25 501 15.70-5.95 0.01949 CPNMRH.FZ 5/88 

" 301 11.50-6.38 0.01706 CPNMRH.CA" 

HeI 2S(oiI) SOl 15.70-7.12 0.01706 CPCLRH.FZ 5/88 

" 301 11.20-6.99 0.01401 CPCLRH.CA " 
(T\S-CsH4Cl)Rh(CO)z 

" 501 20.00-4.71 0.03044 CPCLII.FZ 7/88 
Hell " 301 11.30-7.09 0.01400 CPCLII.CAZ " 

" 201 13.00-10.93 0.01035 CPCLII.CBZ " 

HcI 2S(oiI) 501 lS.70-6.56 0.01828 MERHFZ 3/88 

(T\S -CSH4CH3)Rh(CO)z " 301 11.20-6.80 0.01462 MERH.CAZ 5/88 

Hcll 2S(oil) 501 20.00-S.08 0.0284 MERHII.FZ 7/88 

" 301 11.20-6.82 0.01461 MERHII.CZB " 

higher in the instrument sample chamber. The cell was loaded with air sensitive 

samples in the dry box, placed inside a Zip-lock bag and transferred to the 

instrument under N2. For solid samples that sublimed at or near room temperature, 

the "freezer bag" method was used. The cell was loaded under dry N2, double 

bagged, and placed in a -20°C freezer for 15-30 minutes. This resulted in a cell 
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temperature of about 16°C, so that no product was lost while pumping down the 

sample chamber to operating pressure. The cell warmed to room temperature over a 

1-2 hour time period. 

The photoelectron spectra of liquid samples were obtained at room 

temperature (25°C) using an small ampule attached to a Young valve with a 1/4" 

side arm. This was attached to the instrument with a Swagelock connection (Teflon 

ferrule) and a needle valve was used to admit the gaseous compound. Certain 

compounds (CpFe(CO)2C=CH, Cp*Rh(PMe3)H2, Cp*Rh(PMe3)Me2) were oils or gums 

and were not volatile enough to run from the outside like liquid samples. These 

samples were run by first baking out a small wad of glass wool in the cell sample 

chamber to 100 0c. The cooled cell was then taken into the drybox and the glass 

wool was saturated with the oil or gum, and returned to the cell. If it the oil 

sublimed near room temperature, the cell was cooled below room temperature as 

described above. 

The sublimation temperatures for the compounds are summarized in Table I. 

The cell temperatures were monitored using a "K" type thermocouple. All samples 

vaporized or sublimed cleanly with no detectable evidence of decomposition 

products in the gas phase or as a solid residue. Samples were tested independently 

for purity with lH NMR or IR spectroscopy, using freshly sublimed or recrystallized 

product. Compounds were run at least two times (more when Hell spectra were 

obtained) for confirmation. 
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He II Data Collection 

The standard radiation source for ultraviolet photoelectron spectroscopy is the 

He I light (21.2175 eV). However, by using other light sources, important information 

can be obtained about the orbitals that the ionization bands originate from. Varying 

the wavelength of the light source is easy when a tunable synchrotron light source is 

accessible, but for in-house research, the most common alternative source is Hell 

radiation (40.8136 eV). The primary benefit of obtaining both HeI and Hell data is 

that the relative amount of ligand or metal character of the ionization band can be 

determined. The basis for this is the characteristic photoionization cross-section for a 

given orbital of an atom. Calculated values for photoionization cross-section are 

summarized in the literature,15 and generally follow the experimentally observed 

Table II Selected Atomic Subshell Photoionization Cross-sections 

Photoionization Cross-section14 for 
Element Orbital He I and He II Radiation 

He I (21.22 eV) He II (40.8 eV) Hen / HeI 

H 1s 1.880 0.289 0.153 

C 2p 6.128 1.875 0.305 

2s 1.230 1.170 0.951 

Cl 3p 13.84 0.647 0.047 

Fe 3d 4.833 8.751 1.811 

Rh 4d 22.75 27.83 1.223 
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atomic cross-sections. Table II summarizes several values of the atomic cross-section 

relevant to this work. 

The cross sections vary according to what light source is used. For example, 

the rhodium 4d cross-section increases in He II, but the carbon 2p cross-section 

decreases by one third. Rhodium 4d based ionizations will therefore increase relative 

to the carbon 2p based ionizations bands. What is experimentally observed in Hell 

spectra is a significant increase in the area of the rhodium based ionization bands, 

relative to carbon based ionizations. Hen data are used extensively in this research 

and many times it is often crucial for determining the origin of ionization bands. 

Most of the Hell spectra were collected using a new Hell source that made 

obtaining spectra much easier. The He II spectra for two compounds 

«l1s-CSH4X)Rh(CO)2 where X = Cl or Me) were obtained with an old model charged 

particle oscillator source. The old source was unreliable, unstable (it gave off random 

noise spikes) and required dismantling and cleaning after each run. It also meant 

dedicating the instrument to Hell mode only. All of these problems were overcome 

with a new design that used the same lamp to generate both He! and Hell light. 

The prototype, described in Dr. Jatcko's dissertation}3 placed the HeI quartz lamp on 

top of a ceramic (Makor) disk, which was drilled with a 1 rnrn capillary. This lamp 

operated as a capillary discharge lamp and had improved Hell output and was more 

stable and reliable. To switch from HeI to Hell modes reqUired one to only reverse 

the electrical current. The lamp had some drawbacks, such as requiring a "burn in" 

period of about 1 hour each time it was switched over from He! mode. The Hell 
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output of the source would also begin to degrade after about 15 hours of operation. 

It was detennined that this was due to a heating problem, and so a new lamp was 

designed that incorporated the 1 mm capillary into the water cooled quartz lamp. 

The design of the new dual source quartz lamp is shown in Figure 1. The 

design has a 26 mm quartz tube attached to an 1 mm quartz capillary, so that both 

were water cooled. The Hell output from this lamp is as good or better than the 

Makor capillary lamp. With a partial pressure of 1 x 10-6 torr of nitrogen gas (N2), 

about 900 counts/sec (cps) were detected for the N2 ionization at 15.75 eV. With 1 x 

10-5 N2, 2700 cps were observed. Typical running conditions are 250 mArnp and 

1000-1100 Volts, which is similar to the conditions of the makor capillary sources. 

Clean helium gas was always used, purified by passing through charcoal and 4A 

molecular sieves at liquid N2 temperatures. The lamp was differentially pumped 

using an Edwards E2M8 for the first stage, and a Balzers T60 turbo pump for the 

second stage. 

The new lamp could also be used as a He I source. Using the same conditions 

as for the old He I lamp (150 rnAmps and 1000 volts) produces very good He I 

radiation, the same as or better than observed with the old quartz lamp. The 

background "scatter" is also lower. When the sample cell is baked out, the 

background is only about 50 cps and tails to nearly zero at 9-10 eV. This represents a 

much improved background compared to that from previous He I sources. 

The new dual-source lamp has many advantages. It takes only about 10 

minutes to switch from one mode to the other, which means that HeI and Hell data 
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can be obtained during the same day. This allows both He! and Hell data to be 

obtained even if only a small amount of a rare or valuable sample is available. The 

source is stable and He II production continues indefinitely. Cleaning was needed as 

often as for the old Hellamp, after about 10-20 organometallic compounds are run. 

The only limitation for obtaining He II spectra was the amount of compound that can 

be put into the gas phase. For good signal to noise, the cell was loaded with about 

twice the amount (50-100 mg) used for a He! collection, and heated higher (5-10 °C) 

than for Hel spectra. Count rates of up to 400 counts/second (cps) for the 

compound have been obtained, although 200 cps were more commonly obtained. 

For the He 1 spectra reported in this work, a total of 500 counts or more was 

always collected on the valence close up region, which is some of the highest quality 

He II data collected to date. The data were never smoothed. Spectra were referenced 

internally to the Ar 2P3/2 peak (at 35.355 eV) as described in reference 13. The He II 

da ta were corrected for the He I ~ line ionizations (12 % the intensity, 7.558 lower 

energy), which occur because the source is not monochromatic. The Hell ~ line was 

removed as described in documentation for the IFIT5 program (Dr. A. Copenhaver, 

author). 

Calculational Details 

In most of the closeup spectra, the valence ionization bands are.represented 

analytically with the best fit (program IFIT5)16 of asymmetric Gaussian peaks. The 

bands are defined with the position, amplitude, halfwidth for the high binding 
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energy side of the peak, and the halfwidth for the low binding energy side of the 

peak. The peak positions and halfwidths are reproducible to about ± 0.02 eV (=30 

level). The number of peaks used was based solely on the features of a given band 

profile. The parameters describing an individual ionization peak are less certain 

when two or more peaks are close in energy and overlapping. If the combined band 

contour does not contain sufficient information for independent determination of the 

individual peak parameters, the number of peaks andlor independent parameters is 

appropriately reduced.16,17 The confidence limits for the relative integrated peak 

areas are about 5 percent, with the primary source of uncertainty being the 

detennination of the baseline subtracted from the peak. More detailed discussion of 

fitting procedures are described in the dissertation of Dr. A. C. Copenhaver 17 and 

in the literature.18 

For fits of the Hell data, the position and width values of the asymmetric 

Gaussians were all constrained to He I values, which were more accurately 

determined from the He I spectra. The amplitudes were then allowed to vary due to 

the different cross-sections for the He II ionizations. 

The molecular orbital calculation reported in Chapter 5 was performed using 

the Fenske-Hall19 method (11/4/88 version, from the Hall group at Texas A & M). 

The basis sets were the default settings, and are listed in the program output. 
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All compounds reported in this study were synthesized by the author, with 

the exception of those received from other research groups as part of collaborations. 

These compounds, and the groups that provided them are: Cp*Fe(CO)2H and 

CpFe(CO)2C=ctBu from Dr. Morris Bullock, CpFe(CO)2(C=C)2H from Dr. Andrew 

Wong, the (lls-CSH4X)Rh(CO)2 compounds from Dr. Fred Basolo and the 

(l1s-CsHs)Rh(CO)PR3 compounds from Dr. Bill Geiger. Most of the compounds listed 

here were synthesized using preparations taken from the literature, although several 

new compounds were synthesized. The preparations given here are described in 

more detail and are adapted for this laboratory's equipment. Many of the synthetic 

techniques were taken from The Manipulation of Air Sensitive Compounds20 and 

descriptive experimental sections in dissertations21 and the literature. 

All reactions were run under a nitrogen atmosphere unless otherwise stated, 

using a Schlenk line, inert atmosphere dry box or high vacuum synthesis line. The 

nitrogen was always passed through a column of Aquasorb (from VWR) and RT-ll 

catalyst for oxygen removal. The Schlenk line typically was at a 0.1 mtorr vacuum. 

The high vacuum line13 used a silicone oil diffusion pump and had a typical base 

pressure of 1 xl0-6 torr, as measured by an ionization gauge (protected form line 

with a liquid nitrogen trap). New techniques developed for the high vacuum line 

will be described below. 
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Solvents were pre-dried over CaCl2 or 4A Molecular Sieves and then distilled 

(under N2) from the appropriate drying agent as follows: Tetrahydrofuran (THF), 

from dark purple Na/Benzophenone or Na/K alloy; Benzene and benzene-d6, from 

purple Na/Benzophenone; CH2Cl2, from CaH2 or P20S but never alkali metals; EtzO 

from Na/K or Na/Benzophenone; CDCl3 from CaClz. Reagent grade hexane 

contains olefin impurities that were removed by the following procedure. About 

2000 mL of hexane were stirred over two 20 mL aliquotes of H2S04 (concentrated) 

added over a 48 hour time period. The acid was drained off using a large separatory 

funnel, and the hexane was washed well with a 100 mL of a saturated solution of 

KZCr07 in H20, followed by three 200 mL portions of H20, after which time all 

purple color was gone. (The chromate containing waste should be segregated from 

other lab waste, especially the acid waste). The hexane is then neutralized by 

washing with a solution of Na2C03(aq), pre-dried, and distilled from 

NaK/Benzophenone solubilized with a small amount of tetraglyme or NaK alloy. 

Solvents used for preparations on the high vacuum line were always vacuum 

distilled from purple or dark blue solutions of Na/benzophenone solutions directly 

into the reaction flask. 

Reagents were purchased from commercial sources and used as is, unless 

specified otherwise. RhCl30 3H20 was obtained as a generous gift from the Johnson

Matthey loan program. Grignard reagents and MeLi solutions were standardized (in 

the dry box) by titration of a known amount with a 0.99 M solution tert-butanol in 

toluene using 'J,lO-phenanthroline as an indicator.22 Na+[H2Al(OCH2CH20CH3)21" 
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(RedAI®) was purchased from Aldrich as a 6.8 N solution, which is very viscous. It 

was more conveniently handled as 0.5 N solution, made by diluting 7.35 mL of the 

commercial solution to 100 mL with dry Toluene. 

The low temperature baths were conveniently made from liquid nitrogen 

slushes with mixtures of H20 and methanol. Adding freshly drawn liquid nitrogen 

to a mixture of technical grade methanol and water (40:60, MeOH/H20) with stirring 

gives a -30°C slush that is relatively non-toxic and has a milkshake texture. 

Changing the ratio to 45:55 (MeOH/H20) lowers the slush temperature to -40°C. 

Thick layer chromatography23 was used to purify up to half gram quantities 

of Cp*Rh(PMe3)(Cl)(R) compounds. The technique was analogous to thin layer 

chromatography, but used plates of 2mm thick silica gel 60 on glass (Merck catalog 

#5745, purchased from Curtis Matheson). The runs were on plates cut to about 1.5" 

by 4 ", and were performed in the dry box in a 500 mL jar. A concentrated solution 

of the compound to be purified was applied in several dots about 1/2" from the 

bottom, until the silica gel was saturated through. After separation using the 

appropriate solvent mixture, the area on the plate that contained the product was 

scraped off with a razor blade and dissolved in a solvent for extraction. This was 

vacuum filtered through a medium frit to give a solution of very pure product. The 

technique minimized the amount of solvent used and was generally faster than 

column chromatography. One 1.5 x 4 " plate was needed for every 50 to 100 mg of 

crude rna terial. 
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Infrared Spectra were taken on a Perkin Elmer 938 and NMR spectra were 

obtained on the Brucker 250 using TMS as a standard. Mass spectra were obtained 

from the Mass Spectroscopy Facility, Chemistry Department, University of Arizona. 

Synthesis of Specific Compounds 

CpFe(CO)2H (FpH): The early literature had reported this compound to be unstable 

toward dimerization. It was later reported that the decomposition was slow enough 

to allow studies of the kinetics and reactivity of this compound. The method used 

was taken from Shackleton and Baird,24 except that the scale was increased by a 

factor of 10. Na[CpFe(CO)2] was first made by stirring [CpFe(CO)2h dimer and 

Na/Hg amalgam in THF at ambient temperature for 4 hours. The amalgam was 

drained off (in a dry box, using in a separatory funnel) and the solvent removed 

under vacuum. Solutions of FpH in pentane could then be obtained by addition of a 

known amount of glacial acetic acid in pentane (lM) to give sunny yellow solutions. 

For PES runs, about 10 mmol of compound was extracted. The solution was purified 

of any residual acetic acid or [CpFe(CO)2h by running through an Alumina column. 

The remaining crude Na[CpFe(CO)2] and Na(OAc) by-product was stored under N2 

at -25°, until more FpH was needed. IR (pentane) agreed with literature; v(CO) 2023, 

1967 cm-1. 

The PES of FpH was obtained by transferring the FpH in pentane into a small 

Young tube tha t had a 1/4" side arm for connection to the PES instrument. It was 

cooled to -10°C and the pentane was pulled off on Schlenk line as quickly as 
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possible and immediately attached to the instrument. At this point there was 

noticeable FpH, a yellow oil, and traces of red/brown [CpFe(CO)2h. Unfortunately, 

removal of the solvent accelerates Fp2 formation, but if a large enough scale is used 

there is sufficient FpH for data collection. The oil vaporized at room temperature 

and data collection could proceed for about 1 to 2 hours. 

[Cp*Fe(CO)2h: This starting material was prepared from Fe(CO)s and CsMesH 

(synthesized by G. Hinch, 1985) as described in the literature.25 The preparation 

was modified slightly, since octane (distilled from Na) was used as the solvent. After 

refluxing for about 48 hours, work up involved filtration, extraction of the 

black/purple product (from the charcoal colored side product on the frit), with large 

amounts (500 mL) of toluene. The solvent was then removed from the combined 

toluene/ octane extracts. The dark purple/black product was dissolved in a 

minimum of hot toluene, was allowed to cool and then hexane was floated on top 

and cooled to -20°C ovemight. IR (hexane); 1740, 1915 cm-1; lit. cyclohexane, 1764, 

1932 cm-1. 

Cp*Fe(CO)2CH3! This preparation was analogous to the preparation for 

CpFe(CO)2CH3 reported by King, starting with the generation of Na[Cp*Fe(CO)2]' 

Na/Hg amalgam (2.10 mL Hg to 0.30 g Na) was added to 100 mL dry THF in the 

dry box. 2.074 g [Cp*Fe(CO)2h (4.19 mmol) was slowly tapped in to give a purple 

solution. The mixture was loosely capped and allowed to stir vigorously ovemight, 
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after which the color was black with a yellow glint. The amalgam was drained off 

and the solution placed in a clean flask. 1.48 mL of CH31 (EM Scientific, used as is) 

was added dropwise and allowed to stir until reaction was completed (8 hours, no 

color change is observable). The jet black solution was pulled to dryness on the 

Schlenk line gave black crude material. Sublimation straight from the reaction flask, 

at 0.1 mtorr and 45°C, gave orange/yellow crystals. lH NMR (C6D6~ 01.386 (s, 5H, 

CsMes)' 0.140 (2, 1H, Cfu). IR (KBr pellet); 1978(5) and 1921(5) cm-1. Yield; 2.195g, 

61%. 

Cp*Fe(CO)2C1: The preparation of this compound was analogous to the preparation 

,reported for CpFe(CO)2CI,26 and involved oxidation of Fp*2 with air in the presence 

of HC!. Reagent grade solvents that were only pre-dried were used. 1.2 g 

[Cp*Fe(CO)2h (2.14 mmol) was dissolved in 85 mL CH30H and CH2CH2 over a 

period of 15 minutes, which gave a deep red solution. 1.8 mL of HCI(conc.) was 

added, and then air was bubbled through (using a diffuser) for 3 hours. A brick red 

solution resulted, indicating completion of the reaction. The solvent was removed 

under vacuum to give a dark red solid, which was dissolved in a small amount of 

CH30H and filtered to remove black solid impurity. The filtrate was reduced to . 

about 10 mL in volume and 3 mL hexane floated on top. Cooling at -20°C 

overnight produced red needlelike crystals. ill (CH2Cl2); 2027(s), 1973(s) cm-1. lH 

NMR; 1.772 ppm (s, Cstis); Yield 1.353 g, 61 %. 
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Cp*Fe(CO)2(C=CtBu}: This preparation uses a method that has been reported for the 

synthesis of a variety of transition metal acetylides.27 The method uses a catalytic 

amount of Cu, which generates the source Cu-acetylide in basic medium. It is more 

reliable and easier than the other literature preparations that require the synthesis of 

MgBrC=CR Grignard reagents.28 In a typical preparation, 400 mg (1.4 mmol) of 

Fp*Cl (described above) was dissolved in 25 mL NEt3 (distilled from CaH2) in a 

Schlenk flask. A catalytic amount of CuI (3 mg) was added and 0.15 mL HC=ctBu 

(2.8 mmol) was added with a gas tight syringe. After stirring at room temperature 

for 2 hours, a red solution with yellow tint resulted. Another 1.5 mL of HC=ctBu 

was added and stirring continued overnight. A yellow/pink solution resulted. The 

solvent was removed under vacuum (heated to no hotter that 30°C) to give a yellow 

residue. Extraction with Et20 (25 mL) or hexane followed by filtration gave a yellow 

solution, that was pulled to dryness at R.T. Sublimation at 0.1 mtorr and 50°C gave 

a yellow, oily wax about 25% yield. IR (hexane)i 2021, 1970 (V(CO»i 2192 (v(C=C». 

lH NMR (CDCI3)i 1.170 (5, 9H, C(C.!:i3)3)i 4.934 (5, 5H, Cs(C.!:i3)s). 

CpFe(CO)2C=CPh: Preparation closely followed the literature procedure reported by 

Bruce, et. al.,27 using Cu-acetylide in NEt3 as acetylide source. Gold-colored crystals 

were isolated in 50% yield based on CpFe(CO)2Cl. IR (CH2Cl2): 2108(m) (vC=C); 

2041 (s), 1990(5) vC=O. 1 H NMR: 5.073 (5, CsHs)i 7.1-7.3 (multiplet). 
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CpFe(COh(C=CH): The synthesis of this compound was never described in the 

literature, although the IR data and melting point (55-60°C) were given in a 

paper.29 The preparation given here is analogous to that reported for 

Cp*Fe(CO)2(C=CH)30 which used an Argon atmosphere. 

U(C=CH)oethylene<iiamine complex (from Aldrich) was weighed in the dry box, 

moved to a Schlenk line and 30 mL THF added via cannula. This was cooled to -78 

°C and 1.50 g of CpFe(CO)21 was slowly tapped in from an addition tube in ca. 50 

mg amounts. The solution initially turned yellow and as addition of FpI continued 

turned deep green/opaque in color. After addition was complete, the solution was 

allowed to warm to room temperature and then stirred overnight. 0.5 mL MeOH 

was added to eliminate excess U(C=CH) with no observable reaction. The volatiles 

were removed under vacuum to leave a black gum. Extraction with 40 mL of Et20, 

followed by filtration through a thin pad of alumina (Activity grade III) gave a 

yellow solution. The ether was taken off under vacuum at 0 °C to give a very air 

sensitive yellow gum with a slight amount of Fp2 contamination. Direct sublimation 

from the flask (0.1 mtorr, 50°C) gave 166 mg of yellow product, 20% yield. IR cm-1 

(Nujol); 3228(m), v(=C-H), 2039(5) v(C=C), 1988(s) and 1961(5) v(CO). 1H NMR 

(C6D6); peaks for Fp2 and FpC=CH. 

[Cp*Rh(Cl):ib: This compound was obtained in 91 % yield by the procedure of Kang, 

et. a1.31 It involved reflux of 3.046g RhCl3.H20 and 6.0 mL 

hexamethyldewarbenzene in degassed, reagent grade CH30H for about 10 hours 
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under N2. Crystallization from CH2Cl2/hexane at -20°C gave a dark red powder 

(occasionally crystals) that is air stable. IH NMR (CDCI3) 1.598 ppm (5, CsMes). 

Cp*Rh(PMe3)(Cl)2: This product is air stable, but because the preparation involves 

PMe3' it is performed under N2 atmosphere with careful Schlenk techniques (in a 

well ventilated hood). The preparation is slightly modified from the preparation of 

Cp*Rh(PMe3)Br2 from Jones and Feher. In a typical preparation, 0.95 g (1.5 mmoD of 

[Cp*RhC12h was dissolved in CH2Cl2 and cooled to -80°C. 0.80 mL (7.7 mmol) of 

PMe3' also at -80°C, was syringed from a Young tube with Subaseal® septum, using 

a well maintained 5 mL gas tight syringe. Quick transfer to the reaction flask (with 

N2 in the needle) resulted in little or no loss of PMe3' although a respirator is 

recommended for this procedure. The reaction is then allowed to warm to room 

temperature with stirring, and the color lightens to red/orange. The volatiles were 

removed to give red orange crude product, which was crystallized by dissolving in a 

minimum of CH2Cl2! floating hexane (1:2) on top, and cooling to -20°C overnight. 

Yield: 100%. IH NMR (CDCI3); 1.633 (d, J = 11.7 Hz, 9H, PMe3); 1.712 (d, J = 3.4 Hz, 

CsMes)' Mass Spectroscopy shows a base peak at 111 m/z for a PMe3esCl) fragment 

and another peak at 1/3 the intensity for [PMe337Cl]. The parent ion is also 

observable at 384, 385 and 386 m/z, which corresponds to the different combinations 

of 35Cl and 37Cl. 
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Cp*Rh(PMe3)(R)(X) and Cp*Rh(PMe3)(R)2 compounds 

The syntheses of the Cp*Rh(PMe3)(Cl)(R) compounds were reported by Jones 

and Feher.32 The chloride-containing products are air stable (for months), but the 

reaction mixtures themselves are extremely air sensitive. All synthesis described here 

were preformed on the high vacuum line under dry N2. In a typical preparation, a 

25 or 50 mL two necked round bottom flask was loaded with Cp*Rh(PMe3)(C1)2 and 

equipped with a new Subaseal septum and high vacuum line adaptor. The adaptor 

consisted of a 15 mm O-ring joint, an 8 mm Young tube stopcock (SPOR 8) and a 

14/20 male ground glass joint. The adaptor was designed so that reaction flasks 

could be easily transferred to and from the high vacuum line while under inert 

atmosphere. Even with the septum, the flask could be pumped down to 3 x 10-6 

torr, although freezing the stopcock must be avoided. (Dow Coming silicone 

stopcock grease was used instead of Apezion Q high vacuum grease, which solidifies 

near 0° C and causes leaks). The reaction flask was usually attached to a distillation 

tee with the desired solvent flask on the other side. Vacuum distillation involved 

freezing the solvent pot with liquid N2, pumping down the flask, solvent pot and tee 

to at least 8 x 10-6 torr and then isolating the system. The solvent is transferred over 

by cooling the reaction flask with Q N2 and allowing the solvent flask to warm up. 

