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Table 1. List of Abbreviations. 

Abbreviation Definition 

NHC iV-heterocyclic carbene 

IMes l,3-dimesityl-imidazol-2-ylidene 

H2lMes l,3-diniesityl-imidazolidine-2-ylidene 

Pr'jMejIm l,3-diisopropyl-4,5-dimethylimidazol-2-ylidene 

P'Prj triisopropylphosphine 

PCy3 tricyclohexylphosphine 

PPh3 triphenylphosphine 

PMej trimethylphosphine 

NMCj trimethylamine 

Cp cyclopentadienyl 

Cp*(C5Me5) pentamethylcyclopentadienyl 

Cp' methylcyclopentadienyl 

PCP Pincer phosphine-carbon-phosphine 

ADF Amsterdam Density Functional Theory 

SIR Sterically Induced Reduction 
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Table II. Structures of A^-heterocyclic carbenes. 

NHC Structure of NHC 

IMes 
/ — \  ' > — \  

HjIMes 
/ <* / \ 

Pr'jMcjIm J \ 
• • 

'BujHjImid 

^ ̂Bu 
• • 

Note: There is really no standard convention for the short-hand naming of the free carbene 
complexes. The abbreviations given for the first three NHC molecules originated in Dr. 
Grubbs' research group. IMes and HjIMes differ only by the saturation in the imidazol 
ring between carbons 4 and 5. 
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The bonding interactions of phosphines and carbenes with a transition metal 

center have been explored with gas-phase photoelectron spectroscopy and computational 

methods. The interactions governing the electronic differences between these two 

species are probed in order to comment on differences in reactivity that are seen in 

transition-metal catalytic species. The principles governing the nature of a and Ti: 

bonding for phosphines and carbenes have been explored and quantified. 

The electronic bonding factors of the ligand L in the (L)2(CL)2Ru=CHPh have 

been probed in order to explain the catalytic reactivity differences in Grubb's first 

generation bisphosphine species where L = tricyclohexylphosphine (PCyj) to the second 

generation ruthenium catalyst where an A^-heteocyclic carbene (NHC) 1,3-dimesityl-

imidazolidine-2-ylidene (H2lMes) replaces one of the phosphines in the catalyst. To 

directly compare the bonding modes of PCyj and NHCs, the (CO)5MoL system is 

utilized in order to take advantage of its high symmetry. Results indicate that the NHC 

ligands are stronger o donors than phosphines, and essentially have no 7i-acceptor ability. 

These electronic differences have key implications to the differences these catalyst 

exhibit in terms of initiation and propagation. 

Next, the bonding in the Cp*Ru(Cl)L molecules, where L = PCy3, P'Prj, 

H2lMes, IMes and Pr'2Me2lm, is explored by photoelectron spectroscopic investigations 

and supporting electronic structure calculations. The Cp*Ru(Cl)L system is a 



coordinatively unsaturated 16 electron system which can electronically and sterically 

bind small molecules. This system has been found to have electronic structure 

interactions similar to half-sandwich complexes. In addition, the ionization energies 

measured from the photoelectron spectra of Cp*Ru(Cl)L molecules correlate well to 

solution calorimetry measurements of bond energies by Nolan and co-workers. 

Finally, the nature of a rare "internal" transition metal iridium carbene is 

probed via gas-phase photoelectron spectroscopy and density functional calculations. 

Ionizations measured for the [IrClCBujPCHjCHjCCHjCHjP'Buj)] complex