Cp*Rh(PMe3)(CI)(Me): The preparation in by Jones and Feher was followed,32 

although a larger scale was used. 365 mg of Cp*Rh(PMe3)(C1)2 was loaded in a 25 

mL neck flask as described above. 20 mL of THF (from purple Na/Benzophenone) 
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was added by vacuum distillation. The reaction flask was warmed to -40 DC, which 

left much of the starting material undissolved. 0.690 mL of 0.98 M MeLi in E120 

(standardized as described above) was added dropwise with a 1.00 mL gas tight 

syringe over 30 minutes. The solution was allowed to warm to room temperature 

and then stirred for an additional 30 minutes, during which time the starting material 

slowly disappears and a citrus orange solution develops. The volatiles were removed 

by vacuum distillation. (When the reaction mixture is frozen, the septum is replaced 

under positive N2 flow by a glass stopcock to avoid leaks from needle holes). 

The product was purified from starting material with thick layer 

chromatography in the dry box using 4% THF in CH2Cl2 and the product was 

extracted with CH2Cl2;Et20 (2:1, v:v) to give an orange solution. The solvent was 

removed, and product obtained by slow evaporation of CH2Cl2/hexane (1:2) 

mixtures. This gave a light orange powder 336 mg (32% yield). IH NMR (CDCI3) 

agreed with the literature; 0.573 (dd, J = 7.04 Hz, 2.19 Hz, 3H CH3); 1.414 (dd, 

J=10.16, J =0.75, 9H, PMe3); 1.638 (d, J = 2.94, 15 H, CsMes)' 

This synthesis was very sensitive to the amount and rate of MeLi addition. If 

MeLi is added all at once or too fast, or if more than an equimolar amount is used, 

Cp*Rh(PMe3)(Me)2 is also formed. 

Cp*Rh(PMe3)(Meh; This compound has not been reported in the literature, 

although the iridium analog Cp*Ir(PMe3)(Me)2 is known. The preparation of 

Cp*Rh(PMe3)(Me)2 is analogous to the preparation for Cp*Rh(PMe3)(Cl)(Me) reported 
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above, except that two equivalents of MeLi are used. The product is air sensitive and 

very sensitive to halogenated solvents, the presence of which will form 

Cp*Rh(PMe3)(Cl)(Me). 

250 mg (0.52 mmol) of Cp*Rh(PMe3)(Cl)2 was slurried in 20 mL THF on the 

high vacuum line, cooled to -40°C, and then 0.97 mL of 1.4 M MeLi solution (1.35 

mmol) was added over a time period of 5-10 minutes. The reaction was warmed to 

room temperature and allowed to stir for 30 min, after which the reaction mixture 

was a light yellow / orange color. Removal of solvent gave a gummy 

orange/yellow /brown residue. Extraction with pentane gave a yellow solution that 

was vacuum filtered though a thin pad of Si02. Removal of solvent gave a viscous 

,yellow oil that occasionally crystallized, with a minute amount of Cp*Rh(PMe3)(Cl)2' 

Sublimation from glass wool (used to transfer oil to sublimer) at 42°C at 10-6 torr 

gave pure Cp*Rh(PMe3)(Me)2' as confirmed by NMR. IH NMR (C6D6); 00.14 (dd, J 

= 5.31, 2.29 Hz, 6H), 0.89 (dd, J = 9.19, 1.04 Hz, 9H), 1.64 (d, J = 2.18 Hz, ISH). IR 

cm-1 (KBr); 2868(m), 1279(m), 1186(m). The mass spectrum showed a base peak at 

311 mass units, a strong peak at 314 for [Cp*Rh(PMe3)]' and a weak molecular ion 

peak at 344. 

Cp*Rh(PMe3)(Cl)(Ph): This compound is air stable, but the reaction mixture is 

extremely air sensitive. The procedure closely follows that reported in the 

literature.32 A typical preparation involved addition of 0.830 mL of 1.69M MgPhCl 

(standardized as described above) to 511 mg (1.33 mmol) of Cp*Rh(PMe3)(CD2 in 
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THF at -40 0c. Reaction was quenched with 50 JlL of aqueous NH4CI, which 

precipitated out clumps of magnesium salts. The solution was filtered over a thin 

pad of Si02. Purification with thick layer chromatography (one orange band, ~ = 

0.5). Recrystallization from concentrated solutions of hot (69°C) hexane gave yields 

of 60 to 80%. lH NMR (CDCI3); 01.35 (dd, J = 10.6,3.4 Hz, 9H), 1.58 (d, J = 2.75, 15H) 

6.8-7.0 (multiplet, 4H, C6Hs), 7.23 (s, IH, C6Hs). 

Cp*Rh(PMeill!!h; This compound has been reported previously. The synthesis 

described here is a hybrid of methods reported for Cp*Rh(PMe3)H2 and 

Cp*Ir(PMe3)H2 compounds.33,34 In the dry box, 200 mg of Cp*Rh(PMe3)H2 was 

slurried in 15 mL Et20. 5.5 mL of a O.5N RedAI® solution was added dropwise with 

stirring. Stirring was continued for an hour, during which time the starting material 

slowly disappeared and the solution turned light yellow with a pink tint. 40 mL of 

hexane was then added and white precipitate was allowed to settled. The solution 

was decanted off the top with a pipet and filtered through a fine frit (filtration 

through Alumina(III) or baked out Si02 inevitably caused decomposition). Removal 

of solvent resulted in a yellow/pink gum that was slightly contaminated with 

RedAI®. This was easily purified by sublimation (from glass wool) at 45°C, to give a 

yellow oil with slight pink tint, as confirmed by lH NMR. lH NMR (C6D6) agreed 

with literature; 0 -13.63 (dd, J = 42,30 Hz, Rh-H2), 1.06 (d, J = 10 Hz), 2.06 (s, Cp*). 

The mass spectrum shows a base peak of 77 m/z (PMe3) a strong peaks at 314 m/z 

for [Cp*Rh(PMe3)] and a small molecular ion peak at 316 m/z. The compound is 
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extremely sensitive to air and halogenated solvents, and was used for PES studies 

within 48 hours of synthesis. 
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Chapter 3 

Comparative H~drogen and Melbyl Bonding in (l1s.CsHs)Fe(CO)2R 
and (11 ·CsMes)Fe(CO)2R Compounds (L = H, CH3) 

Introduction 

Understanding metal-hydrogen and metal-alkyl bonding is an integral part of 

understanding processes such as C-H bond activation and alkane functionalization. 

Practical applications for knowledge of metal-carbon and metal-hydride bond 

strengths are seen in compounds of the type Cp*Rh(PMe3)(alkyl)(H), which result 

from the activation and stabilization of alkane C-H bonds. Recent reports in the 

literature emphasize that the existence of the alkyl hydride products is due to strong 

metal-carbon and metal-hydrogen bonds. PES is an ideal method for comparing 

methyl and hydride bonding in organometallic compounds. Previous PES studies of 

metal-alkyl and metal-hydride bonding include (CO)sMnR,3s CP2Nb(CO)(R) 

(R = H, CH3).36 Th~ ionization energies were used to estimate the relative bond 

dissociation energies of the M-H and M-C bonds. 

This chapter presents a fundamental study of metal-hydrogen and metal

methyl bonding in (rtS-CsRs)Fe(CO)2R (where R = H or CH3). The bonding of a 

variety of ligands with the [CpFe(CO)21 fragment (Fp) have been compared and 

contrasted using photoelectron spectroscopy,12,37-39 including Me, Cl, Br, I, CN, 

SR, SiCl3 and SiMe3' The hydride ligand would be an important addition to this 

series. The photoelectron (PE) spectrum of CpFe(CO)2H (FpH) had never been 
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obtained because the early literature suggested that FpH was too unstable towards 

dimerization.40 New evidence correctly suggested that the half life of FpH was 

long enough to permit collection of PES data.41 

The photoelectron spectra of the (l1s-CsHs)Fe(CO)2R and (lls-CsMes)Fe(CO)2R 

compounds will illustrate several basic principles of the PES of organometallic 

compounds. The effects of pemlethylationlO,42 will be revisited in comparing the 

spectra of FpR and Fp*R. Secondly, the cr donor ability of a hydride ligand will be 

compared to that of a methyl ligand. Also, the 1t donor or 1t acceptor ability of 

methyl and other ligands will now be scaled to hydride, a pure 0' donor ligand. 

Most important is the determination of the relative M-C and M-H bond energies in 

these compounds, as there are no known reports of the bond dissociation energy of 

M-C and M-H bonds in FpR compounds. This chapter also serves as background for 

Chapter 3, which examines the bonding of acetylide ligands in Fp(C=CR), and for 

Chapter 5, which examines the bonding of Cp*Rh(PMe3)(R)2. 

Photoelectron Spectra and Ionization Band Assignments 

The ionization bands are usually assigned to components of the molecule, such 

as the d6 metal, Cp ring el" and metal-ligand cr bond molecular orbitals. Although 

this is a good first approximation of the ionizations, the actual character of the 

ionization (and of the corresponding orbital) is often a mixture of the various 

components. This is very important in the series of compounds in this chapter. The 

bands will be labeled by their predominant character and the mixing between 
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components will be emphasized in the text or tables. For each of the title 

compounds, the photoelectron spectrum has six valence ionizations. There are three 

ionization bands corresponding to the formally Fe(lI) d6 metal center, two ionizations 

from the cyclopentadienyl ring x e set, and an ionization from the iron-ligand sigma 

bond. 

~)Fe(COh(H) and (n5-CsMes)Fe(CO)2(H) 

The photoelectron spectrum of (TlS-CsHs)Fe(CO)2H (FpH) was obtained 

immediately after purification of the compound (see experimental section). The full 

spectrum (6 to 16 eV) is shown in Figure 2. The region from about 12 to 16 eV is the 

familiar "hill" region for an organometallic compound and contains ionizations from 

C-C and C-H bonds, and carbonyl Sa and lx. There is little useful information here. 

The region from 7.5 to 11.5 eV, however, has well resolved valence ionizations and a 

close up spectrum is shown in Figure 3. The spectrum is represented analytically 

with asymmetric Gaussians, which are defined by position, half widths and 

amplitude, as described in the experimental section. The parameters are given in 

Table III. The first three ionization bands (from 7 to 8.5 eV) are the three iron based 

ionizations from the formally d6 compound, and are labeled Ml, M2 and M3. The 

remaining broad ionization must include the Cp e set ionizations and the Fe-H a 

bond. The bands at 10 eV is assigned to the Cp e set ionizations, based on the trends 

in permethylation (discussed below). The remaining broad band at 10.42 eV is the 

iron-hydrogen a bond, and is labeled a(Fe-H). 
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Figure 2 
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Figure 3 
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Compound 

CpFe(CO)2H 

Cp*Fe(CO)2H 

CH3 and H bonding in (C5R~Fe(CO)2R 54 

Fit Parameters for He I Spectra of (lls.CsHs)Fe(CO)2H and 
(lls•CsHs)Fe(CO)2H 

Position Half Widths Relative Label Orbital 

High Low 
Area Description 

7.99 0.60 0.36 1.00 Ml dxz 

8.20 0.60 0.36 1.00 M2 dyz 

8.78 0.58 0.31 0.98 M3 dx2_~ 

9.83 0.62 0.33 2.42 Cp Cp Ring 

10.18 0.62 0.33 0.97 Cp 
e set 

10.42 1.11 0.54 1.82 o(Fe-H) Sigma 
Bond 

7.41 0.47 0.32 1.00 Ml dxz 

7.66 0.47 0.32 0.96 M2 d~z 

8.21 0.52 0.35 0.93 M3 d x2_v2 

8.76 0.61 0.28 2.41 Cp Cp Ring 

9.11 0.61 0.28 0.89 Cp e set 

9.80 0.87 0.44 1.27 o(Fe-H) Sigma 
Bond 

These assignments are confirmed by the photoelectron spectrum of 

Cp*Fe(CO)2H. The full spectrum (Figure 2) shows the general destabilization of the 

valence ionizations when the cyclopentadienyl ring is permethylated. A shoulder 

also appears at approximately 14 eV, which corresponds to the e combination of C-H 

bonds from the methyl groups in Cp*. A closeup spectrum of the valence region 

(Figure 3) shows more resolved ionizations than in FpH. The first three bands are 
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the metal based ionizations, labeled Ml, M2 and M3. These ionizations are 

destabilized by 0.56 ± 0.02 eV from their positions in FpH, which is similar to the 

shifts observed in other perrnethylated compounds.lO The resolved band at 8.8 eV 

has the characteristic splitting for a Cp e set and is assigned as such. The Cp band is 

modeled with two asymmetric gaussians to account for the shoulder on the high 

binding energy side. The Cp ionizations are destabilized by 1.07 from their positions 

in FpH, which is the expected effect of permethylation. Another interesting feature is 

the iron-hydrogen bond ionization a(Fe-H), which is resolved as a very broad band 

at 9.80 eV. It has been destabilized by 0.62 ± 0.02 eV upon permethylation. The 

broadness of the a(Fe-H) ionization is indicative of a very delocalized type of orbital. 

These assignments show the predicted trends in ionization energies for 

perrnethylation of the Cp ring, and show that the a(Fe-H) ionization is affected 

much like the metal based ionizations. 

(n5-Cstls)Fe(CO)2CH3 and (n5-CsMes)Fe(CO)2CH3 

The spectrum of (llS-CsHs)Fe(CO)2CH3 (FpMe) has been reported previously, 

but was repeated under the same conditions as the other spectra for confirmation. 

The full spectrum from 6 to 16 eV (Figure 2) shows similar features to the full 

spectrum of FpH. A close up of this region, fitted with asymmetric Gaussians, is 

shown in Figure 4 and the fit parameters are given in Table IV. The positions of the 

ionizations are within 0.05 eV of those reported previously and are assigned 

similarly.37 The three leading bands are the metal based ionizations, and are labeled 
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Ionization Energy (e V) 

11 10 9 8 7 

a (M-C) M2 Ml 

o (M-C) 
Cp 

M2 Ml 

Figure 4 He I Close Up Spectra of CpFe(CO)2CH3 and Cp*Fe(CO)2CH3 



Table IV 

Compound 

CpFe(CO)2CH3 

CpltFe(CO)2CH3 

CH3 and H bonding in (C5R~Fe(CO)2R 57 

Fit Parameters for He I Spectra of CpFe(CO)2CH3 and 
Cp ItFe(CO)2CH3 

Position Half Widths Relative Label Orbital 

High Low 
Area Description 

7.72 0.37 0.30 1.00 Ml dxz 

7.98 0.37 0.30 0.90 M2 dyZ 

8.52 0.58 0.43 1.39 M3 dx2_y2 

9.20 0.61 0.50 1.72 a(Fe-C) Sigma Bond 

9.83 0.62 0.34 2.85 Cp 

10.19 0.62 0.34 0.99 Cp 
Cp e set 

7.13 0.36 0.30 1.00 Ml dxz 

7.41 0.36 0.30 0.90 M2 dyz 

7.90 0.49 0.36 1.27 M3 dx2_y2 

8.53 0.41 0.39 1.63 a(Fe-C) Sigma Bond 

8.89 0.70 0.37 2.61 Cp 

9.24 0.70 0.37 0.65 Cp 
Cp e set 

Ml, M2 and M3. The ionization at 9.20 eV is assigned to the iron-carbon sigma 

bond, and is labeled o(Fe-C). The remaining band at 10 eV shows the characteristic 

splitting for a Cp e set, and is assigned as such. 

The effects of permethylating the Cp ring is seen in the PE spectrum of 

(llS-CsMes)Fe(CO)2CH3 (Fp*Me). The full spectrum, shown in Figure 2, shows the 

shoulder at 13 eV due to C-H bonds in llS-Cs(CH3)s' There is also a general 

destabilization of the valence ionizations to lower ionization energy in 
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Cp*Fe(CO)2Me, which is the expected effect of Cp permethylation. The close up 

spectrum of the valence region (7 to 12 eV), shown in Figure 4, has a different band 

profile than for FpMe because of the shift of the Cp ionizations. As in FpMe, the 

three leading ionizations are assigned to the three metal based orbitals, and are 

labeled Ml, M2 and M3. These have been destabilized by 0.59, 0.57 and 0.62 eV 

respectively. The remaining broad ionization contains the Cp* e set and iron-carbon 

cr bond. The Cp ionizations are assigned to the higher binding energy side, and still 

show the characteristic band shape. The Cp ionizations have been destabilized by 

0.94 eV from the position in FpMe, which is slightly less than expected for a 

permethylated compound. The ionization from the iron-carbon bond is assigned to 

the shoulder on low binding energy side, at 8.53 eV. This is a 0.67 eV destabilization 

from the position of the Fe-C ionization in FpMe. It is also analogous to the shift in 

the Fe-H ionizations in the hydride compounds when the ring is permethylated. 

Discussion 

The ionizations of FpR and Fp*R compounds reflect both cr and 1t bonding 

interactions of the R ligand because the inherent symmetry of the Fp fragment causes 

its valence orbitals to interact in specific ways. The orbitals of a Fp fragment, shown 

in Figure 5, are well characterized, and correspond to a pseudo-octahedral fragment 

with one ligand removed.43 Placing the Fp fragment in a coordinate system with 

the ligand (L) on the z axis results in the three filled metal levels being dxz and dyz' 

and dx2_y2 orbitals. Also present are the LUMO (the d;z2), which forms the sigma 
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bond with the ligand based G orbital, and the cyclopentadienyl e set (Cp) orbitals, 

which are affected primarily by charge potential effects at the metal center. All three 

metal based orbitals are affected by charge potential effects of the ligand R. The 

dx2_y2 backbonds extensively into both carbonyl 1t* orbitals, but since it has 0 

symmetry with respect to R it is not affected by 1t interactions of R. The ~ and dyz 

orbitals, however, have 1t symmetry with respect to ligand R, and can interact with 

ligand orbitals on R that have 1t symmetry. 

The 1t donor ability of a ligand can easily be determined by observing the M1, 

M2 and M3 ionizations, which correspond to the dxz' dyz and dx2_y2 orbitals. Since 

the Ml and M2 ionizations are affected by 1t interactions of the ligand, but M3 is not, 

the splitting of the M1 and M2 metal bands from the M3 band is a direct probe of the 

1t bonding effects of R. The metal band splitting can be quantified by using 

Equation (1). In the CpFe(CO)2H compound, the value obtained from Equation (1) is 

Ml+M2_M3 
2 

(1) 

0.67 eV. In this case, the metal band splitting is due to only the lower of symmetry 

of CpFe(CO)2L compared to CpMn(CO)3. If the H is replaced by a ligand that has 1t It 

acceptor orbitals (i.e. can backbond), then the M1 and M2 will be stabilized towards 

M3 and the splitting will be smaller. The limit of this would be if L=CO, where the 

splitting is estimated to be 0.30 eV (taken from CpMn(CO)3).1O On the other hand, if 

the ligand has 1t donor orbitals, the Ml and M2 (~) bands will be destabilized away 

from M3, and the metal band splitting will be larger. 
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Some examples of these effects in FpR compounds are given in Table V. The 

metal band splitting from Equation (1) for Fp*H is 0.67, which shows, as expected, 

that the splitting is not affected by perrnethylation of the Cp ring. The smaller values 

for FpCN and FpSiCl3 suggest that they can accept electron density into 1t* orbitals or 

"backbond". The larger metal band splitting for the halogen compounds reflects the 

interaction between the filled halogen p1t and the filled metal d1t. In the case of 

FpMe, the metal band splitting is 0.70, which suggests that the methyl ligand is 

Table V Metal Band Splitting Values for (lls·CsHs)Fe(CO)2R (FpR) 
and (lls.CsMes)Fe(CO)2R (Fp*R) Compounds 

Compound Metal Band 
Splitting (eV) 

FpSiCl3 0.52 

FpCN 0.60 

FpH 0.69 

FpCH3 0.70 

Fp*H 0.67 

Fp*CH3 0.63 

FpSiMe3 0.80 

FpCl 0.80 

FpBr 0.78 

FpI 0.76 



acting as sigma donor only, and not as a 1t donor. The metal band splitting for the 

Fp*Me compound is slightly smaller, but within error bars (±0.02 eV) of that of Fp*H. 

These results contrast with the results of calculations, which predict that the methyl 

ligand acts as a weak 1t donor using its eg 1t symmetry orbitals.44 There is also 

direct evidence that the methyl acts as a 1t donor with Cp rings in the PES of the 

(CsHnMen_l)MLn compounds.lO,4S The situation in CpFe(CO)2R and Cp*Fe(CO)2R 

must be such that the metal levels in Fp-L are not at an appropriate energy to 

interact efficiently with the methyl ego 

Trends In Ionization Bands 

The cr donor ability (also called charge potential effect) of a ligand is easily 

observed by comparing the shifts in ionization energies as the R ligand is varied. 

The trends in the FpR and Fp*R ionization energies are shown in a correlation 

diagram in Figure 6. The better cr donor ability of CH3 compared to H is the most 

obvious theme in these spectra. All three metal bands in FpMe are destabilized by 

approximately 0.25 eV, relative to their positions in FpH, which illustrates the better 

0" donor ability of a CH3 ligand. The energies of the M-H and M-C bonds also show 

the different cr donor abilities the ligands. The Fe-CH3 cr bond is 1.22 eV lower in 

binding energy than the Fe-H cr bond, which reflects the higher energy of the CH3 cr 

donor orbital (sp3 type orbital) compared to the H cr donor orbital (1s). The CH3 

ligand is a better cr donor because its sp3 type orbital is closer in energy to the 

LUMO and can interact more efficiently than the hydrogen Is orbital. 
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The trends in ionization energies for the pennethylated compounds, Fp*H and 

Fp*Me, are similar to those for the FpR compounds. Figure 6 shows that the metal 

bands all shift by 0.28 ± 0.03 eV in going from Fp*H to Fp*Me. The a(Fe-R) 

ionization is also destabilized by 1.27 eV, in going from Fp*H to Fp*CH3' 

The trends in the spectra also show an additional interaction involving the Cp 

e set in FpMe. In comparing the FpH and FpMe spectra, the Cp ionizations should 

track with the M3 ionizations, since they both reflect the charge potential effect of the 

ligand. However, the Cp ionizations do not shift from FpH to FpMe, which is 

indicative of an interaction that stabilizes the Cpo A stabilizing interaction for Cp is 

also observed in the Fp*R compounds. Here, the M3 ionization is destabilized by 

0.31 eV in going from Fp*H to Fp*Me, but the Cp ionizations are stabilized by 0.13 eV. 

The simplest explanation is that a filled/filled interaction is occurring between the 

filled Cp or Cp* level and a filled level in the methyl ligand. Cp e set orbitals have 

metal character that allows them to interact with other ligand based orbitals. This 

was previously observed in the PES of CpRe(NO)(CO)(X)46 and 

CpMn(CO)2(1l2-RC=CR)47 compounds, where the Cp e set has filled/filled 

interaction with the acetylene 1t or halogen lone pair via the metal. As a result, the 

Cp ionizations are stabilized and lone pairs are destabilized. However, in this case 

the only orbitals on methyl that could interact like this would be the filled methyl eg 

1t symmetry orbitals. This is not possible, however, since the methyl does not 1t 

donate into the metal. Another explanation could lie in the orbital makeup of the Fp 

fragment's LUMO. The LUMO is basically an antibonding combination of the metal 
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and the Cp ring. Since the cr donor orbital on the R ligand donates into this orbital, 

the Cp is competing with the ligand R for (J donation to the metal. Therefore, 

replacing H with a better sigma donor CH3 causes more cr donation by Rand 

removes electron density from the Cp ring. This would stabilize the Cp ring e set 

ionization. 

Thermodynamics of Metal-Carbon versus Metal-Hydrogen Bonding 

The ionization energy is a fundamental thermodynamic quantity that is a 

standard part of thermodynamic cycles such as the Born-Haber cycle. The ionization 

energies for a metal-ligand bond can be used, in an analogous cycle, to determine the 

bond dissociation energy of the metal-ligand bond. This cycle is based on elementary 

thermodynamic principles and is described in detail in the references.35 Briefly, the 

ionization energy of the M-L bond is given by Equation (2), where Do(M-L) is the 

+ 
I.P.(M -L)=D o(M -L)+I.P.(MLno)-Dn(MLn) 

Bond Dissociation Enthalpy (BDE), I.P.(MLn 0) is the ionization potential of the 

organometallic fragment and Dn(MLn +) is the BDE of the cation. Calculation of the 

(2) 

absolute BDE requires knowledge of the ionization potential of the MLn radical and 

the BDE of the molecular cation (Dn(MLn+). However, the relative BDE for two 

ligands with the same fragment is easier to obtain. Equation 1 can be written for 

both hydride and methyl compounds, and taking the difference of the two equations 

causes terms to cancel so that the ionization energy is proportional to the BDE. 
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Equation (3) shows the relationship between the ionization energy and the 

IP(M-C)-IP(M-H)=(1-AL)[Do(M-C)-Do(M-ffl1 (3) 

bond dissociation energies. AL is a constant that accounts for the degree of covalency 

in the M-R bond. AL is 0.5 for a completely covalent bond, since removing an 

electron from the bond reduces the bond order by half. AL is 0 for a bond that 

dissociates completely when an electron is removed, such as an ionic bond. In 

general, the value of AL for organometallics is 0.2 ~ AL ;;:: 0.0 because ionization 

essentially destroys the M-R bond. A range of bond energies will be reported that 

corresponds to this range of AL. 

The relative metal-carbon and metal-hydrogen bond dissociation energies 

(BOE) can therefore be determined if the M-C and M-H bond ionizations are 

reasonable well resolved in the PE spectra. From the PES spectra of the 

(CsRs)Fe(CO)2R compounds, it is clear that the ionization energy of the a(M-H) bond 

is greater than that of a(M-C) bond. It can be also be assumed that the BOE for the 

M-H bond is also greater than the M-C bond. For the FpR compounds, the difference 

in ionization energies for the M-H and M-C bonds is 1.14 eV. Using Equation (3), the 

M-H bond is calculated to be 26 to 33 kcal/mol more stable than the M-CH3 bond. 

For the permethylated analogs the difference in ionization energies for M-C and M-H 

bonds is 1.27 eV, which corresponds to a difference in BOE of 30 to 37 kcal/mo1.48 

It is reasonable to assume that these numbers would agree with other 

thermodynamic data on FpR compounds. Using this method of analysis on 

CP2Nb(CO)(L) compounds,36 the difference in BOE was estimated to be 12-14 



kcal/mol which was in good agreement with independent calorimetry experiments. 

For the Mn(CO)sR compounds the relative BDE, using adiabatic ionization potentials, 

was estimated at 16 to 20 kcal/mol and was also in agreement with calorimetry 

experiments. The relative BDE's for the FpR and Fp*R compounds are reasonable 

estimates for late transition metal compounds. Table VI shows metal-carbon and 

metal-hydrogen bond dissociation energies reported for other organometallic 

Table VI Values of M-H and M-CH3 Bond Dissociation Energies 

Compound Bond Dissociation Energy Reference 
(kcal/mol) 

R=H R=CH3 /). 

CP2ScRa - - 18.b 51 

Cp2Nb (CO) (R) - - 12-14 36 

CP2WR2 - - 22.7b 52 

(CO)sMn-R - - 16-20 35 

CpFe(CO)2R - - 26-33 this work 

Cp*Fe(CO)2R - - 30-37 this work 

Fe(CO)sH+R 60 57 3 44b 

(CO)4CoR 55 38 17 44 

Cplr(PMe3)R2 74 56 18 49 

X2CI(CO)lrR2 60 35.4 24.6 50 

a "CH3" = (CH2)3CSMe4 b only relative values were reported 
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compounds.49-52 The range of values for the FpR bond dissociation energies are 

higher than estimates for most of the other organometallic compounds shown, except 

for X2CI(CO)Iri.:l compounds. 

Conclusions 

The most surprising result of this study is that the methyl group was not 

acting as a 1t donor - not even a weak 1t donor. Prior to this study, it had been 

assumed that the methyl group would act as a weak 1t donor to organometallic 

fragments, as it does with a cyclopentadienyl ring. The PES spectra are definitive in 

showing that the methyl group is not acting a 1t donor with the CpFe(CO)2 or 

Cp*Fe(CO)2 fragments. The energies of the Fp fragment orbitals must be too high to 

overlap efficiently with the methyl e symmetry orbitals. It is certainly possible that 

lowering the energy of the metal levels, by changing the organometallic fragment, 

would allow for overlap. The lack of 1t donation by CH3 will become important 

when examining the bonding of Cp*Rh(PMe3)(R)2 in Chapter 5. Another unexpected 

result is the extra stabilization of the Cp ring ionizations in the methyl compounds. 

What was not surprising was the differences in the bonding of alkyl and 

hydrogen. The reactivity of M-C bond versus M-H bonds and thermodynamic data 

have shown definite differences in how methyls and hydrides interact.53 The 

methyl group is a better cr donor than is hydrogen, and causes the metal center to 

become more electron rich. This has been observed in the PES of other 

organometallic compounds. In a thennodynamic sense, however, the metal-hydrogen 
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bond is stronger than the metal-carbon bond. The relative bond dissociation 

energies, which were calculated from ionization potentials, estimates that the M-H 

bond is 26 to 33 kcal/mol more stable than the M-CH3 bond in Fp-R compounds. In 

Fp*R compounds, the difference in bond dissociation energies is estimated. at 30 to 37 

kcal/mol. 
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Chapter 4 

Bonding of Acetylides and Butadiynes in (l1s-CsHs)Fe(CO)2(C=CR) 

Introduction 

Since they were first reported in 1968, transition metal acetylides have been 

studied extensively.54-57 Acetylides are the product of alkyne C-H insertion 

58-61 and are starting materials for the synthesis of vinylidenes.62 Although the 

ll'-acetylide ligands are present in many organometallic compounds, the bonding 

interactions of an 1l1-acetylide remain ambiguous. Clues the bonding interactions can 

be seen in the reactivity of acetylides with electrophiles.63-66 Electrophiles always 

attack the acetylide ~ carbon atom, as shown below, to give vinylidenes. This 

~ Fp-C-C 
\R 

reactivity is common for other non-donor atoms, in ligands such as CO and CN, 

where the oxygen or nitrogen atom is susceptible to attack by electrophiles (or Lewis 

acids).67 The concentration of negative charge on the non-donor atom has been 

attributed to metal to ligand n* backbonding. Electrophilic attack in thiol FpSR 

compounds also occurs at the non-donor (R) atom, which is nucleophilic as a result 

of metal d1t Isulfur P1t overlap.68 In both cases, the reactivity implies that the 

HOMO of the compound is partially localized on the non-donor atom. 
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Although the C=CR" ligand is isoelectronic with CO and CN-, the evidence for 

metal to acetylide 1t* backbonding is conflicting. In the three known CpFe(CO)2C=CR 

crystal structures, the acetylide C-C bond distances are 1.20 ± 0.02 A. This is nearly 

identical to the length of the C-C bond in acetylene (1.20 A). The Fe-Cn bond lengths 

in the compounds are 1.92 ± 0.02 A, which are shorter than a typical Fe-C(sp3) bond 

length. (The Fe-C bond length in Fp(1l1-CSHS)69 is 2.11A, and for Fp2(}l2_(CH2)3) is 

2.osA.7°) A shortening of the Fe-Cn bond due to sp3 versus sp hybridization is 

approximately 0.06A (from covalent radii) and therefore the Fe-Cn bond is contracted 

by about O.1A. In the Mo2(PMe3)4(C=CR)4 compounds, a 0.15 A metal-carbon bond 

contraction and lack of C-C bond lengthening is also observed.71 The cause of this 

contraction is uncertain. Presumably, if the metal is backbonding from the metal to 

the acetylide 1t* orbitals, then the Fe-C bond would shorten, but the C-C bond must 

necessarily lengthen. However, the C-C stretching frequencies for MLn(C=CR) 

compounds are within 20 cm-1 of the corresponding HC=CR compounds.72-7S 

which suggests that the C-C bond does not lengthen appreciably. Thus, the only 

experimental evidence for backbonding is the contraction of the M-C bond. 

There is little direct evidence for the bonding interactions of 1l1-acetylides. 

Fenske-Hall calculations on (llS-CsHs)Fe(CO)2(C=CH) predict little metal-to-acetylide 

1t* backbonding.76 The calculations suggest that the primary 1t interactions are 

four-electron-two-orbital interactions (filled/filled interactions) between the metal ~ 

and acetylide 1t orbitals. This type of overlap is possible in the Mo2(PMe3)4(C=CR)4 
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compounds, where the electronic and Raman spectra suggest extensive conjugation of 

the acetylide 7t system with the metal.71 There is some evidence that the acetylide in 

PP3Rh(C=CR) (PP3 = tripodal phosphine) is a weak 7t acceptor based on 

electrochemical ionization potentials,77 although this is a less direct measurement of 

bonding interactions. 

Photoelectron spectroscopy (PES) is uniquely qualified to directly observe the 

bonding of 111-acetylides.78 Since the bonding interactions of the Fp fragment with 

many ligands, including halogens, CN, and SiR3, are well understood39,79 the 

bonding of the acetylide ligand can easily be determined. In this chapter, the 

photoelectron spectra of a series of FpC=CR compounds are reported, where Fp is 

5 ' t (11 -CsHs}Fe(CO}2 and R is H, C(CH3)3 ( Bu) or C6HS (Ph). 

The PES of the butadiyne containing compound, FpC=C-C=CH, will also be 

reported. The buta-l,3-diyne ligand (C=C-C=CH) is essentially an acetylide extended 

by two more carbons. The bonding interactions of butadiynes are of importance 

because they are common ligands in transition metal nonlinear optical materials.80 

These materials, which are presently the subject of much research, are able to double 

or triple the frequency of light.81 In organic materials, the electronic structure 

appears to be important for nonlinear properties, as the molecules are either very 

polarized or are 7t conjugated. A transition metal enhances the "nonlinearity", which 

is suspected to be due to Pll/~ overlap, but this has not been proven. Evidence for 

this type of overlap is seen in the communication via a buta-l,3-diyne bridge in the 
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compounds Cp(CO)2Fe(C=C-C=C)Fe(CO)LCp.82 When L is changed from CO to 

PPh3 at one metal center, the v(CO) is lowered on the other metal center. The 

photoelectron spectra will directly show the extent of d1t/p7t mixing for a butadiyne 

ligand. 

Photoelectron Spectra and Ionization Band Assignments 

The ionizations of FpC=CR are assigned by comparing He! and Hell spectra 

and by comparing to the PES of HC=CR and other FpR compounds. All of the 

FpC=CR spectra show three metal based ionizations corresponding to the formally d6 

compound. Ionization bands are also observed for the cyclopentadienyl ring 7t (Cp) 

ionizations and acetylide 7t ionizations, which are analogous to the 7t system of 

acetylenes. In addition, the metal-carbon sigma bond (cr(M-C» is resolved in the 

spectra of FpC=CH and Fp(C=C)2H. 

PES of FpC=CH 

The full spectrum (6 to 16 eV) of FpC=CH is shown in Figure 7. The region 

from approximately 13 to 16 eV consists of many unresolved ionization bands which 

originate from C-H and C-C bonds. There is little useful information here. However, 

in the region from 6 to 12.5 eV there are many well resolved ionizations that contain 

much information about the bonding of the acetylide ligand to the Fp "fragment. The 

He I spectrum of this region is shown in Figure 8. The ionization bands are modeled 
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Figure 7 Full Spectra (6 to 16 eV) of FpC=CH and Fp(C=C)2H. 
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Figure 8 He! and Hen Spectra of the Valence Region of FpC=CH 
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with asymmetric Gaussian bands, which define the position, relative area, and width 

of the ionization bands. This information as well as labels for the ionizations are 

given in Table VII. The first three ionization bands (from 7 to 8.5 eV) are the three 

iron based d orbitals from the formally d6 compound, and are labeled Ml, M2 and 

M3 in Figure 8. The fourth band in the spectrum, labeled 1t, is assigned to the 

acetylide 1t ionizations and corresponds to a degenerate e set. The overlapping fifth 

and sixth bands are assigned to the Cp e1" set ionizations. The Cp ionizations show 

the same splitting and intensity pattern as in other three legged piano stool 

compounds. Finally, the seventh band, located at 11.34 eV, originates from the iron

carbon cr bond. 

These aSSignments are consistent with the relative areas of the ionization bands 

in the He II spectrum. The He II spectrum of FpC:=CH is shown in the lower half of 

Figure 8. As discussed in the Experimental chapter, using He II light causes the 

relative band intensities to change because of differences in the characteristic 

photo ionization cross-section. The photoionization cross-section for carbon 2p 

electrons decreases from 6.1 in HeI to 1.9 in Hell and for iron increases from 4.8 

(He 1) to 8.8 (He 11).15 The change in cross-section is also observed experimentally, 

since the relative area of iron based ionizations increases in Hell spectra, relative to 

carbon based ionizations. Inspection of Figure 8 shows that the first three bands, 

labeled Ml, M2 and M3, increase in intensity in Hen mode relative to the other 

orbitals. The relative area (M3 is 1.00) increases slightly for Ml and M2, showing 
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Table VII Fit Parameters for He I and He II Spectra of CpFe(CO)2C=CH 

Compound Position Half Widths Relative Area Label Orbital 

High Low He! Hell HeI/ 
Origin 

Hell 

7.79 0.49 0.22 1.16 1.26 1.09 Ml dxz 

8.10 0.47 0.17 0.89 1.05 1.18 M2 dyZ 

8.73 0.43 0.26 1.00 1.00 1.00 M3 dx2_v2 

FpC=CH 
9.66 0.41 0.38 2.52 1.94 0.76 1t C=CH 

1t e set 

10.25 0.44 0.36 1.84 1.19 0.65 Cp Cpe 
10.60 0.44 0.36 1.10 0.67 0.61 Cp set 

11.34 0.64 0.36 1.63 0.90 0.55 a (Fe-C) a bond 

that they are primarily metal based. The area of the Cp bands (relative to M3) 

decreases by 35% in going from He I to He II. The decrease would be greater if the 

ionization was pure carbon 2p in character. This change shows that the Cp 

ionization has a significant amount of metal character, and is comparable to other Cp 

compounds we have studied. The most interesting infonnation in the He II spectrum 

is the acetylide 1t ionization, which decreases by only 24%. This is evidence for a 

large amount of iron character in the acetylide 1t orbitals. Finally the seventh band, 

assigned to the Fe-C bond, decreases by 45%, which is fairly typical for a metal-

carbon a bond. This infonnation' confirms the general assignments, and also shows a 

large amount of mixing between the metal d1t and the acetylide 1t system. 
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Bonding Interactions in FpC=CH 

Before proceeding with the assignments for the remaining spectra, a qualitative 

bonding picture for CpFe(CO)2(C=CH) will be discussed. Figure 9 shows the orbitals 

available for bonding in the Fp and acetylide fragments. The electronic structure of 

the Fp fragment, which has been well characterized, is a pseudo-octahedral fragment 

with one ligand removed.43 The Fp fragment is placed in a coordinate system with 

the ligand (R) on the z axis and the carbonyls bisecting the x and yaxis. This results 

in the three filled metal levels being primarily dxz and dyz' and dx2-r orbitals. All 

three metal based orbitals are affected by charge potential effects of the ligand R. 

The dxz and dyz orbitals backbond with one carbonyl and are also can interact with 

orbitals on R that have 1t symmetry. The dx2-r backbonds extensively into both 

carbonyl1t* orbitals, but has 0 symmetry with respect to R, and is therefore not 

affected by 1t interactions of R. As discussed in Chapter 1, these different interactions 

of the metal based orbitals allow us to determine 1t acceptor and 1t donor ability in 

the R ligand. The LUMO of the Fp fragment is the d;., which forms the sigma bond 

with R. Also present are the cyclopentadienyl ring (Cp) e set orbitals, which are 

affected primarily by charge potential effects at the metal center. The acetylide 

fragment valence orbitals include a degenerate e set of 1t orbitals, 1tx and 1ty' which 

are analogous to those for an 112-acetylene. However, unlike an 112-acetylene, the 

acetylide ligand also has a asp orbital, directed towards the metal. 
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The interaction diagram in Figure 9 shows the likely interaction of the 

(T1s-CsHs)Fe(CO)2 fragment (Fp) with the acetylide CCH- fragment. The levels of the 

FpC=CH molecule are scaled to the experimental ionization potentials, but the 

energies of the fragments are only estimates from a Fenske Hall calculation. There 

are two main interactions between the acetylide orbitals and the Fp fragment. The 

acetylide o-sp orbital donates into the empty d;l orbital and forms the metal-carbon 0-

bond. Secondly, the acetylide 1t orbitals have a filled/filled interaction with the dxz 

(Ml) and dyz (M2) orbitals. The resulting antibonding combinations are the HOMO 

(Ml) and SHOMO (M2), each of which have a node at the ex carbon. The bonding 

combination is the totally symmetric 1t combination, and appears in the spectrum as 

the 1t ionization. This molecular orbital picture illustrates the mixing between the dxz 

and dyz orbitals and the 1t system on acetylide. It also shows the nodal 

characteristics of the HOMO and SHOMO, which help to explain the reactivity of the 

compound. 

There is direct evidence in the PE spectrum for a filled/filled interaction 

between d1t and p1t orbitals. There is a large amount of metal character in the 

acetylide 1t ionization, which shows mixing of metal d1t and acetylide 1t ionizations. 

Further evidence is observed in the splitting of the Ml and M2 metal bands away 

from the M3 metal band. All three metal bands are affected by the charge potential 

effects of L. However, the Ml and M2 (d1t) bands are destabilized by the 1t donor 

orbitals on L or stabilized by the 1t* acceptor orbitals on L. Therefore, the value of 
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the splitting shown in Equation (1) (page 60) is a measure of the amount of 1t 

acceptor or donor ability. When L is a pure cr donor such as H, this value is 0.67 eV. 

For FpC=CH, the metal band splitting increases (0.79 eV), which shows that the Ml 

and M2 orbitals are being destabilized by a filled/filled interaction with the acetylide 

1t orbita Is. 

More evidence for a filled/filled interaction can be seen in the close up 

spectrum of the metal band region (Figure 10). The M3 ionization shows a shoulder 

on the high binding energy side. This is a vibrational progression of 0.28 eV that 

corresponds to a CO stretching vibration, and is logical because the M3 is involved 

with backbonding to both CO ligands. The M2 ionization also exhibits a shoulder on 

the high binding energy side, which is also vibrational progression of 0.28 eV. The 

extra intensity of the M2 ionization compared to the Ml ionization implies that Ml 

also has a vibrational progression of 0.28 eV, which is accidentally degenerate with 

the M2 ionization. Since the Ml and M2 ionizations correspond to orbitals that are 

backbonding with one CO and 1t bonding with the acetylide, a 0.28 ± 0.02 eV 

progression could be due to either a CO or a C=C stretching vibration. However, the 

PE spectra of FpH and FpCH3 do not show these vibrational progressions, so it is 

likely that the vibrational progressions on the Ml and M2 ionizations in FpC=CH are 

due to acetylide C=C vibrations. 
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PES of FpC==eIBu and (n5-C~)Fe(COh(C-=cIBu) 

Substitution of the hydrogen in FpC:='cH with a tert-butyl rBu) group causes 

the PE spectrum to change significantly. The full spectrum (6 to 16 eV) of FpC:=e-93u 

(Figure 11), shows many unresolved tBu C-C bond ionizations in the region 

from 11 to 12 eV. These ionizations obscure the metal-carbon a bond ionization and 

the high binding energy side of the Cp ionization. The remaining ionizations, 

however, are well resolved as shown in the close up spectrum (6 to 11 eV) in 

Figure 12. The peaks are modeled with asymmetric Gaussians, and the parameters 

for the fitted data are given in Table VIII. The FpC:=.CtBu spectrum is assigned 

analogously to the FpC:='cH spectrum as follows. The two leading ionizations are 

assigned to be Ml and M2, and the third ionization band is assigned to be M3. The 

fourth band, located at 9.19 eV, is quite intense and narrow and must originate from 

the acetylide 1t e set, since it lacks the characteristic asymmetry seen for Cp e set 

ionizations. The ionizations at 10.05 eV and 10.48 eV are assigned to the 

cyclopentadienyl 1t e set. 

These assignments are supported by the He II spectrum of FpC:=.CtBu. As 

discussed above, the ionization bands with iron character will increase in relative 

intensity in HeII spectra. Figure 12 and Table VIII both show that the Ml, M2 and 

M3 i.onization bands increase in intensity in He II mode, relative to the other 

ionizations, and therefore are iron based ionizations. However, the Ml and M2 

bands do not increase in intensity relative to M3, as observed in the FpC;;CH 
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Table VIII Fit Parameters for He I and He II Spectra of CpFe(CO)2C==C1Bu 

Compound Position Half Widths Relative Area Label Orbital 

High Low Hel Hell Hel/ 
Origin 

Hell 

7.42 0.50 0.31 1.32 1.18 0.89 Ml dxz 

7.69 0.55 0.16 1.13 1.16 1.02 M2 d yZ 

8.49 0.48 0.27 1.00 1.00 1.00 M3 d x2_vl 
FpC=etBu 9.19 0.48 0.20 2.56 1.90 0.74 1t C==CH 

1t e set 

10.06 0.48 0.36 2.20 1.31 0.59 Cp Cp e 

10.48 0.58 0.36 1.28 0.46 0.61 Cp set 

spectrum. This indicates slightly less metal character in the Ml and M2 ionizations 

in FpC=etBu. The acetylide 1t band, labeled 1t, decreases by 26% relative to M3, 

which indicates considerable iron character in the ionization. The Cp ionizations 

shrink by 34%, which again suggests a significant amount of metal character, and is 

comparable to other Cp compounds observed. Therefore, the Hel/Hell comparison 

shows a large amount of metal character in the acetylide 1t ionizations. 

Further evidence for the assignments in FpC=etBu is provided by the PES of 

(Tls-CsMes)Fe(CO)2(Tl 1-C=etBu) (Fp*C:::etBu). Permethylating the cyclopentadienyl 

ring has predictable effects on ionizations and has been documented by this group.1D 

Typically, the cyc1opentadienyl1t ionizations are destabilized by approximately 1.1-1.2 

eV, caused by filled-filled interaction with the e symmetry combination of the methyl 
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C-H bonds. The metal ionizations are also destabilized, but to a lesser extent ("" 0.5 

eV), which is caused by the better donor ability Cp" compared to Cpo The full 

spectrum of Fp"C=ctBu (Figure 11) shows the general destabilization of these valence 

ionizations. The close up spectrum of the region from 7 to 11 eV is shown in 

Figure 13. The appearance of the valence region changes because the Cp ionization 

shifts near the acetylide 1t ionization. The Ml, M2 and M3 bands are assigned 

analogously to their counterparts in FpC=ctBu, but are destabilized by 0.42 (Ml), 0.44 

(M2) and 0.55 eV (M3). The broad band between 8.5 and 10 eV includes both the Cp 

and acetylide 1t ionizations and is modeled with two asymmetric Gaussians. The 

broad band at 9.08 eV is assigned to the Cp e set ionizations, which have therefore 

been destabilized by 1.1 eV from positions in FpC=ctBu. The sharp band at 8.75 eV 

is assigned to the acetylide 1t ionizations. The shifts of the metal and Cp bands are 

consistent with the known permethylation effect and illustrate that these acetylide 

compounds are affected by permethylation in similar ways to other compounds. In 

addition, the acetylide 1t ionizations destabilize by 0.43 eV upon permethylation, 

which means that the acetylide 1t orbitals "feel" the effect of a more electron rich 

metal center to the same degree as the M1 and M2 ionizations. This again indicates 

mixing between the acetylide 1t and the M1 and M2 levels. 

The bonding of the C=ctBu is analogous to that of C=CH, in that there is a 

filled/filled interaction between the metal d1t and C=ctBu acetylide 1t orbitals. 

However, the interaction is larger in the FpC=CtBu compound. The metal band 



Figure 13 

11 

Acetylide Bonding in Fp(C=CR) 88 

Ionization Energy (e V) 
10 9 8 

I I 

I , 
l' , 
I , 

\ I 

\' 

:f~ 
.' 1\ \ 
II \ \ 

7 

Fp*C=C tBu 

Cp 
r, : , , \ 

(',: \ 

I " \ : II 
I It , 
I '\ 
I , , 

I I 

1t 

M2 
M3 Ml 

Close up Spectrum (7 to 11 eV) of HC=etBu and 
Cp *Pe(CO)2(C=etBu) 



Acetylide Bonding In Fp(C=CR) 89 

splitting (Equation (1» has increased to 0.93 eV in the FpC=ctBu compound, which 

suggests that the filled/filled interaction is more extensive than in FpC=CH. The 

He II spectrum supports this, since the Ml and M2 bands in FpC=ctBu show 20% less 

metal character than Ml and M2 in the FpC=CH spectra. Further evidence for 

increased d7t/p7t interactions is seen in Figure 10, where a shoulder on the high 

binding energy side of M2 is observed. This corresponds to a vibrational progression 

of 0.28 eV. The PES of HC=CtBu (Figure 13) shows an identical C=C stretching 

vibrational progression on the acetylene 7t ionization. The larger intensity of the M2 

ionization compared to the Ml ionization also implies that Ml has a similar 

vibrational progression, which coincides with the M2. 

PES of HC=CPh and FpC=CC£ 

The full spectrum of FpC=CPh is shown in Figure 7. The spectrum is similar 

to that of FpC=CH, except that the region from 6 to 11 eV has more ionizations. The 

introduction of the phenyl group on the acetylide complicates the spectrum because 

of the phenyl ring 7t orbitals. Since the orbitals of the phenylacetylide (C=CPh) 

ligand are analogous to those of phenylacetylene, the 7t orbitals of HC=CPh will be 

discussed first. Figure 14 shows the interaction of a phenyl ring with a C=CH 

fragment and the 7t orbitals of HC=CPh that result. The valence orbitals of a phenyl 

ring 7t system consist of two orbitals, the a2 and b}l each of which have one node. 

The phenyl a2 and acetylene 7t1 (parallel to the plane of the phenyl ring) are 
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nonbonding with respect to each other. However, the acetylene 1t.1 orbital 

(perpendicular to the plane of the phenyl ring) has a filled/filled interaction with 

phenyl bIorbital. The result is that the phenyl bIorbital is destabilized and the 

acetylene 1t.1 is stabilized. There is extensive mixing between the phenyl bI and the 

acetylide 1t.1 ' so that the acetylene 1t is delocalized into the phenyl ring. 

The PES of phenylacetylene, shown in Figure 15, shows the four bands from 

the phenyl ring 1t and acetylide 1t orbitals. The ionization at 8.82 eV corresponds 

primarily to the phenyl ring b1 and the ionizations at 9.50 eV to the a2 orbital. The 

ionization at 10.33 originates from the acetylene 1t1 and the ionization at 11.03 

originates from the 1t.1' The b1 and 1t.1 have similar vibrational progressions of 0.24 

eV, corresponding to the C-C stretching vibration in HC==CPh, which shows the 

extensive mixing between the two orbitals. The large splitting between a2 and bI 

ionizations shows the destabilization of b1 away from a2' due to the filled/ filled 

phenyl1t / C=C 1t interaction. Analogous ionizations are present for the C=CPh 

ligand in the spectrum of FpC=CPh, and the phenylacetylene labels are retained. 

Figure 15 shows the close up spectrum of FpC=CPh fitted with asymmetric 

Gaussians. The parameters are given in Table IX. The ionization bands are assigned 

analogously to the other FpC=CR spectra, except that now there are four ionizations 

from the C=CPh ligand. The first two bands of the compound are assigned to the 

Ml (7.27) and M2 (7.70) metal based ionizations. The third band (modeled at 8.51) is 

partially obscured, but is assigned to the M3 ionization since it does not lose intensity 
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Compound 

FpC=CPh 

HC=CPh 
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Fit Parameters for He I and He II Spectra of CpFe(CO)2C=CPh 
and Positions for HC=CPh 

Position Half Widths Relative Area Label Orbital 

High Low He! Hell Hell 
Origin 

Hell 

7.26 0.50 0.31 1.24 1.31 1.06 Ml dxz 

7.78 0.50 0.31 1.01 1.20 1.19 M2 dyz 

8.52 0.50 0.31 1.00 1.00 1.00 M3 dx2_y2 

8.76 0.26 0.25 1.34 1.05 0.78 1t1 C=CPh 1tj 

8.98 0.41 0.25 1.38 1.05 
0.76 

b1 phenyl b1 
11t 

9.36 0.47 0.29 1.60 1.10 0.69 a2 phenyl a2 

9.89 0.30 0.25 1.51 0.91 
0.60 1t1. C=CPh 1t1. 

I b1 

10.19 0.35 0.34 1.99 1.10 0.55 Cp 

10.50 0.35 0.34 1.40 0.52 0.37 
Cp e set 

8.82 b1 phenyl b1 

9.49 a2 phenyl a2 

10.33 1t1 C=C 1ta 

11.03 1t1. C=C 1t1. 

in the He II spectrum. The four C=CPh ligand based ionizations are assigned with 

help from the phenylacetylene spectrum. The phenyl bI is assigned to the band at 

8.98 eV, and is stabilized slightly from its position in HC=CPh (8.82). The phenyl a2 

is assigned to the sixth band (9.36 eV), and is destabilized slightly from its position in 
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HC=CPh (9.49 eV). The ilcetylide 1t1 is assigned to the band at 8.77 eV and the 1t.L to 

the band at 9.89 eV. Both acetylide 1t ionizations have been destabilized by at least 1 

eV from their positions in HC=CPh. The remaining two ionizations at 10.20 and 

10.53 eV have the characteristic splitting for the Cp e set ionizations, and are assigned 

as such. 

The He II spectrum, also shown in Figure 15, confirms that the Ml, M2 and M3 

ionizations are metal based, since they gain intensity relative to the other ionizations. 

The Cp ionizations decrease in intensity by 35%, which is comparable to the Cp 

ionizations in the other FpC=CR compounds. There are, however, several unusual 

features. The 7t1 and bI bands decrease only by 19% and 25% respectively, which 

indicates a large amount of metal character in both ionizations. The 7t.L ionization 

decreases by 39%, which is unusual for an acetylide 7t ionization, compared to the 

smaller decrease observed in other acetylide 7t ionizations. Also, the phenyl a2 band 

decreases by 33%, which suggests that it is not completely carbon based and is 

somehow mixing with the metal. 

A close up spectrum from 7 to 9.5 eV of FpC=CPh, shown in Figure 16, has 

better resolution and shows more detailed fine structure. The data show three 

important features. First, the finer detail in the band from 8.4 to 9.4 eV shows M3 as 

a shoulder on the low binding energy side. Secondly, the fine structure also shows 

that there are at least two ionizations under the band between 8.7 and 9.5 eV, which 

were assigned to the phenyl b I and acetylide 7ta ionizations. There is also a slight 
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shoulder on the high binding energy side of bl . The bI band can be fitted with two 

narrow bands, with a separation of 0.18 ± 0.02 eV. This corresponds to a phenyl ring 

stretching vibration and may represent a ring vibrational progression. 

Another unusual feature of the C=CPh compound is that the profile of the M1 

and M2 ionizations has changed. Figure 10 and Figure 16 show that the M2 is best 

modeled with two bands, which represents a vibrational progression with splitting of 

0.21 ± 0.02 eV. The similar vibrational progressions on the M2 and bI ionizations 

suggest that they are interacting. 

FpC=CPh Bonding Interactions 

Unlike the other acetylide compounds, in the C=CPh ligand there are three 

orbitals that can Interact in a 1t fashion with the ~ orbitals, the bI , 1t1 and 1t J: There 

are several unique features in the FpC=CPh spectrum that shows how these interact. 

Most obvious is seen in the metal band close up, which shows a much different M2 

band shape than in the other compounds (Figure 10). When the M2 is fit with two 

bands, the result is a vibrational progression of 0.21 eV, which is more similar to a 

ring vibration than a C-C or C-O stretching frequency. The M2 must therefore be 

interacting with the bIorbital. This filled/filled type interaction stabilizes the bI and 

destabilizes the M2. The bI ionization is stabilized slightly from its position in 

HC=CPh, due to this filled/filled interaction. Evidence for this is also seen in the 

Hell data, which show much metal character in the bI ionization, about the same as 
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for 1ta' Both the b1 and 1t.L orbitals have the correct symmetry to interact with M2, 

but the interaction of bI predominates since bI is closer in energy to the metal 

orbitals than is 1t.L' and has better energy matching. These assignments also imply 

that the orientation of the phenyl ring in the gas phase must be in the xz plane (the 

plane between the Cp and CO's). 

Another feature of the FpC=CPh spectrum is that the M1 is having a stronger 

interaction than the M2. Comparison of the FpC=CtBu and FpC=CPh ionizations in 

Figure 20 shows that the M1 destabilizes more than M2. This implies that the 

1tU/M1 interaction is stronger than the b1/M2 interaction. This is reasonable because 

the 1t~ would be able to overlap more efficiently than b}l since the 1t1 orbital is not 

delocalized onto the 1t ring like the b1. The different destabilization of M1 compared 

to M2 also results in the Ml vibrational progression (0.28 eV) moving from 

underneath the M2 ionization. 

PES of FpC=C-C=CH 

The HeI spectrum of Fp(C=C)2H from 6 to 16 eV is shown in Figure 7. The 

general features of the spectrum are similar to the FpC=CH spectrum, except that 

now there are two butadiyne [(C=C)2H] 1t ionizations. The He! close up spectrum of 

the region from 7 to 12.5 eV shows seven well resolved ionization bands (Figure 17). 

The first three (7 to 8.5 eV) are iron based and are labeled Ml, M2 and M3. The fifth 

and sixth bands are assigned to the e set of the cyclopentadienyl1t orbitals, and have 
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the characteristic splitting for three legged piano stool compounds. The fourth band, 

labeled 7tu ' and the seventh band, labeled 7tg, are the two butadiyne 7t ionizations. 

The 1tg ionization band is sharper and more intense than the 1tu band, which is direct 

evidence that the 7tg is more localized or nonbonding in character. The butadiyne 

ionizations will be discussed in detail in the next section. Finally, the ionization from 

the iron-carbon sigma bond, is also resolved at 11.8 eV. This is at quite high binding 

energy, but similar to that seen in FpC==CH. 

Figure 17 shows that the M2 and M3 ionizations increase in intensity in Hell 

mode relative to the other ionization bands. The M1 and acetylide 7tu both decrease 

by 8% (relative to M3), suggesting that they both have a similar amount of iron 

character. The Cp bands decrease by 35% in going from HeI to Hell, consistent with 

the other Cp compounds studied. The 7tg ionization also decreases (by 34%) 

suggesting that it too has iron character similar to the Cp based ionizations. Finally 

the seventh band, assigned to the iron-carbon sigma bond, decreases by 40%, which 

is similar to the change seen in the Fe-C 0' bond ionization in FpC==CH. The Hell 

spectrum confirms the assignments as well as showing a large amount of mixing 

between the metal and the 7t system of the butadiyne ligand. Table X summarizes 

the assignments and fit parameters. 
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Table X 

Compound 

Fp(CsC)2H 

Fit Parameters for He I and He II Spectra of 
CpFe(CO)2(C-=C)2H 

Position Half Widths Relative Area Label 

High Low He! Hell Hell 
Hell 

7.67 0.46 0.24 1.24 1.34 0.93 Ml 

7.90 0.56 0.15 1.10 1.0B 1.01 M2 

B.74 0.56 0.37 1.00 1.00 1.00 M3 

9.26 0.61 0.25 2.12 1.95 0.92 1tu 

10.27 0.61 0.37 1.99 1.41 0.71 Cp 

10.67 0.43 0.37 0.B2 0.39 0.47 Cp 

11.10 0.51 0.29 2.75 1.B3 
0.66 

1tg 

11.55 0.51 0.42 1.59 0.95 0.60 a(Fe-C) 

FpCCsC)2H Bonding Interactions 

Orbital 
Origin 

dxz 

dyZ 

dx2_v2 

(CsC)2H 
e set 

Cp e set 

(CsC)2H 
e set 

a bond 

There is a dramatic effect on the 1t interactions when the 1t system is extended 

to four carbons. The 1t system for a butadiyne ligand is analogous to that of 

diacetylene, HCsC-CsCH. By simple Hiickel theory, combination of two occupied 

acetylene 1t e sets makes two new 1t e sets in HCsC-CsCH that extend across all four 

carbons These are; the 1tg e set orbitals, which have no nodes, and the 1tu e set 

orbitals which have a node between the C~ and S (see Figure 18). The 

corresponding 1t* orbitals are not pictured. The PES of diacetylene3,83 shows the 1t 
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ionizations at 12.4 (1tg) and 10.1 eV (1tu)' each of which correspond to an e set of 1t 

orbitals. The analogous type of ionizations are directly analogous to those for the 

butadiyne ligand in the Fp(C=C)2H spectrum. 

In the Fp(C=C)2H compound, the two butadiyne 1t e sets both have 

filled/filled interactions with M1 and M2. However, the data show that the degree 

of interaction differs. The Hell data show that the 1tu has much more metal 

character then 1tg. In fact, the 1tu has essentially the same metal character as M1, 

which is evidence that the metal d1t is mixed equally with the butadiyne 1t system. 

More evidence for better d1t/p1t overlap is seen in the metal band splitting, which is 

0.95 eV. This is similar to the value observed for FpC=ctBu. The close up of the M1 

'and M2 ionizations (Figure 10) shows pronounced vibrational progression of 0.27 eV, 

present on the high binding energy side of M2. This is within experimental error of 

the value for the ionic C=C stretching vibration in butadiyne (0.26 eV). The larger 

intensity of M2 compared to M1 also suggests a similar vibrational progression for 

M1 that coincides with M2. 

Discussion 

Although the infrared and crystal structure data have conflicting evidence for 

metal to acetylide 1t* backbonding, the reactivity of FpC=CR compounds with 

electrophiles suggest that the HOMO is partially localized on the p carbon. As 

mentioned above, the M02Cl4(PR3)2(C=CR)2 and FpC=C-C=CFp compounds also 

show evidence of metallacetylide or metal/butadiyne conjugation. 
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By comparing the PE spectra of FpC=CR compounds, the overlap effects, also called 

1t or resonance effects, and the relative a donor abilities of the C=CR ligands are also 

easily observed. These bonding interactions are quite different for the FpC=CR 

ligands compared to CH3 and C=N ligands. 

Bonding of Acetylides Compared to CH3 and C=N Ligands 

Figure 19 shows that the acetylide is a much different ligand than a methyl 

group. In the FpR compounds, the M3 ionization is not affected by 1t bonding with 

the L ligand, and reflects only charge potential, or the a donor ability of the L ligand. 

The Cp ring ionizations also reflect the electron density at the metal center, and will 

shift if the a donor ability of L changes. In FpC=CH, the M3 band is stabilized by 

0.19 eV from its position in FpCH3' and the Cp by 0.42 eV. This shows that the 

C=CH ligand is a poorer sigma donor than methyl. The M3 and Cp ionizations shift 

by different amounts because of the extra 0.20 eV stabilization for the Cp ionization 

in CpFe(CO)2CH3' Therefore, the C=CH ligand is a poorer a donor by approximately 

0.2 eV. The ionization potentials of the iron-carbon bonds also reflect the poor a 

donor ability of acetylide compared to the CH3 ligand. The a(Fe-C) ionization in 

FpC=CH is 2.14 eV more stable than in FpCH3. This must be caused by the asp lone 

pair orbital in C=CH being significantly more stable compared to the methyl a sp3 

lone pair orbital. By definition, this would decrease the a donor ability of the C=CH 

ligand. Fenske-Hall calculations of C=CH- and CH3- place the sigma donor orbital of 
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CH3- approximately 3 eV more stable than the analogous orbital in C:=CH-. 

The 1t donor ability of the C:=CH ligand is also quite different from that of the 

CH3 ligand. As detennined in the previous chapter, the 1t donor ability of the CH3 

group is minimal. The value of the metal band splitting for CH3 is 0.70 eV, and for 

FpC:=CH (Equation (1» is 0.79 eV. This shows that the acetylide is a superior 1t 

donor than methyl. The considerable iron character in the acetylide 1t band also 

shows that acetylide is a good 1t donor. 

By examining the trends in the ionization potentials of FpC:=CH and FpCN, 

the backbonding ability of C:=CH- can be compared to that in CsN-. Figure 19 shows 

that all three metal bands in FpC:=CH are destabilized significantly from their 

positions in FpCsN.12 This is due to a transfer of charge away from the metal due to 

backbonding. Since the metal bands in the acetylide compound do not benefit from a 

large stabilization, metal d1t to acetylide 1t1t backbonding is probably small in the 

acetylide compounds. The He II data is proof that the acetylide 1t donates 

extensively, but it is certainly possible that the acetylide ligand could also be acting 

as 1t* acceptor. However, it would have to occur simultaneously with acetylide 1t 

donation. The C:=CH ligand is a better 1t donor than CsN b~cause the CaN 1t and 1t1t 

orbitals are at much lower energy (approximately 1.17 eV) than the C:=CR 1t. 

The shifts also show the a donor ability of the C:=CH compared to CsN. The 

Cp bands do not shift with the M3 ionization, which is partly due to stmilar a donor 

ability of the C:=CH and CsN- ligands. This also could be due to the Cp ring 1t 
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orbitals having a filled/filled interaction with CN 1t orbitals, which would stabilize 

the CN 1t and destabilize the Cpo 

Effect of R Substituent on Bonding 

Figurp. 20 compares the ionization energies for the series of acetylide 

compounds. The most important observation is that the a donor ability of the C==CR 

ligand can be altered by varying R. As discussed above, the a donor ability can be 

tracked by looking at the trends in the M3 and Cp ring ionizations. In FpC-=ctBu, 

the M3 and Cp levels are destabilized by about 0.25 eV from their positions in 

FpC==CH. This shows that the C==CtBu ligand is a much better a donor than C==CH 

ligand. This also implies that the asp orbital in C==etBu is destabilized significantly 

compared to its position in C==CH compound. This is quite different from acetylenes 

(112_HC==CR), where substitution does little to affect a donor ability. When R is 

phenyl, the a donor ability is nearly identical to that of C==etBu. Comparison of 

FpC==etBu to FpC==CPh in Figure 20 shows that the M3 and Cp ionizations shift very 

little from their positions in FpC==etBu. The trends shown in Figure 20 also show 

that extending the acetylide ligand by two carbons does not change the a donor 

ability. The M3 and Cp levels in the butadiyne spectrum are at the same energy as 

their positions in the FpC==CH spectrum. 

An indication of the 1t interactions of the acetylide ligands can be obtained 

from several places. As presented in the Results section, the Hell data show that the 
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acetylide Tt ioniz.ations have a large amount of metal character. This is evidence for 

the Tt donor ability of the acetylide Tt, which results in an interaction between the 

filled d1t and acetylide 1t orbitals. More evidence of p1t/d1t mixing is seen in a close 

up of the M1 and M2 ionizations (Figure 10) of FpC=CR. In the R = H, tBu and 

(C=C)2H spectra, the M2 ionization has a shoulder on the high binding energy side, 

which represents a vibrational progression of 0.28 eV. The relative intensities of Ml 

and M2 suggest that there is also a vibrational progression of 0.28 eV on Ml that 

coincides with the M2 ionization. The presence of C=C vibrational progressions on 

the HOMO and SHOMO based ionizations shows the acetylide character in these 

ionizations. 

Although this data establishes conjugation of d1t orbitals with the acetylide p1t 

orbitals for all the acetylide compounds, the 1t interaction is quite different for the 

substituted acetylides. The value of the metal band splitting shown in Equation (1) 

gives a measure of 1t donor ability. For the substituted FpC=CR compounds, the 

metal band splitting is 0.96 ± 0.03 eV, which shows a strong 1t donor ability. The 

smaller splitting for FpC=CH of 0.79 eV suggests that there is less filled/filled 

interaction in FpC=CH, or that the C=CH ligand is also acting as a reO> acceptor. In 

theory, the acetylide ligand could have both 1t donor and re* acceptor orbitals that 

could interact simultaneously. The C=CH re* orbitals would be closer in energy to 

the filled dre compared to the C=CR 1t* orbitals, which would be destabilized. Again, 

if 1t* backdonation is occurring it is happening along with significant re donation by 
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the acetylide 1t. The metal band splitting of a known 1t acceptor, CN-, is much 

smaller (0.56 eV). This suggests that the amount of 1t* acceptance by C=CH is 

significantly smaller and that the 1t donor interaction is dominating. 

The 1t donor ability of the acetylides is directly related to the energy of the 

filled 1t orbitals. Changing R to a more electron rich substituent raises the energy of 

the 1t levels closer in energy to the d1t orbitals. This allows better energy matching 

and more therefore more efficient d1t/p1t mixing. 

Comparison of Acetylene, Acetylide and Butadiyne 1t Ionizations 

The acetylide 1t ionizations in the FpC=CR compounds are a probe for the 1t 

interactions of the C=CR ligand in several ways. The lack of splitting in the acetylide 

1t ionizations of FpC=CH and FpC=ctBu suggest that both of the acetylide 1t e set 

orbitals are interacting the same. An unequal interaction would cause them to split. 

The narrow band width of the acetylide 1t ionization is particularly sharp for an e set 

of 1t orbitals, and indicates that the ionization originates from an orbital with 

localized or nonbonding character. A similar narrow band shape for the Ml and M2 

ionizations suggest (in all but the FpC=CPh case) more nonbonding character in Ml 

and M2, and therefore mixing of acetylide 1t and metal d1t orbitals. 

The acetylide 1C ionizations are at significantly lower ionization energies than 

their positions in HC=CR. In FpC=CR the acetylide ligand carries a formal negative 

charge, and this charge potential effect causes the acetylide 1t to destabilize to lower 
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I.P. The acetylide 1t orbitals can also be stabilized from filled/filled interactions 

taking place. The 1t ionizations in acetylene are at 11.40 eV, and are shifted by 1.73 

eV when Fp replaces an H. This large shift reflects a large charge potential shift, 

minus any stabilization from a filled d1t/ filled p1t interaction. The 1t ionization in 

HC=ctBu is destabilized by only 0.79 eV on FpC=ctBu. This reflects more 

stabilization of the acetylide 1t in FpC=ctBu than in FpC=CH and suggests a stronger 

filled/filled interaction in C=ctBu 1t than for the C=CH 1t. 

The changes in dlt/p1t overlap as the 1t energy levels change can be directly 

observed in the spectrum of Fp(C=C)2H. As shown in Figure 18, there are two 

occupied butadiyne 1t e sets, the 1tu and 1tg, both of which can interact with the d1t 

orbitals. The different interactions for 1tu and 1tg are also observed in the different 

shifts of the butadiyne 1t ionizations from their positions in diacetylene. Replacing an 

H in HC=C-C=CH with a Fp fragment causes two effects on the butadiyne 1t 

ionizations. Both butadiyne 1t e sets are destabilized to lower ionization energy from 

their positions in (C=C)2H because of the formal anionic charge on the ligand. They 

will also gain stabilization if there is a filled/filled interaction with the metal d1t. 

Assuming that the charge potential effect is the same on the two butadiyne e sets (1tu 

and 1tg), they should be destabilized by the same amount from their positions in 

H(C=C)2H. This is not the case, however. The 1tu and 1tg are destabilized by 

different amounts: the 1tg by 1.52 eV and the 1tu by 0.93 eV. This implies that the 1tu 

gains an additional 0.59 eV of stabilization, which must be due to a stronger 
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filled/ filled interaction between the 1tu and d1t orbitals. This is direct evidence that 

stronger d1t/p1t mixing occurs when there is better energy matching between the 

ligand 1t and d1t orbitals. The d1t/p1t interactions are more extensive in butadiyne 

than the C=CH because of better energy matching of the occupied butadiyne 1tu 

orbital. The He 11 data supports this, since the higher energy 1tu ionization has 

significantly more metal character than the 1tg. 

Conclusions 

The photoelectron spectra of the FpC=CR compounds show that the acetylide 

ligands are very efficient 1t donors, and that there is extensive mixing between filled 

acetylide 1t orbitals and the filled metal d1t orbitals. The d1t electrons of the 

CpFe(CO)2 fragment have essentially become conjugated with acetylide 1t system. 

The large degree of mixing that is observed means that the HOMO would be 

localized on the !3 carbon even if there was no metal to acetylide 1t" backbonding. We 

cannot rule out backbonding completely, but the body of evidence suggests that if 

backbonding is occurring is happens simultaneously with metal d1t/ acetylide 1t 

mixing. The d1t/p1t overlap is more extensive in the substituted acetylides than in 

FpC=CH. This is a direct result of raising the energy of the 1t orbitals closer to the d1t 

orbitals, which facilitates better d1t/p1t interaction. 

The butadiyne 1t interactions are predominantly filled/filled interactions 

between the metal d1t and butadiyne 1t as in other acetylides. There is extensive 



Acetyllde Bonding In Fp(C=CR) 112 

communication between the metal and the butadiyne such that the metal is 

conjugated across four carbons of the poly-yne chain. We would expect to see the 

conjugation continue to another metal fragment in the bridging butadiyne compound 

Fp(C=C-C=C)Fp. This could not be confirmed by PES, since the bridging compound 

did not sublime under experimental conditions. 

The observed dlt/plt overlap in these compounds helps to explain the 

experimentally observed reactivity in acetylides. The attack of electrophiles on the 

acetylide ~ carbon is controlled by the nature of the frontier orbitals. The ~ carbon is 

attacked because the HOMO is partially localized on the acetylide ligand, and the 

node at the a carbon prevents electrophilic attack at the a carbon. The observed 

d1/P1t overlap also explains the observed communication in butadiyne and acetylide 

compounds, since the metallt and acetylide 1t electrons are essentially coupled. The 

same type of metal/acetylide or metaIlbutadiyne coupling should also be present in 

MLn(C=CR) compounds that have filled metal orbitals with the proper symmetry. It 

should also be possible to vary the metal/acetylide or metal/butadiyne conjugation 

by changing the substituents on the acetylide, or by changing the metal fragment. 



Chapter 5 . 

Rhodium-Carbon and Rhodium-Hydrogen Bonding in 
(~S-CsMes)Rh(PMe3)Cl(R) (R = el, Me, Ph) and 

(11 -CsMes)Rh(PMe3)R2 (R = H, Me) Compounds 

Introduction 

The activation and functionalization of alkanes has been a subject of 

considerable research in the past two decades.84 One major advance was the 

113 

discovery of Cp*Ir(PMe3)H2 compounds which, when photolyzed in the presence of 
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Figure 21 Alkane C-H Activation By Cp*M(PMe3)(H)2 (M = Rh, Ir) 
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alkanes, gives stable alkyl hydride products, Cp*Ir(PMe3)(R)(H) (Figure 21).85 This 

intermolecular oxidative addition is very general and has activated C-H bonds of 

both common (methane, cyclohexane)85 and uncommon alkanes (cubane, 

adamantane)86 to give isolable products. Arenes also will react to form aryl 

hydrides, which are generally more stable than the alkyl hydrides. The rhodium 

analog, Cp*Rh(PMe3)(H)2 also activates C-H bonds of methane and arenes, but 

reductive elimination occurs at about 120°C below the iridium analogs. For 

example, the Cp*Rh(PMe3)(Ph)(H) compound is stable to 60°C, where it reductively 

eliminates benzene via an ,,2-benzene intermediate.87 

The intermediate responsible for C-H oxidative addition is thought to be 

Cp*M(PMe3)' a 16 electron coordinatively unsaturated fragment. Other isoelectronic 

or isolobal fragments do not show the same general reactivity as the Cp*M(PMe3) 

fragments. Cp*Ir(CO) and Cplr(CO) fragments can activate C-H bonds, but, the 

products are not isolable.88 Cp*Re(PMe3)2(L)(L') (L and L' = CO or PMe3) activates 

only select C-H bonds, including those of primary alkanes and arenes, but not 

tertiary or secondary alkanes, and the stability of products depends on the L ligand. 

Variation of the phosphine in Cp*Rh(PR3)(H)(Ph) also leads to different stabilities of 

the aryl hydride (as measured by benzene reductive elimination), an effect that 

cannot be explained by steric effects alone.89 Related compounds without Cp ring 

ligands, such as Ru(DMPM)2R2,90 Ru(DMPE)2R2,91 and Ru(PMe3)4R2,92 also 

demonstrate reactivity towards C-H bonds of arenes (where DMPE = 

bis(dimethylphosphino)ethane, DMPM = bis(dimethylphosphino)methane. However, 
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the stability of the products decrease significantly down the series and unlike the 

Cp*M(PMe3) systems, intramolecular C-H activation is a competing reaction. 

Even though one would logically identify the above fragments as isolobal, the 

data suggest that changing the electron density at the metal center affects the 

reactivity of the fragment and the stability of the alkyl hydride. Photoelectron 

spectroscopy of these types of compounds provides an exact description of their 

electronic structure, and can help examine whether electronic factors control the 

formation of the compounds. In this chapter, the PES of Cp*Rh(PMe3)(CI)(R) 

compounds,93 where R is chloride (CI), methyl (Me) or phenyl (Ph), are presented 

as models for C-H activation products. These compounds illustrate different bonding 

interactions of methyl and phenyl with the metal center. Unfortunately, the 

Cp*Rh(PMe3)(H)(R) alkyl hydrides are not thermally stable enough for PES 

studies,94 

This study reports the PES of the dihydride and dimethyl compounds, 

Cp*Rh(PMe3)R2, where R is H or CH3. These compounds are reasonable models for 

C-H activation products, since they contain only cr donor ligands. The dihydride and 

dimethyl compounds have a different electronic structures than the CI containing 

compounds, one that is not isolobal with CpMn(CO)3' This study is the first PES of 

Rh(I1l) organometallic compounds and is a natural extension of the Fe(I!) compounds 

reported in Chapter 3. 
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Photoelectron Spectra and Assignments 

The ionization bands are usually assigned to components of the molecule, such 

as the d6 metal, Cp ring e1" and metal-ligand (J bond molecular orbitals. Although 

this is a good first approximation of the ionizations, the actual character of the 

ionization (and of the corresponding orbital) is often a mixture of the various 

components. This concept is very important for the compounds in this chapter, 

where mixing is omnipresent. The bands will be labeled by their predominant 

character and the mixing between components will be emphasized in the text and 

Tables. 

The assignments for the ionizations are determined using comparisons of He I 

and He II spectra. The atomic photoionization cross-section for carbon decreases by a 

factor of three with Hell radiation and for chlorine decreases by a factor of 20.15 The 

cross-section for Rhodium increases slightly, causing metal based ionizations to 

increase relative to ligand based ionizations. This allows metal based or ligand based 

ionizations to be distinguished, and gives an approximation of the metal or ligand 

character in an ionization. Comparing shifts of analogous ionization bands in related 

compounds are also used to support the assignments. In addition, Fenske-Hall 

calculations were helpful in assigning the unusual ionization patterns of the 

Cp*Rh(PMe3)R2 spectra. 
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Photoelectron Spectra (ns-CsMes)Rh(PMe3)(Clh 

The full spectrum of Cp*Rh(PMe3)(Cl)2' Figure 22, shows the typical "hill" 

region from 11 to 15 eV, which contains unresolved C-C and C-H bond ionizations. 

The ionizations of interest are in the valence region from 6 to 11 eV. A close up 

spectrum of this region, with the ionizations fitted with asymmetric Gaussians, is 

given in Figure 23. The first band is well resolved at 7.26 eV, and the second band 

has sufficient area to include two ionization bands, modeled at 7.81 and 8.09 eV. 

These three bands increase in area relative to the other ionizations in the He II 

spectrum. Therefore, these are primarily metal based ionizations from the formally 

d6 compound, and are labeled M1, M2 and M3. The bands near 9 eV are sharp and 

intense, which is typical for halogen lone pair ionizations. These are assigned to the 

Cl p7t lone pair orbitals, because their area, relative to M3, shrinks by 60% in the Hell 

spectrum. Although this is a significant change, it indicates extensive mixing 

between the metal and Cllone pair orbitals. With a He II source, the photoionization 

cross-section for ato~ic chlorine 2p orbitals is only 4.7% of the He I cross-section, so 

that pure Cllone pair based ionizations should theoretically shrink by 95%. This is 

illustrated in the PES of (CsH4Cl)Rh(CO)ls and CpMn(CO)3(SiCl)3,96 where the 

Cllone pairs are ligand based and the relative area of the Cllone pairs decreases by 

90% in the Hell spectra. 

The remaining region of the HeI spectrum, from 10 to 12 eV, is not well 

resolved. However, the contour of this region changes in the Hell spectrum, so that 

at least three separate ionizations are indicated. The band at 9.73 eV is the ionization 
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that originates from the Cp* ring 1t orbitals and is labeled Cpo This ionization shrinks 

by only 40% (relative to M1) in area in the Hell spectrum, which is a commonly 

observed for a Cp ring based ionization. The band at 10.26 eV, labeled CL3, shrinks 

by 65% and must therefore be the third chloride p1t (lone pair) based ionization. The 

ba'nd at 10.75 eV has significant rhodium character, since it shrinks by only 35%, and 

is assigned to a Rh-R (J bonds. This is comparable to the position of the Fe-Cl (J 

bond in CpFe(CO)2Cl at 11 eV.37 These assignments, along with the parameters from 

the fit are summarized in Table XI. 

Bonding Interactions of Cp*Rh(PMe3)CI2 

The photoelectron spectra of the Cp*Rh(PMe3)(CI)2 compound show the effect 

of 1t donation by the chloride ligands. Figure 24 shows a qualitative picture of the 

valence orbitals for CpRh(PMe)3(CI)2 and the mixing of metal and chlorine based 

orbitals. Using a coordinate system that places the phosphine on the z axis and the 

two chlorides bisecting the yz axis, the three filled metal levels are the d~-r ' dxz and 

dyz. There are four chlorine p1t orbital combinations. The chloride 1tx(sym) 

combination is mixed with the dx2_r orbital in a filled/filled (two-orbital-four

electron) interaction that destabilizes the dx2-r and stabilizes the CI1tx(sym) level. 

The resulting antibonding combination is the M1 ionization and the bonding 

combination is the CL3 ionization. The chloride 1ty(sym) combination has the correct 

symmetry to overlap with the filled dyz orbital in a similar filled/filled interaction 

occurs. The resulting orbitals that correspond to the M2 and CL2 ionizations. 



Table XI 

R Position 

7.27 

7.81 

8.09 

CI 
8.67 

9.05 

9.73 

10.26 

10.75 

6.81 

7.44 

7.84 

8.39 

Me 8.77 

9.28 

9.72 

10.19 

10.52 

6.94 

7.43 

7.67 

8.20 

Ph 
8.55 

9.01 

9.44 

9.70 

10.36 

10.65 
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Fit Parameters for He I and He II Spectra of 
Cp"'Rh(PMes)(Cl)(R) Compounds 

Halfwidths Relative Area 
Label 

High Low He! He II He II He II 

0.40 0.34 1.00 1.00 1.00 Ml 

0.38 0.33 0.94 0.91 0.97 M2 

0.38 0.33 1.08 0.88 0.82 M3 

0.35 0.30 1.31 0.59 0.45 CLl 

0.45 0.32 2.03 0.82 0.40 CL2 

0.65 0.45 2.22 1.30 0.59 Cp 

0.65 0.45 2.15 0.75 0.35 CL3 

0.65 0.45 1.87 1.23 0.65 MR 

0.50 0.47 1.00 1.00 1.00 Ml 

0.48 0.37 0.73 0.76 0.96 M2 

0.48 0.37 0.93 0.99 1.06 M3 

0.45 0.44 1.23 0.92 0.75 Cp 

0.45 0.44 0.87 0.42 0.48 Cp 

0.70 0.45 2.23 0.90 0.39 CIl 

0.70 0.45 1.44 0.45 0.31 CI2 

0.39 0.36 1.32 0.48 0.36 MR 

0.39 0.36 1.61 0.50 0.31 MR 

0.47 0.34 1.00 1.00 1.00 Ml 

0.34 0.30 0.96 1.07 1.15 M2 

0.34 0.30 0.79 0.85 1.08 M3 

0.37 0.36 1.59 1.30 0.82 Cp 

0.37 0.36 1.48 1.09 0.74 a, 

0.31 0.30 0.78 0.76 0.97 b1 

0.45 0.36 1.68 1.10 0.66 CIl 

0.45 0.36 1.29 0.66 0.51 C12 

0.43 0.41 1.53 0.98 0.64 MR 

0.4~ 0.41 1.54 0.81 0.53 MR 

Orbital Origin 
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Likewise, the ny(asym) overlaps with the filled dxz orbital to give orbitals that 

correspond to M3 and CL2. (The CL2 ionization includes both the ny(sym)/ ~z 

orbital and the 1ty(asym)/ dxz orbitals.) There is one Cllone pair combination 

remaining, the 1tx(asym), which is nonbonding with respect to the metal. This occurs 

in the PE spectrum as CLl. 

The CLl ionization, which is nonbonding to the metal, as a sort of barycenter 

for estimating the extent of the filled/filled interaction. The M1 is destabilized away 

from CLl by 1.4 eV and the CL3 is stabilized from CLl by 1.6 eV, which shows the 

strong filled 1tX<sym)/ filled dx2-y2 interaction. Likewise, the M2 and M3 ionizations 

(average) are destabilized by 0.43 eV relative to CLl and the CL2 ionization is 

stabilized by 0.43 eV. The dx2-r has better overlap with the 1tx(sym) level and is 

therefore at lower ionization potential than the other metal bands. The splitting 

pattern of the metal bands ("one above two") is the expected pattern for a CpM~ for 

a compound with two 1t donors and one phosphine ligand. 

PES of Cp*Rh(PMe3)(CDMe 

The full spectrum of Cp*Rh(PMe3)(Cl)(Me), shown in Figure 22, is similar to 

that of Cp*Rh(PMe3)CI2, except for the more detailed valence region. The close up of 

the valence region, shown fitted with asymmetric Gaussians in Figure 25, shows a 

series of overlapping ionizations. The first three bands, labeled M1, M2 and M3, are 

primarily metal based ionizations, since they increase in relative area in the Hell 

spectrum. The ionization band at 8.5 eV is modeled with two Gaussians, and is 
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assigned to the Cp* ring e set. The Cp ionizations have the characteristic shape of a 

Cp e set ionizations in three legged piano stool compounds. The intense bands at 

9.5 eV decrease in relative area by 60% in Hell spectrum,97 and are assigned to the 

Cl Px and Py lone pairs. These ionizations, however, have considerable metal 

character, since pure Cl based ionizations would shrink by 95% in Hell mode. The 

remaining ionizations near 10.5 eV are not well resolved, but most likely correspond 

to the Rh-C cr bonds. Although these are deeper than the ionization potentials 

observed for other M-C bonds, their positions are reasonable for a late transition 

metal compound. 

Bonding Interactions of Cp*Rh(PMe3)(Me)(Cl) 

The bonding interactions of Cp*Rh(PMe3}(Me)(Cl) are different from that of 

Cp*Rh(PMe3)(CI)2 because there is now only one 1t donor ligand. The lowered 

symmetry of the molecule also causes a rotation of the coordinate axis, as shown in 

Figure 26. The Cl and Me ligands now are on the x and y axes, respectively. The 

main result is that the dx2_y2 now forms the M-R cr bonds and the rlxy is the HOMO. 

The M2 and M3 ionizations still correspond to the dxz and dyz orbitals, respectively. 

The chlorine Px orbital has the proper symmetry to overlap with the dxy in a 

filled/ filled interaction, therefore the M1 ionization is predominantly dxy with some 

Px character. Likewise, the M2 ionization is predominantly dxz orbital with some Py 

character. The M3 ionization has no chlorine character, since the dyz orbital is 

nonbonding with respect to the chloride lone pairs. The dyz has p1t symmetry with 
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respect to the methyl, but it is impossible to tell if the methyl group is acting as a 1t 

donor here. The Hen data show that the two chlorine lone pairs, the Px and Py' are 

mixing with the metal. 

Removing one Cl1t donor ligand and replacing it with methyl group has 

several effects on the bonding of the Cp*Rh(PMe3)(Cl)(Me) compound. First, the 

splitting of the three metal bands is altered. The Ml and M2 bands are destabilized 

by 0.45 eV in the (Cl)(Me) spectrum, but the M3 ionization is only destabilized by 

0.27 eV. This shift shows that the M3 ionization has lost the CI p1t mixing. There is 

still considerable mixing of the chlorine based orbitals into the HOMO and SHOMO 

based orbitals. 

Another effect is seen in Figure 27, which shows the general destabilization of 

the bands to lower ionization energy in the Cp*Rh(PMe3)(Cl)(Me) spectrum. This is 

caused by the better cr donor ability of the methyl. Another effect is seen in the 

dramatic change in the position of the ionizations assigned to be predominantly Cp 

or chloride lone pair in character. In going from Cp*Rh(PMe3)(Cl)(Me) to 

Cp*Rh(PMe3)(C1)2 spectra, the ionization labeled Cp is destabilized to lower 

ionization energy by 1.17 eV and the ionizations labeled Cllone pair are stabilized by 

0.58 eV. There is not a true correlation between these, since there is a large degree of 

mixing between the Cp and Cl lone pair components. The Cllone pairs in the 

[Rh(PMe3)(Cl)(Me)]+ fragment must be at much lower (more stable) energy than the 

Cllone pairs in [Rh(PMe3)(Cl)2]+. Therefore, when the [Rh(PMe)3(Cl)(Me)] and Cp* 

fragments interact, the predominantly Cp ring orbitals are at higher energy than the 
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CI lone pair orbitals in Cp*Rh(PMe3)(Me)(Cl). This represents a redistribution of 

charge from the Cllone pairs to the Cp* ring. The addition of the methyl group 

makes the metal center more electron rich, and one chloride is less efficient than two 

chlorides at removing it. The excess electron density is delocalized to the Cp* ring 

instead. 

Photoelectron Spectrum of Cp*Rh(PMe3)(Cl)Ph 

The full spectrum of the phenyl compound (Figure 22) shows similar features 

to that of Cp*Rh(PMe3)(Cl)(Me). Although the valence region is complicated by the 

addition of the phenyl group, the ionizations are well resolved. Figure 28 shows the 

HeI and Hell spectra, and the assignments for the ionizations. The band at 6.94 eV 

is assigned to the Ml ionization. The ionization envelope at 7.5 eV is modeled with 

two asymmetric Gaussians, both of which increase in area (relative to Ml) in the 

He II spectrum, and so are assigned to the metal based M2 and M3 ionizations. The 

splitting pattern of the metal bands has changed significantly from 

Cp*Rh(PMe3)(Cl)(Me). The bands from 8 to 9 eV include the Cp* ring based 

ionizations and two phenyl-based ionizations, labeled a2 and b1, and. The Cp* e set 

ionizations (labeled Cp) are assigned to the band at 8.20 eV and decrease by about 

20% in He II mode. The band at 8.55 eV is primarily the phenyl a2 ionization, but 

some of the area is due to the shoulder of the Cp* e set ionization. This is in the 

range expected for the phenyl a2' since it should be at lower ionization energy than 

in benzene (9.25 eV) due to destabilizing charge potential effects. The other phenyl 
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ionization (bI) is the relatively sharp band at 9.01 eV. The bI ionization has the same 

He II relative area as the Ml ionization, indicating very high metal character. The 

intense band at 9.5 eV is also modeled with two Gaussians, and is assigned to the 

chloride lone pair ionizations since they decrease by about 40% in relative area in the 

He II spectrum. This is a significantly smaller decrease than in the other compounds, 

and suggests that they have less chloride character than in the other compounds. 

The unresolved bands in the shoulder at 10.5 eV are the Rh-ligand cr bonds, which 

are analogous to those in Cp*Rh(PMe3)(Me)(Cl). These assignments are summarized 

in Table XI. 

Bonding Interactions of Cp*Rh(PMe3)(Ph)(Cl) 

The interactions of the phenyl ligand can be determined by comparing the 

phenyl ionizations in Cp*Rh(PMe3)(Cl)(Ph) to the ionizations of benzene. The 7t 

system of benzene is degenerate e set of 1t orbitals, as shown in Figure 29. The 

ionization energy of the benzene 7t orbitals is 9.25 eV. Substitution of one hydrogen 

in benzene with an organometallic fragment causes both a2 and bI components to be 

destabilized due to charge potential effects of the formally -1 charge on the phenyl. 

The bIorbital can also have a 1t interaction with 7t orbitals on the metal center. In 

Cp*Rh(PMe3)(Ph)(Cl), the bI is stabilized by 0.56 eV from the a2 ionization. This 

reflects a strong filled/filled interaction between the phenyl1t and Rh d1t orbitals that 

stabilizes the phenyl bI , and also destabilizes the corresponding metal d1t level. 



PES and Bonding of Cp"Rh(PMe3)R2 132 

Figure 29 bI and a2 orbitals of the benzene ring 1t system. 

Which of the metal orbitals interact with the phenyl bI ? The metal orbitals of 

Cp*Rh(PMe3}(Ph)(Cl) are analogous to those for Cp*Rh(PMe3}(Cl)(Me), as shown in 

Figure 26. Each orbital has a specific bonding interaction with CI and R ligand, 

allowing the 1t interactions of CI and R to easily be distinguished. These differences 

can be observed in the trends in ionization bands for the Cp*Rh(PMe3)(Cl)(Me} and 

Cp*Rh(PMe3}(Ph)(Cl) compounds. As seen in Figure 26, the M2 ionization (dyz) is 

unshifted comparing the R = CH3 and R = Ph compound. This is expected, since it is 

nonbonding to the methyl or phenyl. The fact that it does not shift suggests that the 

cr donor ability of the methyl and phenyl are similar. The Ml ionization is stabilized 

slightly in going from the Me to Ph compounds. This ionization corresponds to the 

dxy / Cl Py orbitals, and stabilization of Ml implies the loss of 1t donation into this 

orbital. This implies further that the methyl is acting as a weak 1t donor in 
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Cp*Rh(PMe3)(Cl)(Me). The M3 ionization (dyz) is nonbonding with respect to the 

chlorine p1t, so it is an ideal probe for comparing phenyl and methyl bonding. M3 is 

destabilized by 0.16 eV in Cp*Rh(PMe3)(Cl)(Ph), which is caused by a filled/filled 

interaction with the phenyl ring that destabilizes the M3 (dyZ> and stabilizes the 

phenyl b1. This implies that the phenyl is a far superior 1t donor than methyl. The 

trends also show that the 1t donor ability of the phenyl is slightly better than that of a 

chloride ligand, except that it is only in one plane. 

The mixing of the metal d1t orbitals with the Cl and phenyl 1t orbitals is 

extensive. The Hell data show that the phenyl ring b1 ionization has only slightly 

less metal character than the metal bands themselves. This implies a large degree of 

delocalization of the metal onto the phenyl ring. The chlorine lone pairs are also 

fairly high in metal character, similar to the mixing observed in the methyl 

compound. 

The trends shown in Figure 27 also show that the Cp ionization is destabilized 

by 0.20 eV in going from Cp~'Rh(PMe3)(Cl)Me to Cp*Rh(PMe3)(Cl)Ph. This reflects a 

very electron rich Cp ring, and may be the result of an additional interaction between 

the Cp and the Cl lone pairs, via the metaL 

The 1t interactions of the chlorine and phenyl with the three filled metal d 

orbitals are shown in Figure 30. These bonding interactions necessarily imply that 

the phenyl ring lies in the xy plane, which is the orientation observed in the crystal 

structure.89 This orientation is energetically favorable, because if the phenyl ring was 

oriented in the yz plane, then the HOMO of the complex would be destabilized. The 



7 

8 

9 

(eV) 

10 

1 1 

Figure 30 

PES and Bonding of Cp*Rh(PMe3)R2 134 

M2 t<:,;:;::;;:;!;Jijr:i;;ld 

M3 £::":"/"ii2'''''[''] 

C L 1 .... ' ... ' .. : .. ; ... ' ... '.! 
CL2 t.·.·.··.··.·,. ... ·.·.·, 

Cp*Rh(PMe3 )(CI)(Ph) 

Qualitative picture of the orbitals of Cp*Rh(PMe3)(Ph)(Cl) 



PES and Bonding of Cp*Rh(PMe3)R2 135 

observed orientation causes d1t/p1t overlap with a lower lying metal orbital, and 

minimizes the overall energy of the HOMO. 

PES of Cp*Rh(PMe3)Me2 

The Cp*Rh(PMe3)Me2 and Cp*Rh(PMe3)(C1)2 compounds are both three legged 

piano stool compounds with analogous symmetry, but their electronic structures are 

quite different. Removing two electronegative atoms that can act as a 1t donors, and 

replacing them with pure 0" donors with moderate electronegativity alters the 

bonding interactions drastically. 

The full spectrum for Cp*Rh(PMe3)Me2' shown in Figure 31, has the typical 

hill region from 16 to 11 eV and the valence region containing the ionizations of 

interest. A close up of the valence region (7 to 11 eV) is shown fitted with 

asymmetric Gaussians in Figure 32, and parameters are given in Table XII. The 

ionization envelope at about 7 eV is modeled with two bands (labeled A and B), 

which would normal.ly be assigned to the three metal based ionizations. The He II 

data, however, show that the A and B bands decrease by 33% in area (relative to C) 

in the He II spectrum. The C ionization is the shoulder at 8.0 eV, and has the largest 

relative area in the He II spectrum and therefore is primarily rhodium in character. 

The bands at about 8.5 eV, labeled D and E, are in a reasonable position to be the Cp 

based ionizations. However, the D and E ionizations decrease by only 30% in Hell 

spectrum, relative to C, showing a large amount of metal character. The remaining 

ionizations shrink by more than 50% relative to M3, which is a reasonable amount for 
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Table XII 

R Position 

Me2 6.55 

6.87 

7.64 

8.03 

8.32 

8.96 

9.52 

10.15 

H2 6.79 

7.25 

8.11 

8.46 

9.73 

10.08 
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Fit Parameters for HeI and Hell Spectra of Cp*Rh(PMes)R2 
Spectra 

Halfwidth Relative Area 
Label Orbital 

High Low Hel Hell Hell Description 
Hell 

0.41 0.28 1.23 0.80 0.65 A dxzl Cp 

0.41 0.28 0.91 0.63 0.69 B dxl_~ ICp 

0.41 0.33 1.00 1.00 1.00 C dvz 

0.46 0.33 1.37 1.07 0.78 D Cp I dxl-v2 

0.46 0.33 0.95 0.64 0.67 E Cp Idxz 

0.73 0.43 1.65 0.73 0.44 lal Rh(Me)2 

0.73 0.43 1.44 0.63 0.44 lea 
Bonding 
Combs. 

0.80 0.40 2.14 0.98 0.46 les Rh-P 

0.41 0.39 1.00 0.51 0.51 A Cpl dxz 

0.41 0.39 0.91 0.56 0.61 B Cp I 
dx2_i 

0.42 0.31 1.00 1.00 1.00 C dyz 

0.66 0.45 1.75 1.23 0.70 D dxz/Cp 
E dx2_y2 ICp 

0.49 0.48 0.87 1.38 0.47 lal Rh(H)2 

0.49 0.48 1.16 0.43 0.37 lea 
Bonding 
Combs. 

the Rh-PMe3 and Rh-Me sigma bond orbitals. The ionizations labeled lal and lea 

correspond to the Rh-C sigma bonds. The ionization labeled les is the Rh-P sigma 

bond. 
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Bonding Interactions of Cp*Rh(PMe3)(CH"* 

The isolobal analogy, which usually is a good qualitative predictor of orbital 

interactions, would predict that the CpRh(PMe3)(R)2 compounds be isolobal to 

CpMn(CO)3.98 Since the Hand PMe3 ligands are essentially pure 0' donors, the 

metal levels for the formally d6 compound should be nearly degenerate a2 and el set 

orbitals, and should be nonbonding to the ligands. The photoelectron spectrum of 

the Cp*Rh(PMe3)(Me)2 compound shows very different bonding interactions. 

There are two anomalies in the Cp*Rh(PMe3)(Me)2 spectrum. First, the large 

splitting of A and B ionizations from C (0.80 eV), clearly shows nondegenerate metal 

based orbitals. Secondly, the Hell data show that A and B ionizations are 

approximately 50% ligand based. Likewise, the D and E ionizations, which would 

normally be assigned to the Cp ring ionizations, are approximately 50% metal 

character. 

The orbital interactions were clarified by a Fenske-Hall calculation. An 

interaction diagram of (CsHsY and [Rh(PH3)(H)2]+ fragments is shown in Figure 33. 

The geometry of the fragments were idealized, with the L-M-L angles all 90° and the 

P-M-Cp{centroid) angle equal to 128°. The molecule is placed in the same coordinate 

system as the Cp*Rh(PMe3)(C1)2 compound, with the PH3 on the z axis and the other 

two ligands bisecting the yz plane. In this coordinate system, the ML3 + fragment has 

three filled metal levels, the dxz' dx2-r and ciyz' which are pure metal in character. 

Below these are levels that correspond to the metal-ligand sigma bond combinations, 

the 1a1' and two levels from an e set, the lea and les' The a1 is the totally symmetric 
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combination of the (H)2 and dz2 to make a M-H bond combination. The e set are the 

bonding combinations that have one node, antisymmetric (lea) and symmetric (les) 

to the yz plane. The lea is M-H bond combination of primarily the H2 0* orbital and 

empty dxy. The les is basically the M-P bond. This e set has a corresponding e set, 

combination, labeled 2e. These are the unoccupied LUMO (2es) and SLUMO (2ea) 

orbitals, which are primarily dz2 and dxy' respectively and have some H ligand 

character. As discussed before, the important valence orbitals for a Cp ring is an el 

set. 

Interaction of the Cp- ring with the [Rh(PH3)(H)21+ fragment results in 

unexpected mixing between the Cp based orbitals and the dx2-r and dxz orbitals. 

The SHOMO of CpRh(PH3)(H)2 compound is a mixture of 60% dx2_r 20% Cp er and 

20% Rh(PH3)(H)2 LUMO (2es)' The mixing with the LUMO (2es orbital) is a 

rehybridization that allows a filled/filled interaction between the Cp e1- and dx2-r' 

Likewise, the HOMO in CpRh(PH3)(H)2 is 60% dxz' 20% Cp el+ and 20% 

Rh(PMe3)(H)2 SLUM9 (2es orbital). The mixing with the SLUMO is also a 

rehybridization that allows a filled/filled interaction between Cp and dxz. The third 

level is the ~z' which remains nonbonding and primarily metal in character. Below 

the dyz are the bonding counterparts to the HOMO and SHOMO, labeled D and E. 

The calculations estimate their character to be about 50% Cp, 35% metal and 10% M

L in character. 

The calculation helps explain why we see large amounts of ligand character in 

the first and second ionization bands in the Cp*Rh(PMe3)Me2 spectrum. The A and 
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B ionization bands correspond to the dxz/Cp/2a1 and dx2_i/Cp/2ea orbitals, 

respectively. For the Cp*Rh(PMe3)(Me)2 compound, the amount of metal character in 

the A and B ionizations is estimated at about 50% using HeI/Hell relative area 

comparisons. The D and E ionizations are the bonding counterparts to the A and B 

ionizations, and also have about 50% metal character. Although the calculation 

shows a smaller splitting of A and B bands from the C band than that observed in 

the PES, it still reflects the general information in the PE spectrum. 

PES of Cp*Rh(PMe~ 

The PES of Cp*Rh(PMe3)(H)2 shows an electronic structure that does not 

follow the isolobal analogy. The electronic structure is analogous to 

Cp*Rh(PMe3)(Me)21 with one important difference, the HOMO and SHOMO based 

ionizations are now primarily ligand based. 

The full spectrum of Cp*Rh(PMe3)H2, shown in Figure 31, has fewer resolved 

bands in the valence region than in Cp*Rh(PMe3)Me2. There are three resolvable 

ionizations, along with a sloping shoulder on the low binding energy side of the 

"hill" region. However, He I and He II comparisons of this region (Figure 34) shows 

that the electronic structure of Cp*Rh(PMe3)H2 is similar to that of 

Cp*Rh(PMe3)(Me)2. The first two ionizations, at 6.79 and 7.25 eV, are analogous to 

the A and B orbitals in the Cp*Rh(PMe3)(Me)2 spectrum, except that now they shrink 

by 40% and 50% (relative to the C ionization) in the Hell spectrum. The ionization 

labeled A corresponds to the dxz/ Cp el + / 2es orbital and the ionization labeled B 
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corresponds to the antibonding combinations of d>1-_';/ Cp el-/ 2ea. The Hell data 

suggest that the A and B ionizations have more ligand character than metal character, 

since they shrink relative to the other ionizations. The broad ionization band near 8.3 

eV shows a definite change in the band profile in the Hell spectrum, and is therefore 

modeled with two ionization bands. Since the band at 8.11 eV has the largest 

increase in relative intensity in the He II spectrum, it is assigned to the C ionization. 

The band modeled at 8.46 eV shrinks by 30% in the Hell spectrum, and mUst include 

the D and E ionizations. These are analogous to the D and E ionizations in 

Cp*Rh(PMe3)Me21 except they are not well resolved, and correspond to the dx2_';/Cp 

and dxz/Cp orbitals. The remaining ionizations at 10.0 eV are not as well resolved as 

in the Me2 spectrum because they have shifted to higher ionization energy. 

However, these are probably the metal-hydride and metal-phosphine sigma bond 

orbitals by comparison to Cp*Rh(PMe3)(Me)2' The la1 ionization (M-H) is assigned 

confidently, but the position of the lea band is only an estimate. 

Trends in the Cp*Rh(PMe3)Me2 and Cp*Rh(PMe3)H2 spectra show several 

effects of changing the 0' donor properties of the R ligands. Figure 35 shows the 

destabilization of the Cp*Rh(PMe3)(H)2 valence levels to lower ionization energy 

compared to Cp*Rh(PMe3)(Me)2' This reflects the poorer (} donor ability of the H 

ligand compared to the Me ligand. Both compounds have the A and B bands split 

off from the metal C band, but the splitting is larger for the dihydride compound. 

This suggests more metal/Cp/M-L mixing in the dihydride case. The Hell data 

support this, since the A and B ionizations in the Cp*Rh(PMe3)(H)2 compound have a 
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larger decrease in relative intensity than they do in Cp*Rh(PMe3)(Me)2' The A and B 

ionizations in Cp*Rh(PMe3)(H)2 are also quite broad, suggesting that they originate 

from a very delocalized orbital. The better interaction for the dihydride compound 

must be the result of lowering the energy of the Rh(PMe3)(R)2 fragment compared to 

the Cp e set. 

Relative Bond Energy Estimates 

In the C-H oxidative addition systems, Cp*M(PMe3)(R)(H) (M = Rh, Ir), the 

reactivity data show that the stronger the C-H bond the more stable the alkyl hydride 

product.84 Although counter-intuitive, it is the result of very strong metal-carbon 

and metal-hydrogen bonds in the Cp*M(PMe3)(R)(H) products that makes their 

formation thermodynamically favorable. 

We can estimate the relative energies of the M-H and M-C bonds using the 

ionization potentials of the M-H and M-C bonds in Cp*Rh(PMe3)(R)2 compounds. 

The PE spectra of the Cp*Rh(PMe3)R2 compounds show that the M-H bonds are 

stronger than the M-C bonds. As discussed in Chapter 3, the thermodynamic 

relationships expressed in Equation (4), can estimate the difference in bond 

IP(M -C)-IP(M -H)=(1-A)[D o(M-C)-D o(M -.H)] (4) 

dissociation energy (BDE) for the M-C and M-H bonds. In the this case, the 1al 

ionization band will be used, since it is the only reasonably well-resolved band in 

Cp*Rh(PMe3)(H)2' Using a value of AL = 0, the difference in BDE is estimated to be 
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18 kcal/mol for the 1a1 combination. The calculated value is in excellent agreement 

with the BOE's obtained using calorimetry for Cp*Ir(PMe3)(H)2 and 

Cp*Ir(PMe3)(Me)2' where the difference for M-CH3 and M-H is 18 kcal/mol. The 1al 

is the bonding combination that results from oxidative addition of the C-H or H-H a 

bond. 

In the Cp*Rh(PMe3)(Cl)(R) compounds, the Rh-C(phenyl) ionization is slightly 

(0.15 ± 0.02 eV) more stable than the Rh-C(methyl) bond ionization,. With these 

assignments, no difference (within experimental error) can be detected in the energies 

of these M-C bonds. The PES of the ,Cp*Ir(PMe3)(Me)(H) and Cp*Ir(PMe3)(Ph)(H), 

may give better estimates for the relative M-R and M-H bond energies. 

Discussion 

All of the title compounds are very electron rich species. But, the electronic 

structure of the chloride containing compounds is quite different from that of the 

dimethyl or dihydride compounds. In the Cl containing compounds, the first three 

ionizations (M1, M2 and M3) originate from metal based orbitals. These ionizations 

are primarily metal in character, but have chloride or R ligand character due to 

filled/filled interactions between ligand p1t and the metal d1t. The filled/filled 

interaction allows the electron density of the compound to be distributed onto the 

electronegative chlorides. More importantly, the metal levels are destabilized and as 

a result are at too high an energy to have interactions with the Cpo When the 

chloride atoms are removed and replaced with pure a donors, the metal levels are no 
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longer mixed with the chloride p7t. This lowers the energy of the metal levels 

enough to allow interaction with the Cp e set, an act that is accomplished by mixing 

with empty metal orbitals (Figure 33). This is actually a rehybridization towards the 

Cp, and includes M-L bonding combinations. As a result, the HOMO and SHOMO 

based ionization bands have a large amount of ligand character in Cp*Rh(PMe3)Me2 

and are predominantly ligand in character in Cp*Rh(PMe3)(H)2' 

The mixing of ligand based orbitals into the normally nonbonding metal t2g set 

is atypicat but not unknown. A survey of the literature found two examples. In the 

PE spectrum of Cp*Ir(DMSO)Me2' the first three ionization bands have an analogous 

splitting pattern to those observed in Cp*Rh(PMe3)Me2,99 The mixing of the ligand 

into the first two ionizations was not easily observed, since the "Cp" ionizations were 

obscured by DMSO based ionizations. Cp*Pt(Me)3 is another example of a 

compound that has ligand based ionizations at higher energy than the metal based 

ionizations. Variable photon energies studies (synchrotron) and ab initio calculations 

on this compound confirmed that the ionizations corresponding to the HOMO and 

SHOMO were ligand based.lOO 

From qualitative arguments, the compounds Cp*Rh(PMe3)H2 would be 

isoelectronic with Cp*Mn(CO)3' However, the PES shows that removing the CO 

ligands results in very different interactions. The HOMO and SHOMO orbitals can 

become primarily ligand based as a result of mixing between Cp metal-ligand 

bonding and metal orbitals. This exception to the isolobal analogy may be the result 

of the very electron rich nature of the compounds. Having only 0' donor ligands 
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makes the rhodium metal center extremely electron rich, since the 1t acceptor CO 

ligand is not there to pull electron density away from the species. To compensate, 

the electron density is delocalized onto the ligands. The Cp is most able to "absorb" 

the excess charge, and the metal orbitals rehybridize to affect better overlap with the 

Cpo As a result, the Cp tends toward a negatively charged anion. The 

rehybridization also cause M-CH3 and M-H bond orbitals mix with the metal levels. 

The mixing of the ligand based orbitals into the HOMO implies that 

electrophilic attack on the Cp*Rh(PMe3)(R)2 compounds would lead to M-H or M-C 

dissociation. This is observed experimentally in Cp*Rh(PMe3)(Ph)(H) compound. 

Electrophilic attack by CS2 results in dissociation of benzene or insertion into the Rh

H bonds (minor product). Attack by RC=CR and PhNCS results exclusively in the 

Rh-H insertion product.101 

Conclusions 

Frontier orbitals with a large amount of ligand character appear to be common 

in late transition metal species that lack 1t acceptor or electronegative ligands. In the 

absence of 1t acceptor ligands (such as CO) or 1t donor ligands (such as Cl), which 

could delocalize electron density from the metal center, the molecules must diffuse 

the charge. They do so by mixing with Cp ring based orbitals. The late transition 

metal fragments must be at low enough energy to facilitate strong mixing with the 

Cp e set. The presence of a Cp ring appears to be an important prerequisite for this 

unusual electronic structure. 
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Chapter 6 

The Photoelectron Spectroscopy and Rates of CO Substitution of 
(lls-CsH4X)Rh(CO)2 Compounds. 

Separation of cr and 1t Ring Substituent Effects 

Introduction 

In the previous chapters, the cr or It bonding interactions of ligands with 

metals have been addressed. Here, the effect of adding It donor substituents to the 

Cp ring in (l1S-C4HSX)Rh(CO)2 is described. Variation of X changes not only the 

bonding in the compound, but also the reactivity of the compound. In 1966, when 

Basolo reported the reaction of (l1S-CsHs)M(CO)2 with phosphines (where M = Co or 

Rh).102 The kinetic data show that the reaction was first order in both CpRh(CO)2 

and phosphine, and although these are 18 electron compounds, an associative 

mechanism was proposed. It is now generally accepted that associative substitution 

in l8-electron organometallic compounds can occur if a pair of electrons is easily 

localized to a ligand, thereby releasing a coordination site at the metaI.103,104 In 

this case, the mechanism for freeing a coordination site is for the cyclopentadienyl 

ring (Cp) to "slip" from l1S to 113 coordination, leaving the other two Cp It electrons 

localized in a carbon-carbon bond. This mechanism, which has also been proposed 

for other reactions,lOS is shown in Figure 36. 

The role of 113_Cp coordination in associative substitution has been investigated 

by perturbing the electronic structure of the Cp ring. Basolo, et. al. observed that 
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using the electron withdrawing Cp* in place of Cp slowed the reaction 

substantially.l06,107 By contrast, replacing a Cp with a indenylligand, which is 

essentially a Cp ring fused to a benzene ring, caused huge (109) rate enhancements. 

The most systematic study examined a series of compounds that contain a range of 

electron withdrawing or releasing functional groups on the cyclopentadienyl 

ring.10B The compounds (11S-CSH4X)Rh(CO)z' where X is NOz, CI, CF3, H, NMe2 

or CH3, all react with PPh3 to replace a carbonyl via an associative mechanism, as 

shown in Equation (5).109 

(5) 

«7» «7» 
I L I 

Rh D> 
/ , _ .......... > Rh 

/' " CO CO CO L 

Figure 36 113 to 115 ring slip mechanism for CO substitution by phosphine 
in CpRh(CO)2' 
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The carbonyl stretching frequencies (uco) of the compounds correlate linearly 

with the Hammett op parameters of the X groups, indicating that each gives a 

consistent measure of the relative electron richness at the metal center.10B The rates 

of CO substitution are expected to decrease when there is greater negative charge at 

the metal center. However, only the rates for compounds with X = N02, CF3, Hand 

CH3 correlate with measures of charge at the metal center, the Hammett op 

parameters or carbonyl stretching frequencies. The rates for the CI and NMe2 

compounds are considerably faster than expected based on the Hammett op 

parameter of these groups. The disproportional rate increas.e for the CI and NMe2 

compounds was proposed to be a consequence of an orbital overlap between the P7t 

lone pair on the X group and the 1t system of the Cp ring, which would stabilize the 

1l3-Cp intermediate, as shown in Figure 37. This study shows that this p1t overlap is 

important to the enhanced rate of substitution. 

Photoelectron spectroscopy (PES) provides a direct experimental measure of 

the electron richness at the metal center, and more importantly can separate a 

(inductive) and 1t (resonance) bonding capabilities,7B,110 In this case, PES of the 

(lls-CSH4X)Rh(CO)2 compounds can measure the a and 1t interactions of the X group 

with the Cp ring. PES also shows the influences of the X group on the bonding and 

electron distribution in the rest of the compound. The separate inductive(o) and 

resonance(1t) effects of the compounds are successfully correlated to experimental 

rates of CO substitution. This supports the contribution of a stabilized 

1l3-coordinated Cp in the transition state of the associative substitution. 
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Resonance stabilization of (113-CSH4X)Rh(CO)2 "slipped" ring 
intermediate by X group with 1t donor ability. 

Photoelectron Sp~ctra Assignments and Bonding Interactions 

The valence photoelectron spectra (6 to 12 eV) for the series of 

(l1s-CSH4X)Rh(CO)2 compounds are shown in Figure 38. The spectra are ordered 

from the compound with the fastest rate of CO substitution (X = N02) to the 

compound with the slowest rate of CO substitution (X = CH3). The valence region is 

rich in ionizations. It includes, for all six compounds, four bands corresponding to 

the eight Rh(I) electrons, and two bands arising from the orbitals of the el" 1t 

combination on the cyclopentadienyl ring. The N02 and NMe2 spectra are 
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Ionization Energy (e V) 
12 10 8 6 

N02 

Cl 

Ml 

H 

He I Spectra of the valence region of (lls-CSH4X)Rh(CO)2 
compounds, where X = N02, Cl, CF3, NMe2' H or CH3. 
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complicated because each have additional ionizations corresponding to orbitals 

localized on these groups and will be discussed last. For purposes of discussion, the 

ionizations are labeled in terms of their predominant character, which is usually the 

molecular orbital fragments that the orbitals originate from. The ionizations that 

trace to rhodium d orbitals are labeled Ml through M4 and those that trace to the Cp 

ring e1" 1t levels of an isolated cyclopentadienyl anion are labeled Rl or R2. The 

ionizations corresponding to the lone pairs of the X groups are labeled LP. Mixing 

between levels will be emphasized in the Table and the text. 

Photoelectron Spectrum and Bonding Interactions for (ns-Cs!:!s)Rh(COb 

A previous photoelectron study of (l1s-CsRs~M(CO)2 compounds (where 

M = Co or Rh, R = H or CH3) established the basic electronic structure of two legged 

piano stool compounds.l11 The assignments and close up spectrum of the valence 

ionizations of (l1s-CsHs)Rh(CO)2 are shown in Figure 38. The ionization energies are 

represented in Figure 39, in relation to the interaction between [Rh(CO)2]+ and 

(CsHsr fragments. The Cp el" orbitals are no longer degenerate in the compound 

and are labeled el + and el- according to whether the orbital is symmetric or 

antisymmetric with respect to the Rh(CO)2 plane. 

The Rh(CO)2 fragment is placed in the yz plane of the coordinate system. 

Interaction of Cp and Rh(CO)2 results in a filled/filled interaction between the Cp el

orbital and the dxz orbital. This results in an antibonding/bonding pair of orbitals. 

The antibonding combination corresponds to the initial ionization, labeled M1. The 
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Rh(CO) 2+ CpRh(CO) 2 CSHS-

Interaction diagram for (CsHs)- with Rh(CO)2 +. The energies 
for the CpRh(CO)2 orbitals (but not the fragment orbitals) are 
placed at the experimental I.P.'s. 
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HeI/HeII comparison and shifts with metal and ligand substitution show that the 

Ml ionization has considerable ligand character.111 Likewise, the bonding 

combination corresponds to the sixth ionization (labeled R2) and has a considerable 

amount of metal character. The ionizations labeled M2, M3, and M4 represent 

orbitals that are predominantly metal based. These backbond to the carbonyls, but 

have little direct interaction with the Cp ring. Evidence for backbonding of Ml and 

M2 to the carbonyls is observed in CO vibrational progressions on these ionization 

bands. Finally, the ionization labeled Rl represents the Cp ring e1 + orbital, which 

interacts with the empty metal dyz. This ionization has the largest intensity in the 

He I spectrum. This is because the. He I cross-sections for carbon based valence 

ionizations are generally greater than the cross-section for the 4d ionizations of 

rhodium (see Table 11). The labels and predominant orbital characters of these 

ionizations are summarized in Table XIII. 

Photoelectron Spectrum of (ns.CsH4U3)Rh(CO)2 

The photoelectron spectrum of (TlS-CsH4CF3)Rh(CO)2 is very similar to the 

spectrum of (TlS-CsHs)Rh(CO)2' except that- the entire valence region has been shifted 

substantially (by 0.3 eV) to higher binding energy. This stabilization of the 

ionizations reflects the inductive effect of the electron withdrawing CF3 group when 

it replaces a hydrogen atom on the Cp ring. Other than this stabilization, the 

spectrum of the CF3 compound is very similar in appearance to the spectrum of the 

H compound. There are no significant differences in the separations between 
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Table XIII 

X IP (cV) 
Halfwidths Relative Area 

Label Orbital Origin 
High Low HeI HeIJ He I/He IJ 

8.19 0.65 0.26 1.00 Ml dxz/ et- / COlt ... 

9.15 0.51 0.21 0.86 M2 dx2-r 

N02 
10.00 0.49 0.39 1.05 M3 d xy 

10.34 0.49 0.39 1.66 Rl et+ 

10.77 0.58 0.42 2.42 M4/LP dz2 and N 1. p. 

11.21 0.58 0.42 1.92 R2 et-/ dxz 

7.73 0.58 0.26 1.00 1.00 1.00 Ml dxz/ et-/ C01t* 

8.75 0.44 0.19 0.82 1.38 1.68 M2 dx2_r 

CI 
9.48 0.46 0.41 1.31 1.13 0.86 Rl et+ 

9.81 0.46 0.41 0.98 1.03 1.05 M3 d xy 

10.30 0.63 0.38 1.08 1.27 1.18 M4 dz2 

10.63 0.63 0.38 1.03 0.79 0.77 R2 et-/ dxz 

7.97 0.61 0.27 1.00 Ml dxz/ el-/ C07t* 

8.94 0.53 0.20 0.89 M2 dx2-r 

CF3 
9.78 0.36 0.34 0.74 M3 d xy 

10.12 0.55 0.36 1.37 Rl el+ 

10.59 0.72 0.36 1.03 M4 dz2 

10.92 0.71 0.32 0.86 R2 et-/ dxz 

7.18 0.50 0.46 1.00 Ml dxz, el-' COlt ... 

7.99 0.55 0.39 0.72 M2 dx2_r ,CO rc*,N lone 

8.34 0.58 0.39 1.48 Rl el+ 
NMc2 9.12 0.53 0.46 0.88 M3 d xy 

9.72 0.53 0.46 0.91 M4 dz2 

10.07 0.65 0.40 1.12 R2 et-/ dxz 

10.50 0.56 0.33 1.26 LP N lone pair 
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IP Halfwidths Relative Area 
R Label Orbital Origin (eV) High Low HeI Hell He I/He Il 

7.63 0.50 0.26 1.00 Ml dxz/ el- / C07t* 

8.65 0.42 0.16 0.87 M2 dxl-r / CO 1t* 

9.50 
H 

0.43 0.33 1.03 M3 dxy 

9.82 0.43 0.33 1.21 Rl el+ 

10.2 0.54 0.34 1.05 M4 dz2 

10.5 0.54 0.34 1.01 R2 er/ dxz 

7.45 0.57 0.25 1.00 1.00 1.00 M1 dxz/ el- / CO nit 

8.52 0.45 0.18 0.85 1.32 1.56 M2 dxl-r / CO nit 

CH3 
9.29 0.37 0.34 0.98 1.00 1.02 M3 dxy 

9.58 0.48 0.34 1.30 1.01 0.78 Rl el+ 

10.0 0.60 0.40 1.21 1.21 1.00 M4 dz2 

10.3 0.60 0.40 1.10 0.91 0.83 R2 er/ dxz 

ionization bands or in the relative intensities of the bands. Close-up examination of 

the M1 and M2 ionization band shapes shows CO vibrational progressions resulting 

from backbonding to the carbonyls. Figure 40 shows the M1 ionization band for the 

CF3 compound with" the three vibrational components. This type of CO vibrational 

progression has been seen in the metal-based ionizations of a number of transition 

metal carbonyls.l11,112 The assignments for the ionizations are the same as for the 

(I1S-CSHs)Rh(CO)2 compound. 
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Ionization Energy (e V) 
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Close up photoelectron spectrum of the Ml ionization band in 
(T1S-CsH4CF3)Rh(CO)2' showing vibrational progressions. 

Photoelectron Spectroscopy of (ns-CsH4CH3)Rh(COh 

The spectrum of (T1S-CsH4CH3)Rh(CO)2 spectrum shows the entire valence 

region shifted to lower binding energy from the effects of the electron donating CH3 

group on the ring. We have discussed in detail this and other electronic effects of 

methyl substitutions on metal-coordinated Cp rings in previous papers.lO The 

(l1S-CsH4CH3)Rh(CO)2 spectrum is similar to the (l1S-CsHs)Rh(CO)2 spectrum, with 
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an identical separation between the M1 and M2 ionization bands and similar 

vibrational progressions on M1 and M2. However, the general features of the 

remaining group of ionizations change slightly. The assignments in this region are 

aided by comparing the relative intensities of the ionization bands in the HeI and 

He II spectrum, shown in Table XIII. In the He II spectrum of the CH3 compound, 

the second ionization band shows a large increase in intensity (relative to the first 

band), and therefore is largely metal in character. The band profile also is different 

from the analogous band profile in the CF3 compound. The relative HeI intensities 

of the third and fifth ionization bands imply that these are metal-based orbitals with 

a small amount of interaction with the Cp ring. The fourth and sixth bands decrease 

in relative intensity and are therefore assigned to Cp ring based ionizations. 

Therefore, the ionization band assignments for the (llS-CsH4CH3)Rh(CO)2 spectrum 

are analogous to assignments for the (llS-CsHs)Rh(CO)2 spectrum. 

Photoelectron Spectrum of (ns-CsH4Cl)Rh(COh 

The closeup photoelectron spectrum of (llS-CSH4Cl)Rh(CO)2' shown in 

Figure 38 and Figure 41, is somewhat similar to the spectrum of (lls-CsHs)Rh(CO)2' 

The M1 and M2 ionizations are comparable to those in the spectra of the other 

compounds, with CO vibrational progressions present. The remaining region, 

however, changes subtly from the analogous regions in the X = CFJI Hand CH3 

spectra. The ionization with the larger intensity is the third ionization band, and is 

assigned to R1 (Cp ring e1 +). This assignment is supported by the Hell data, shown 
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Figure 41 Comparison of He! / Hell Spectra for (l1S-CsH4Cl)Rh(CO)2' 
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in Figure 41. As discussed in the experimental section, metal-based peaks grow in 

relative intensity in Hell mode relative to the HeI mode. The third ionization band, 

labeled Rl, decreases in intensity due to the carbon character of the Cp ionization. 

Conversely, the fourth ionization band shows little change in intensity, relative to 

Ml, and therefore is likely metal based. The fifth and sixth bands are assigned to the 

M4 and R2, which is the same as in the other spectra. 

The chlorine lone pair ionizations also give important clues about the 

interaction of CI with the Cp ring. In the full spectrum of (l1S-CSH4Cl)Rh(CO)2' 

shown in Figure 42, it is easy to locate the two ionizations that arise from the 

chlorine lone pairs. One is a sharp and very intense band located at 11.44 eV, which 

is assigned to the Px orbital. The Px orbital lies in the plane of the Cp ring and is 

nonbonding with respect to the 7t system of the ring. The second band is a broad 

and less intense band and is located at 12.09 eV. This is assigned to the Pn orbital, 

which is parallel with the Cp ring 7t system. The broadness of this band suggests 

that it has considerable orbital overlap with the Cpo The positions of the lone pairs 

indicate a significant filled/filled interaction between the chlorine lone pairs and the 

Cp ring 7t. This will be addressed further in the Discussion. 

Photoelectron Spectrum of (ns-C;!!4N02)Rh(CO)2' The valence photoeiectron 

spectrum (Figme 38) of the (l1S-CsH4N02)Rh(CO)2 compound is more difficult to 

evaluate due to the presence of ionizations associated with the N02 group. The 

positions and intensities of the first four ionizations are the most certain and they are 
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Full valence photoelectron spectrum of (l1S-CSH4Cl)Rh(CO)2 and 
C6HsCI, showing the very sharp and intense ionizations from 
chlorine lone pairs orbitals. 



Substituent Effects in (C5H4X)Rh(CO)2 165 

assigned to Ml, M2, M3, and Rl, respectively. As will be shown, these are also the 

most significant ionizations for evaluation of the reactivity. The Ml and M2 

ionization bands again have similar splittings as for the other spectra and show 

evidence of the CO vibrational progressions. The Rl ionization is again relatively 

intense compared to the metal based ionizations. 

The assignments for the remaining peaks in the spectrum of 

(lls·CsH4N02)Rh(CO)2 are aided by the trends in the series of (llS.CSH4X)Rh(CO)2 

compounds and by comparison with the photoelectron spectrum of nitrobenzene. 

The inductive trends for the series (presented in more detail in the discussion section) 

support the assignment of Rl to the band at 10.34 eV and the assignment of R2 to the 

band at 11.2 eV. The assignment of M4 to the band at 10.77 eV also follows the 

inductive trends of the series. The increased intensity of the region at 10.77 eV 

indicates that it contains two or more overlapping ionizations, and likely includes the 

ionizations from the N02 group. In the PE spectrum of nitrobenzene, the N02 group 

ionizations are locate.d at 11.3 eV (a27t) and 11.1 eV (al0),113 and have therefore 

been destabilized by about 0.5 eV in the (T\s·CsH4N02)Rh(CO)2 compound. This is 

the expected effect of having the N02 bound to a formally negatively charged Cp 

ring rather than a benzene ring. 

Photoelectron Spectrum of (ns.CsH4NMe2)Rh(COh 

The spectrum of (llS.CsH4NMe2)Rh(CO)2 shows the general destabilization of 

the ionizations to lower binding energy, relative to the H compound. This reflects 
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the inductive effects of the electron donating NMe2 group. This spectrum, however, 

stands out from the others because of a different pattern of the ionization bands and 

because of a seventh band corresponding to the nitrogen Pn lone pair. Table XIII 

shows the assignments for (l1s-CsH4NMe2)Rh(CO)2' The first two ionizations are 

comparable to those in (l1s-CsHs)Rh(CO)2 and are similarly assigned to Ml and M2. 

In this case, the M2 ionization is closer in energy to the Ml ionization than in the 

spectra of the other compounds. The M4 and R2 bands are assigned analogously to 

those in (l1s-CsHs)Rh(CO)2' based on inductive trends in the series. 

The third band (at 8.35 eV) is assigned to the Rl (Cp ring e1 +) ionization 

partially on the basis of intensity. In the spectra of the other (l1s-CSH4X)Rh(CO)2 

compounds, the Rl ionization is always the most intense single ionization. Except 

for the ionization at 10.51 eV (which is in the region expected for the nitrogen Pn lone 

pair), the third ionization of the NMe2 compound has the greatest intensity. The Rl 

ionization has therefore been destabilized by 1.5 eV when the NMe2 group replaces 

H on the Cp ring. This destabilization is due in part to the electron donating effect 

of the NMe2 group, but is largely due to a Pn overlap (resonance) with the Cp ring. 

The assignment of the nitrogen lone pair to the ionization at 10.51 eV represents a 

stabilization of the lone pair relative to its position N,N-dimethylaniline. This 

corresponds to a filled/filled interaction between the Cp ring and NMe2 lone pair 

and will be addressed further in the Discussion. 
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Discussion 

Ionization Energies and the Inductive Effects of the X Substituents. 

Figure 43 summarizes the assignments for the valence ionizations of the 

(llS-CsH4X)Rh(CO)2 series. The Figure lists the compounds in order of decreasing 

Hammett op values. Note that this is not the same order as the reactivity of the 

compounds. The inductive effect of the X group is seen in the gradual 

destabilization of most ionization bands as X becomes a better donor. This inductive 

effect is most notable for the R2, M2 and Ml ionizations, but is also clearly 

experienced by all valence ionizations of the compounds. The difference between the 

ionization potentials of R2 and Ml for all the compounds is relatively constant at 2.94 

± .06 eV. These two ionizations represent the mixing between the filled ring el- and 

the filled metal dxz' and the constant separation of these ionizations indicates that 

varying the X group does not perturb this interaction significantly. Also note that the 

separation between the Ml and M2 ionization bands is 1.00 ± .04 eV for all 

compounds except for the NMe2 compound, which has a separation of 0.78 eV. This 

reflects a destabilization of M2 in the NMe2 spectrum, and suggests that M2 has an 

electronic interaction that is not accounted for by the inductive characteristics of the 

NMe2 group. This is likely a filled/filled interaction between M2 and NMe2lone 

pair, that destabilizes the dx2-i (M2). More evidence for this will be given below. 

The inductive effect of the X group is also seen in plots of the Ml and M2 

ionization energies versus the carbonyl stretching frequencies (veo). Figure 44 shows 

a plot of the Ml and M2 ionization energies versus the symmetric veo's. The result 
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is two lines with correlation coefficients (R) of 0.9908 (for Ml) and 0.9852 (for M2). 

Analogous plots were obtained for the antisymmetric veo's with correlation 

coefficient's of 0.9972 (Ml) and 0.9823 (M2). The poorer correlation for the M2 

compared to Ml energies is due largely to the relative destabilization of M2 for 

x = NMe2' Both the Ml and M2 ionizations show substantial backbonding to the 

carbonyls, as seen in the vibrational fine structure on the band. As charge is donated 
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from the ring to metal, the Ml orbital is destabilized, which results in increased 

backbonding to the carbonyl (lower 'Uco). 

A plot of Ml and M2 ionization bands versus the Hammett 0p parameters, 

shown in Figure 45, also shows a linear relationship. This is an interesting 

correlation between ionization potentials and parameters based on linear free energy 

relationships. By definition, the Hammett parameter is reflecting a change in free 
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energy (MG) for benzoic acid dissociation in C6H4(COOH)X as the ring substituent is 

varied.114 The parameters often correlate to reactions in which the rate varies as a 

substituent is changed. A linear correlation means that the change in free energy of 

activation (MGt) for the reaction is directly proportional to the MG for benzoic acid 

dissociation. Figure 45 shows that the Ml and M2 ionization potentials are reflecting 

a similar proportional change in energy. This might be expected, since ionization 

potentials are also measures of energy and are well-defined thermodynamic 

quantities that are part of chemical energy cyc1es.11S,116 

Ionization Energies and 11: Orbital Overlap with the X Substituent 

The electronic structure of monosubstituted cyclopentadienyl rings is directly 

analogous to that of monosubstituted benzenes, which have been studied extensively 

using photoelectron spectroscopy.117,118 In benzene, the HOMO is the 

degenerate el set of the 1t system. In monosubstituted benzenes (C6HsX), the e set 

splits into a2 and b1 ~evels (Figure 14). The functional group (X) affects the amount 

of shift and splitting of these levels, due to a combination of inductive and resonance 

effects. As the electron donating ability (inductive effect) of X increases, both the b1 

and a2 ionizations become more destabilized. If the substituent is capable of 11: 

donation to the ring, the b1 ionization is further destabilized by P1t overlap 

interaction. Thus, the amount of splitting in the e set is a measure of the 1t orbital 

overlap interaction with the ring substituent.117 In (CsHs)Rh(CO)2' the e set of the 

cyc10pentadienyl ring is already split because of interaction with the Rh(CO)2 portion 
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of the molecule. In the (CsH4X)Rh(CO)2 compounds, the presence of functional 

groups on Cp causes both e1 levels (R1 and R2) to shift, due to inductive effects. If 

the X group is capable of 1t donation, the R1 orbital is further destabilized. Thus, the 

degree of ring-substituent overlap can be seen in the increased splitting of R2 and R1 

ionizations. The R2-R1 splitting is largest for the NMe2 compound (1.732), followed 

by the C1 (1.144) and N02 (0.864) compounds, while the remaining compounds have 

values similar to that for the H compound (0.769). 

The destabilization of the R1 orbital is the result of a filled-filled interaction 

between Rl and the NMe2 lone pair P1t orbital. This interaction also stabilizes the 

lone pair ionization. In the spectrum of the NMe2 compound, the ionization at 10.51 

eV is attributed to the nitrogen P1t lone pair on the NMe2 group. In comparison, the 

corresponding ionization of N,N-dimethylaniline is located at 9.83 eV.119 Thus, 

there is a net stabilization of 0.7 eV for the nitrogen lone pair in 

(lls-CsH4NMe2)Rh(CO)2' in spite of the effect of the fonnal negative charge on the Cp 

ring. It is interesting that NMe2 apparently "chooses" to interact with R1 rather than 

R2. R2 is closer in energy to the nitrogen P1t lone pair and the "choice" to interact 

with the Rl minimizes the filled-filled repulsions by using the orbitals that have the 

larger energy separation. 

In the spectrum of the (lls-CSH4C1)Rh(CO)2 compound, the chlorine lone pair 

ionizations also give direct evidence for overlap between the C1 P1t orbital and the Cp 

ring. As shown in Figure 42, the two ionizations that correspond to the Cllone pair 

orbitals are located at 11.44 eV for the sharp Px orbital and 12.12 eV for the P1t (2b1). 
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The significance of these positions is seen when compared to the photoelectron 

spectrum of chlorobenzene.120 In chlorobenzene, a sharp band is located at 11.32 

eV and corresponds to the chlorine Px (4b2) orbital. A second band, located at 11.70 

eV, corresponds to the chlorine p1t (2b1) orbital. The Cl Pn orbital in 

(lls-CSH4Cl)Rh(CO)2 has therefore been stabilized by 0.42 eV, which is a result of a 

filled/filled interaction with the Cp ring 1t. The Pn orbital is also noticeably 

broadened in (llS-CSH4Cl)Rh(CO)2' indicating more bonding character. However, the 

extent of the overlap appears to be less for the CI compound than for the NMe2 

compound, which is expected for the longer bond distance and weaker 1t interaction 

of second row atoms. 

The PE spectra gives an indication of the orientation of the CSH4X ring with 

respect to the Rh(CO)2 plane. The inductive effect of the X group on the ionizations 

is relatively independent of the location of the X group on the Cp ring in relation to 

the Rh(CO)2 plane. However, the 1t interaction of the X group with R1 depends on 

the location of the X group with respect to the nodal structure of the Cp el levels. 

The el + or el- nodes are defined first by their orientation to Rh(CO)2 (Figure 39). 

Figure 46 shows the nodal structure of the monosubstituted Cp rings in terms of the 

interaction of the e1- and e1 + orbitals with an X group. The two limiting orientations 

available to the ring are: with the X group in the Rh(CO)2 plane, or with the X group 

perpendicular to the Rh(CO)2 plane. In the second case, shown in Figure lOc and 

lOd, the X group has potential for a strong 1t interaction with the R2 level but is 

sitting on the node of the Rl level. In the first case, shown in Figure lOa and lOb, 
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the situation is reversed and the X group has a 1t interaction with the RI level. 

Because it is the RI orbital that interacts with the lone pair orbital, the NMe2 

substituent must lie on or near the CO-Rh-CO plane (the yz plane), as shown in 

Figure lOa. 

Another observation from the NMe2 spectrum is the extra destabilization of 

the M2 dx2_i ionization. This is seen in the poorer correlation of M2 with the 

carbonyl stretching frequencies and in the smaller separation between MI and M2 

ionization bands. The destabilization of the M2 (CY-i) ionization and the large 

stabilization of the nitrogen lone pair ionization is strong evidence of an additional 

filled-filled interaction between the nitrogen lone pair and the dx2_i orbital. Such an 

interaction would be possible if the NMe2 is either in the Rh(CO)2 plane or normal to 

it. However, the shift of the Cp ring ionizations indicate that the NMe2 is in the 

Rh(CO)2 plane. An extra destabilization of the M2 (dx2_i) band is not seen in the 

spectrum of the (l1s-CSH4Cl)Rh(CO)2 compound. Interaction of the chlorine lone pair 

with the dx2-i orbital is less, perhaps because the CSH4Cl ring has an intermediate 

orientation (rotated about the z axis) or because of the longer C-Cl bond length as 

compared to the C-N bond length. 

Ionization Energies and Reaction Rates 

It is known that op Hammett parameters do not correlate to rates of reactions 

in which resonance (1t) interactions are present in the transition state.114 This was 

observed in the (CSH4X)Rh(CO)2 compounds, where the op parameters did not 

correlate to the rates of associative substitution.lOS Several sets of parameters have 



Substituent Effects In (C5H4X)Rh(CO)2 176 

been reported which attempt to separate the inductive (0) and resonance (1t) 

contributions to reaction rates.121-123 Bromilow, et.al.l23 reported dual 

substituent parameters that represent measures of inductive (or) and resonance (oRO) 

effects. A dual parameter correlation was performed using these two parameters and 

k(Xf, the rate constant for CO substitution in (115-CSH4X)Rh(CO)2) compounds 

(relative to X = H). A plot of the predicted versus the kinetically determined rates is 
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shown in Figure 47. The equation for the plot, expressed in tenns of 0'1 and O'Ro, is 

shown in Equation (6). With these parameters and optimization of the coefficients A 

(6) 

and B, the correlation to the rates of substitution is much better (correlation 

coefficient of 0.9795) than the correlation using O'p alone.10B Parameters derived from 

other methods of separating the 0' and 1t effects121,l23 give similar correlations. 

An improved correlation to the rates of associative substitution is obtained 

when ionization potentials of the (l1s-CSH4X)Rh(CO)2 compounds are used as 

measures of 0'1 and O'Ro contributions. A "dual parameter" correlation was performed 

using the values of the M2 ionization potentials as a measure of the inductive effect 

of X and the difference of R2 and Rl ionization potentials as a measure of the 

resonance effect. Equation (7) shows the relationship, where EM2, ERl and ER2 are 

(7) 

"relative to X = H 

the ionization potentials of M2, Rl and R2 (relative to X = H), and C and Dare 

optimized coefficients. The difference in Rl and R2 ionization potentials reflects the 

degree of substituent p1t/ Cp ring p1t overlap and are used to measure the resonance 

(1t) contribution to the rate of CO substitution. The M2 ionization energy was chosen 

as a measure of the 0' (inductive) contribution of X for several reasons. The relative 

rate of substitution by an associative mechanism will be affected by the electron 

richness at the metal center, since a higher negative charge at the metal center will 
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inhibit associative combination with the phosphine. The trends in the data show that 

both the Ml and M2 ionization energies are measures of the relative electron richness 

at the metal center. However, the M2 ionization is a better measure than the Ml 

ionization because M2 corresponds to the dx2-i orbital, which is presumably attacked 

by the incoming ligand and is involved in bonding in the piano stool intermediate. 

The M2 ionization is also predominantly metal in character, while the Ml orbital is 

quite delocalized onto the Cpo 
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The resulting plot of predicted rate (from the relative ionization potentials) 

versus the kinetically observed rates (at 25°C) is shown in Figure 48. The correlation 

coefficient of 0.9914 is a marked improvement over the correlation using the 0 1 and 

aRo Hammett parameters (Figure 47). The correlation is not completely linear, 

primarily due to the CH3 compound. Based on what we have seen in other 

methylated ring systems, the ionizations of the methyl compound show a smaller 11: 

contribution than is expected. 

The importance of the 11: contribution to the rates of NMe2 and CI compounds 

is notable when the "a" part is plotted alone. Figure 49 shows the inductive 

contribution only, as defined by the first term C[EM1 (X)]", plotted versus the observed 

rates. This plot resembles the plot of the Hammett op parameters versus log(k),108 

where the points for X = CI and NMe2 are far off the line. When the 11: contributions 

are added, the points for NMe2 and Cl fall onto the line. The plot shows little or no 

1t contribution to the rate for CF3 and CH3. The plot also shows a 1t contribution for 

the NMe2 compound that is three times that of the Cl cClrr.:)ound. Since this Prr 

cm-,tribution is crucial to the correlation, a resonance interaction is implicated in the 

transition state. It follows that the proposed slipped 113_Cp ring intermediate 

(113_CsH4X)Rh(CO)2(PPh3)' is being stabilized by a resonance interaction, which 

enhances the relative rate of associative substitution. The NMe2 group is very 

efficient at stabilizing an 113_Cp intermediate. 

The 1t stabilization of slipped ring intermediates in these systems is related to 

the ability of indenyl systems to enhance rates of associative substitution. The 
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indenyl compound, (lls-C9H7)Rh(CO)2 has carbonyl stretching frequencies nearly 

identical to that of (lls-CsHs)Rh(CO)2' although the indenyl compound has . enhanced 

rates of associative substitution on the order of 108. Thus, the large rate 

enhancement cannot be caused by the inductive effect of the more electron rich 

indenyl. It is likely due to a large amount of P7t stabilization is present in an indenyl 

system, where an 1l3-Cp ring is stabilized by a fused aromatic ring,124 This may be 
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the cause of the higher rates of substitution in the indenyl compounds. In addition, 

the Plt overlap interaction in indenyl compounds may stabilize 113-indenyl 

coordination, as there are more examples of compounds with structurally 

characterized 113-indenyl ringsl25 than with 113_Cp rings.126 

Conclusions 

This study demonstrates that photoelectron spectroscopy can be used to 

measure the relative inductive (0') and resonance (1t) bonding effects. In these 

organometallic compounds, the ionization energies of the compound are more direct 

than the Hammett parameters for identifying inductive and resonance type bonding 

interactions. They are also better measures than 0'1 and O'R 0 Hammett parameters for 

correlation with rates of reaction. Both types of bonding interactions are important in 

describing the reactivity trends in the (l1s-CSH4X)Rh(CO)2 compounds. Attaching 

electron donating groups to the Cp ring results in more electron density at the metal 

center, which slows the rate of associative substitution. If, however, a resonance 1t 

interaction between (CO)2Rh(CsH4) and a functional group X is present, the rate of 

substitution will increase. The ring 1t/ Pit overlap in the Cl and NMe2 compounds 

appears to be a controlling factor in their enhanced rates of associative substitution. 

It is likely that a stabilized 113_Cp intermediate is causing the rate enhancement in 

these systems and also in indenyl systems, where a "Cp" ring benefits from 

stabilization by a fused aromatic ring. This study also suggests that rates of other 
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reactions which involve ,,3_Cp intennediates127 can be enhanced by attaching 

groups to the Cp ring that are capable of P1t orbital overlap. 
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Chapter 7 

Photoelectron Spectroscopy and Bonding in (lls.CsHs)Rh(CO)(PR3) 
Compounds: Products of Associative CO Substitution. 

Introduction 

In the previous Chapter, the bonding interactions of CpRh(CO)2 were 

established using photoelectron spectroscopy (PES). Here we examine the PES of 

two products of associative CO substitution, CpRh(CO)PMe3 and CpRh(CO)PPh3. 

Understanding the electronic structure of these compounds is pertinent to their 

reactivity. As shown in Figure 50, the oxidation of CpRh(CO)(PPh3) gives a +1 

cation, [CpRh(CO)(PPh3)]+, which then dimerizes to give 

[(1l5,1l5-fulvalene)(Rh(CO)PPh3)2f+. The process is accompanied by loss of H2.128 

The crystal structure shows a cis configuration for the two Rh(PPh3)(CO) fragments, 

and a Rh-Rh bond length of 2.930 A. Oxidation of the related compound, 

CpRh(CO)(PR3) (where R = trim ethyl-phosphine (PMe3) or triphenylphosphite 

[P(OPh)3])' also gives a +1 cation, [CpRh(CO)(PR3)]+, but the mode of dimerization is 

different.l29 This cation does not couple through the Cp rings to give a fulvalene, 

but instead reacts to give [CpRh(CO)(PR3)]/+. This compound has an unsupported 

Rh-Rh bond (see Figure 50), which is shorter (2.814 A) than the Rh-Rh bond in the 

PPh3 compound. The Rh(CO)(PR3) fragments are oriented so that the Cp rings are 

not co-planer and phosphines are trans to one another. 
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The impetus for the reactivity of the cations is not clear. Evidence for steric 

control of the dimerization is unclear, since the reactivity of the P(OPh)3 compound is 

the same as for the PMe3 compound. The goal of this study was to determine if an 

electronic effect controlled the mode of dimer formation. Assuming that oxidation 

removes an electron from the HOMO of the compounds, the makeup of the HOMO 

should be a factor in the coupling process in [CpRh(CO)L]+. Previous Hel/Hell PES 

comparisonsll1 determined that the HOMO of CpRh(CO)2 has considerable ring 

character. Removal of an electron from the HOMO could result in some unpaired 

electron density on the Cpring, and help lead to dimerization of the Cp rings. 

For both of the title compounds, the photoelectron spectra presented here 

shows an electronic structure that is isolobal to CpRh(CO)2' This study also shows 

that the relative amount of ligand character is similar in the HOMO's of 

CpRh(CO)(PMe3) and CpRh(CO)(PPh3). However, there are definite differences in 

the electronic structure of PMe3 or PPh3 that may explain the observed reactivity. 

Results 

The PES of the title compounds are similar to the spectra of the 

(T1s-CsH4X)Rh(CO)2 compounds, reported in Chapter 6. There are four metal-based 

ionizations from the formally Rh(I) dB metal, and two Cp ring 1t based ionizations. 

Assignments are made primarily by comparison of the He l/He II spectra and also by 

comparison with CpRh(CO)2 spectrum.111 
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Photoelectron Spectrum of CpRh(CO)(PM~ 

Figure 51 shows the full spectrum of CpRh(CO)(PMe3) compared to that of 

CpRh(CO)2' The most obvious difference is seen in the valence region of 

CpRh(CO)(PMe3)' which is shifted to lower ionization energy by about 1 eV. This is 

the expected effect of replacing the good CO 1t acceptor with the weak 1t acceptor 

PMe3 ligand. A close up of the valence region for CpRh(PMe3)(CO) in He I and He II 

modes is shown in Figure 52. The spectra are modeled with asymmetric Gaussian 

bands, and the positions, widths and relative areas are given in Table XV. 

Comparison of the Hel and Hell data confirm that the assignments are analogous to 

those for CpRh(CO)2' As observed for other compounds in this dissertation, metal 

based ionizations grow in intensity in Hell spectra relative to the carbon based 

ionizations. The second ionization, labeled M2, is primarily metal based since it 

grows by 50% relative to M1 in the Hell spectrum. This indicates a large amount of 

carbor. (Cp ring) character in the HOMO (M1). The M3 and M4 ionizations also 

increase in intensity and therefore are metal based as well. The two ionizations that 

lose intensity (about 20%) are based in the Cp ring orbitals, and are labeled R1 and 

R2. Both have some metal character, since pure carbon based ionizations would 

decrease in area by 60%.15 

The profile of the valence region is also slightly different for the CpRh(CO)PR3 

compounds. The different band profile for CpRh(CO)(PMe3) is caused by the R2 

ionization being separated from the other ionizations. This is because substitution of 

PR3 causes different shifts for the R2 and Ml ionizations compared to the shifts for 
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Table XV 

R Position 

Me 6.68 

7.55 

8.34 

8.67 

9.08 

9.59 

Ph 6.45 

7.31 

8.15 

8.55 
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Fit Parameters for He I and He II Spectra of 
CpRh(CO)(PMe3) and CpRh(CO)(PPh3) Spectra 

Halfwidth Relative Area Orbital 
Labe Description High Lo HeI Hell HeI/He 1 

w II 

0.54 0.28 1.00 1.00 1.00 Ml dxz / Cp 

0046 0.28 0.94 1042 1.51 M2 dx2_~ 

0.41 0.33 1.01 1.33 1.32 M3 dxy 

0.41 0.33 1.10 0.90 0.82 Rl Cp 

0.41 0.33 0.98 1.03 1.05 M4 dz2 

0.69 0043 1.52 1.15 0.76 R2 Cp / dxz 

0.52 0.34 1.00 1.00 1.00 Ml dxz / Cp 

0.56 0.26 0.95 1.41 1048 M2 dx2_v2 

0.45 DAD 1.39 1.00 1.00 M3 dxy 

0045 DAD 1.09 lAO 1.22 Rl Cp 

the other ionizations. This will be addressed further in the Discussion. Finally, the 

location of the Rh-PR3 single bond ionization can be identified. The area of the R2 

ionization suggests that there is only one orbital represented in the ionization, and 

rules out the possibility that the Rh-P bond is degenerate with R2. Therefore, the 

most likely position for the Rh-P cr ionization is the shoulder at 10.78 eV, which is 

shown in the full spectrum (Figure 51). This is significantly stabilized compared to 

the cr(M-P) position in the spectrum of (CO)sMo(PMe3)' where it is located at 9.87 eV. 
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Further information about the makeup of the HOMO and SHOMO orbitals is 

seen in the vibrational fine structure of the corresponding ionization bands. 

Figure 53 shows a close up spectrum of just the M1 and M2 ionization bands. Note 

the asymmetry of the bands, which is caused by a vibrational progression on the 

high binding energy side. Both M1 and M2 bands are best modeled with two 

approximately symmetric Gaussians that are split by 0.25 ± 0.02 eV (2016 ± 160 

cm-I ). This is the same, within experimental error, as the vibrational progressions 

observed for CpRh(CO)2' which was measured at 0.28 ± 0.02 eV (2270 ± 160 em-I). 

The progressions are due to CO stretching vibrations, and illustrate the backbonding 

from the corresponding metal orbitals to the CO ligand. 

Photoelectron Spectrum of CpRhCCO)(PPhs,l 

The full spectrum of CpRh(CO)(PPh3) shows a very different band profile than 

observed in CpRh(CO)(PMe3)' which is caused by the addition of phenyl ring based 

ionizations in PPh3 (Figure 51). The valence region shows a broad and intense band 

at about 9.2 eV, which contains six unresolvable phenyl ring ionizations from PPh3. 

The band swamps out part of the valence region, but the first four ionization bands 

are still resolved and contain useful information. Closeup spectra in HeI and Hen 

modes are shown in Figure 54. The initial ionization band, at 6.45 eV, is assigned to 

the M1 ionization and the band at 7.31 is assigned to the M2 ionization. The M2 

ionization is slightly broadened compared to M2 in CpRh(CO)(PMe3)' The relative 

area for M2 increases by 48% (relative to M1) in the He II spectrum, which is 
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essentially identical to the change in relative area observed for the M2 ionization in 

CpRh(CO)(PMe3). This implies that the amount of ligand (mainly Cp ring) character 

in the Ml ionization is approximately the same for the two compounds. The band 

modeled at 8.15 eV is assigned to the M3 ionization because it doesn't decrease 

appreciably in the Hell spectrum compared to Ml. The fourth band, modeled at 8.55 

eV, is assigned to the Rl ionization, although this position is less certain because of 

the broad phenyl based ionization band nearby. The position of the rhodium

phosphorus bond [a(M-P)] is assumed to be contained in the shoulder at 10.5 eV (see 

Figure 51) although this cannot be confirmed. 

The close up spectrum of Ml and M2 ionization bands for CpRh(CO)PPh3 

shows only slight differences in the vibrational progressions on the two bands (see 

Figure 53). The Ml band is asymmetric and is modeled with two Gaussian bands 

with a 0.28 eV splitting. This is, within experimental error, the same as for the 

vibrational progression on the Ml band in the PMe3 compound. The M2 ionization 

is slightly broader than observed for CpRh(CO)(PMe3). When modeled with two 

Gaussians, the splitting is 0.21 ± 0.01 eV, which is (within experimental error) slightly 

smaller than the vibrational progression measured for M2 in CpRh(CO)PMe3. 

The closeup spectrum in Figure 53 also illustrates a shift of the bands to lower 

binding energy when PMe3 is replaced by PPh3. All resolved bands in 

CpRh(CO)PPh3 spectrum are shifted by 0.25 eV to lower binding energy, which 

implies that PPh3 is a better donor ligand compared to PMe3. 
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Discussion 

The PES of CpRh(CO)L compounds shows that the electronic structure of the 

phosphine substitution product is analogous to that of CpRh(CO)2 compounds. 

Figure 39 (Chapter 6) shows the interaction of the Cp ring with the [Rh(CO)2]+ 

fragment. The HOMO is formed by a filled/filled interaction between dxz and Cp 

ring el +. The Ml ionization (HOMO) corresponds to the antibonding combination 

and the R2 ionization corresponds to the bonding combination. The mixing of Cp 

ring character in the HOMO is significant, as illustrated in Figure 55. The d'?-r 

orbital (SHOMO) is involved in backbonding with the CO ligands, and corresponds 

to the M2 ionization. This orbital has the proper symmetry to form the metal-metal 

single bond in the [CpRh(CO)Lh +2 dimer. The orbitals that correspond to the M3 

(dxy) and M4 (dzZ) ionizations backbond to the CO's but are essentially r.onbonding 

to the Cpo The phosphine substituted products are isolobal to CpRh(CO}2' although 

the energies of the orbitals in CpRh(CO}PR3 compounds are significantly destabilized. 

HOMO SHOMO 

Figure 55 HOMO (1) and SHOMO (2) of CpRh(CO}L. 
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Trends in CO, PMe3 and PPh3 spectra 

The trends in the spectra clearly illustrate the electronic effect of PMe3 or PPh3 

substitution. Comparison of the ionization bands of CpRh(CO)2 and 

CpRh(CO)(PMe3) (Figure 56) shows that all of the valence ionizations are destabilized 

by at least 1 eV. The destabilization with phosphine substitution shows a large 

increase in electron density at the metal center, as well as at the Cp ring. The M2, 

M3, R1 and M4 bands are all destabilized by 1.13 eV ± 0.04 eV. To contrast, the Ml 

and R2 ionizations are destabilized by only 0.98 ± 0.02 eV. This smaller shift shows 

that the Ml and R2 ionizations are less sensitive to increased electron density at the 

metal center. This is reasonable, because Ml and R2 correspond to orbitals that are 

delocalized over the dxz' Cp ring and the CO. The trends also show that the 

magnitude of mixing between the Cp ring and dxz does not change. The splitting 

between the R2 and Ml bands is a measure of this mixing and for CpRh(CO)2 is 2.97 

± 0.02 eV. An identical splitting is seen in CpRh(CO)(PMe3)' This is an indication 

that the character (degree of filled/ filled interaction) is similar in the HOMO of 

CpRh(CO)2 and CpRh(CO)PMe3 compounds. This value of this splitting for the PPh3 

compound could not be measured. 

The trends in phosphine substitution for CpRh(CO)L are different from the 

trends observed for Mo(CO)sL compounds. The shift of the metal bands in 

Mo(CO)sL, when L is changed fnirn CO to PMe3' is 0.90 eV. This is significantly 

smaller than that observed in CpRh(CO)L, where the shift is 1.13 eV. The CpRh(CO) 

fragment is more sensitive to increased electron density at the metal center, compared 
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to the Mo(CO)s fragment, since only one CO is available to accept electron density 

from the metal. 

The effect of PPh3 substitution in CpRh(CO)L is also shown in Figure 56. 

There is a general destabilization of about 0.22 ± 0.03 eV for all resolved ionization 

bands in the PPh3 compound, compared to their position in CpRh(CO)(PMe3). This 

shows that PPh3 is a better overall donor than PMe3. More impIJrtantly, it shows 

that the metal in PPh3 is more electron rich and is a better Lewis base. The better 

donor ability of PPh3 compared to PMe3 is identical to the trend observed in the 

(CO)sMoL compounds, where L = PMe3 and PPh3PO In going from 

Mo(CO)S(PMe3) to Mo(CO)s(PPh3), the metal bands are destabilized by 0.23 eV, 

which is exactly the shift observed for CpRh(CO)L. The same trend in donor ability 

of phosphines were also observed for W(CO)s(PR3), where the shift from PMe3 to 

PPh3 is 0.26 eV.131 

The better donor ability of PPh3 compared to PMe3 can be seen in the PES of 

the free phosphine ligands. The phosphorus lone pair ionization in PMe3 occurs at 

8.59 eV and is significantly more stable than the lone pair ionization of PPh3, which 

occurs at 7.87 eV. The donor ability of P(OPh)3 can also be estimated from the 

ionization energy of the phosphorus lone pair. The PES of P(OPh)3 shows the lone 

pair ionization at 8.7 eV or higher ionization energy, which suggests that the donor 

ability of P(OPh3) is similar to that of PMe3. This further implies that the 

CpRh(CO)P(OPh):; compound would have a HOMO that is at similar energy as 

CpRh(CO)(PMe3)· 
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Relating Electronic Structure to Reactivity 

The CpRh(CO)PR3 (R = Me, Ph and P(OPh)3)compounds show interesting 

reactivity when they are oxidized (electrochemically or chemically) to +1 cations in 

CH2Cl2 solution. Each dimerizes to give a bi-metallic compound, but the 

dimerization product observed for the [CpRh(CO)(PMe3)]+ and [CpRh(CO)P(OPh)3]+ 

cations is different from that of [CpRh(CO)PPh3]+. The PPh3 cation is unique 

because a fulvalene product is formed. It is not clear that the control of dimer 

formation is due to steric effects. The cone angles for PMe3' PPh3 and P(OPh)3 are 

118°, 128° and 145° respectively,132 so it is possible that the PPh3 is large enough 

to influence the reaction. However, it is equally likely that an electronic effect is 

controlling the reactivity. 

The PES data suggest that observed reactivity is not due to a difference in the 

orbital character of the HOMO's. The changes in relative area for Ml in the Hell 

spectra are identical in CpRh(CO)PMe3 and CpRh(CO)PPh3, showing a similar 

amount of ligand character for both HOMO's. Therefore, loss of an electron from the 

two HOMO's should result in the radical being in a similar type of orbital in the 

[CpRh(CO)L]+ cation. However, there is one significant difference in the electronic 

structure of the two compounds. The valence orbitals of the CpRh(CO)PPh3 

compound are less stable than the CpRh(CO)(PMe3) compound by about 0.25 eV. 

Another way of stating this is that CpRh(CO)PPh3 is a better Lewis Base than 

CpRh(CO)(PMe3)' This by itself could account for the observed reactivity. Based on 

the donor ability of P(OPh)3 ligand, we predict the Lewis baSicity of the 
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CpRh(CO)P(OPh)3 compound will be similar to the PMe3 compound. Both the 

[CpRh(CO)PMe3]+ and [CpRh(CO)P(OPh)3]+ undergo dimerization, and have the 

more electron rich or Lewis basic metal centers. It is possible that the mechanism for 

dimer formation relies on the electron richness at the metal center. 

There are several plausible mechanisms that could be proposed based on this 

observation. The observed evolution of H2 gas in the experiment suggests that the 

mechanism of fulvalene formation involves C-H bond activation by the metal center. 

There are many examples of transition metal hydrides dimerizing, via a bimolecular 

reductive elimination, and releasing H2. The compound [(CSHS)2Mo]4 results from 

an intermolecular C-H activation, where a Cp ring C-H bond oxidatively adds to the 

opposite metal center to give 111 Cp and Rh-hydride bond. This is a stable compound 

that when heated, reductively eliminates H2 to give a fulvalene compound, 

(115,l1s-ClOHs)(CpMoH)2.133 An analogous reaction in the CpRh(CO)L system 

would require the [CpRh(CO)Lt complex to undergo an intermolecular oxidative 

addition of a C-H bond to give a formal Rh(IV), 19 electron complex. If the basicity 

is important, then the [CpRh(CO)PMe3]+ and [CpRh(CO)P(OPh)3]+ cations would not 

form fulvalenes, because their metal centers are not strong enough Lewis bases to 

abstract a hydrogen from the Cp ring. The only alternative pathway for dimerization 

is to couple through the metals. More kinetic experiments are needed to determine 

the actual mechanism of dimer formation. 
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Conclusions 

This study shows that the donor ability of PPh3 is superior to that of PMeJl 

which causes the metal center to be more electron rich in CpRh(CO)(PPh3). This is 

the primary difference in the electronic structure of the title compounds. The Cp ring 

character in the HOMO based ionizations is identical for CpRh(CO)PMe3 and 

CpRh(CO)(PPh3). The PES data suggest that the observed reactivity of the 

[CpRh(CO)Lt cations iollows the trends in Lewis basicity of the CpRh(CO)L 

compound. 
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Chapter 8 

General Summary and Future Directions 

Summary 

Several important results have come from this work. The PES of CpFe(CO)2H 

and CpFe(CO)2CH3 showed that the 1t donor ability of a methyl ligand to the 

CpFe(CO)2 fragment is minuscule. This contrasts with what is observed in 

methylated 11s-CsHn(Me)n_1 Cp rings, where the methyl acts as a weak 1t donor. 

Therefore, it is likely that CH3 acts as a a donor only in similar transition metal 

compounds. The PES of the methyl compound in question should be examined 

directly. 

Chapter 3 revealed that the 111 acetylide ligand, C=CR, is a two electron donor 

that forms a M-C single bond with the CpFe(CO)2 fragment. The acetylide 1t electron 

density is mixed extensively with the metal d1t electron density so that the p1t and d1t 

electrons are conjugated. In addition, the a donor ability of the ligand changes 

dramatically as R is substituted. This contrasts with substituted acetylenes, RC=CR, 

w here the effect of varying R substituents on donor/acceptor properties is subtle. 

Another important conclusion is that the isolobal analogy does not hold for 

select molecules. The work in Chapter 5 showed that the rhodium CpRh(PMe3)R2 

compounds, which have only a donor ligands, have a different electronic structure 

than CpMn(CO)3' The metal and ligand orbitals are mixed extensively so that the 
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HOMO and SHOMO's of the molecule are primarily ligand based orbitals. The 

generality of this type of electronic structure is unknown, although it is probable in 

platinum group compounds with only sigma donor ligands. The presence of a Cp 

ring appears to be an important requirement. Both of these hypotheses can be tested 

with additional PES studies of related compounds as discussed below. 

One of the goals of this dissertation was to determine the difference in 

bonding between Fe(I) d6 compounds versus Rh(III) d6 compounds. There is a 

definite difference in the two compounds studied, CpFe(CO)2R and CpRh(PMe3)R2. 

In Cp*Rh(PMe3)(Cl)(R) compounds, the splitting patterns and trends in the metal 

bands are analogous to those seen in CpFe(CO)2R compounds. The lack of carbonyl 

ligands causes the Cp*Rh(PMe3)(Cl)(R) compounds to be fairly electron rich. The 

bonding interactions change drastically when the chlorines are replaced with ligands 

that are only cr donors, such as methyl or hydride. In Cp*Rh(PMe3)Rz, where only cr 

donor ligands remain in the coordination sphere, the electron density is redistributed 

in such a way that has not been previously observed in three legged piano stool 

compounds. 

One theme in this dissertation is the presence in many compounds of 

filled/ filled type interactions. These are also described by Hoffman as four-electron

two-orbital interactions. This type of interaction has no net bonding effect, but can 

cause the bonds to lengthen. However, the filled/filled interactions change the 

distribution of electron density in the molecule in ways that effect the stability and 

reactivity of the molecule. This is most obvious in the filled/ filled interaction 
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between the d1t orbitals and the acetylide p1t orbitals in the CpFe(CO)2C=CR 

compounds. The HOMO of the compound becomes partially localized on the (3 

carbon so that the electrophile attacks there. The filled/filled interaction is another 

way of describing 1t electron conjugation. In CpFe(CO)2(C=C)2H, the d1t electron 

density is mixed, or conjugated along a C=C-C=CH chain. A filled/filled interaction 

is observed between a phenyl1t and d1t orbitals in Cp*Rh(PMe3)(Cl}(Ph). The main 

effect is that the phenyl electron density is conjugated with the metal. The effect on 

bonding interactions is not clear, although it may explain why Cp*Rh(PMe3)(Ph)(H) 

compound eliminates benzene via an n2-benzene intermediate. A filled/filled 

interaction in Cp*Rh(PMe3)R2 likely affects the stability of the compound. Filled 

metal orbitals and filled Cp e set orbitals interact so that the HOMO and SHOMO are 

destabilized and makes them more ligand in character. This interaction allows the 

very electron rich metal center to delocalize electron density and stabilize the total 

energy of the complex. 

Another recur~ing theme for this dissertation is that the electronic structure of 

a compound can be related to the reactivity of the compound. This was illustrated in 

the acetylide compounds by determining that the HOMO was partially based on the 

acetylide (3 carbon. This explained the behavior of electrophiles toward these 

compounds. This theme was more directly illustrated in Chapter 6, where the 

electron density at the metal center was related to the reactivity of the 

(ns-CSH4X)Rh(CO)2 compounds. This is the first example, to my knowledge, of 

reaction rates being correlated to ionization potentials. The electronic structure of 



Summary and Future Directions 204 

these two-legged piano stool compounds also appears to be related to the reactivity 

of the oxidation products, [CpRh(CO)L]+. 

Future Directions 

There are several potential projects that would reinforce the findings of this 

dissertation. One of the first steps would be to obtain PES of other transition metal 

acetylides. It is uncertain how acetylide ligands will bond to other transition metal 

fragments besides CpFe(CO)2' although they should remain very good 1t donors. The 

Fp fragment can be varied by replacing phosphines for the carbonyls and then 

observing the effect of raising the energy levels of the organometallic fragment. 

There are many known examples of CpFe(PR3)2C:=CR, CpRu(PR3)C:=CR and 

(PMe3)4Rh(C=CR) compounds. This study showed that varying the acetylide R 

group changes its donor properties extensively. Other substituents, such as COOH, 

CH3 and CF3, could be used to further probe the interactions of C:=CR ligands. The 

R group appears to be able to tune the electronic characteristics of the acetylide 

ligand. This type of substituent variation is ideal for PES, where a series of 

compounds are always studied. Another interesting perturbation of the system 

would be to make ll-bridging acetylides of the type MLn-C=C-MLn. Only one 

example of this type of compound has appeared in the literature,56 

Cp*2Sc-O::;C-ScCp*2' but new synthetic routes should not be too difficult work out. 

The same types of experiments with the butadiyne compounds could be 

performed. Variation of the R group has been tried with one compound, 
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CpFe(CO)2C=C-C=CSiMe3' The PES of this compound could not be obtained, since 

when the compound sublimed it immediately destroyed the resolution and sensitivity 

of the instrument. A synthetic project would be to make new substituted butadiyne 

compounds, Fp(C=C)2R, where R = CF3, Me, tBu and Ph, and obtain their PES. The 
" 

interactions of butadiyne ligands with other organometallic fragments would also be 

interesting, since the phosphine substituted products, (PR3)2Pt(C=C-C=CR)2 are 

known to possess non-linear optical activity. A PPh3 substituted compound, 

CpFe(CO)(PPh3)(C=CC=CH), was attempted but lost PPh3 as it sublimed. This 

problem could be overcome by synthesizing the analogous trimethylphosphine 

compounds, which are usually more resistant to phosphine dissociation. The 

bridging butadiyne dimer Fp(1l2-C=C-C=C)Fp was also attempted, but it does not 

sublime in our instrument or at 10-8 torr in the vapor deposition cell attached to the 

ESCA VG instrument. Solid state XPS experiments of the compound manually 

crushed into gold foil did not give a resolved valence spectrum, but preliminary XPS 

data were obtained. 

An interesting gas phase/surface project would be to obtain transition metal 

non-linear optical materials. The monomers, such as trans-Rh(PR3)2(C=C-C=CR}2 

could be run in the gas phase PES and the polynleric material 

{-C=C-C=C-Rh(~)-C=C-C=C-Rh(~)} could be run as a film. 

Another interesting series of acetylide containing compounds are 

quadruple bonded compounds in which the acetylides appear to conjugate through 
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the metal center. The UV-VIS of these compounds shows a distinct dependance of 0 

to 0* transition on the substituent, R. This is not observed in the M02(PMe3)4X4 

compounds, when X is CI, Br, I and Me. The PES would give a definitive energy of 

the metal-metal 0, 1t and 0 bond ionizations and give an indication of the extent of 

acetylide 1t overlap with the metal-metal 0 or 1t bonds. Since the gas phase PE 

spectra of the precursor M02(PMe3)4X4 compounds have been run by Dr. G. Hinch, 

the basic electronic structure of the compounds is known. PES in both the gas phase 

and on surface films should prove very interesting. 

The PES of Cp*Rh(PMe3)Me2 established a new type of electronic structure in 

rhodium compounds with 0 donor ligands only. The electronic structure of 

Cp*Ir(PMe3)(R)(H) compounds (where R = H, CH3, Ph, cyclohexyl) will be an 

important extension of this work. The Cp*Rh(PMe3)(Ph)(H) was synthesized and the 

PES attempted several times, however, before it sublimed, the compound reductively 

eliminated benzene. The iridium compounds are more likely to sublime than the 

rhodium analogs. The phenyl hydride compound, Cp*Ir(PME3)(Ph)(H), is reported to 

be stable to benzene elimination up to 180°C in solution, and the cyclohexyl hydride 

compound is stable to 80°C. The methyl hydride compound is also isolable and 

stable up to 60°C and may sublime as well. This project would involve synthesis of 

the compounds from IrCl3o xH20 (25 grams of which I have already borrowed from 

Johnson Matthey) following literature preps. The iridium compounds are more stable 

than the rhodium analogs to chromatography supports, so they should be easier to 

purify. The Cp*Ir(PMe3)(H)(alkyl) compounds are a challenging synthesis as 
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presented in the literature, where small scale photochemical preps are given. 

However, the methods outlined in the Experimental section could be adapted for 200 

mg scale preps. 

The role of the Cp in the unique bonding of Cp*Rh(PMe3)R2 can be studied by 

the PES of related compounds, Ru(PMe3)4(R)2' Ru(DMPE)2(R)2' Ru(DMPM)(R)2' 

where R = H, Me, Ph, or CH2Ph (benzyl). These are a series of recently reported and 

well characterized compounds. The stability of the alkyl hydride analogs, 

Ru(P)4(R)(H), decreases down the series, as measured by the reductive elimination of 

the dibenzyl compound. The corresponding Ru(P4)(R)(H) compounds show similar 

trends, since the alkyl hydrides are only stable in the Ru(PMe3)4(R)(H) compounds. 

This study would show the importance of the Cp* ring is stabilizing the electron rich 

metal center. It also ties in beautifully to the chelating versus non-chelating 

phosphines study by Dr. M. Jatcko. The electronic properties of methyl phosphines 

are often assumed to be identical, however, the study showed differences in the 

bonding of chelating versus non-chelating phosphines in Mo(P-P)2(CO)2 compounds. 

The Ru(P4)R2 system is ideal because it is a series of well characterized compounds, 

in which the electronic structure appears to control the stabilization of C-H activation 

products. 
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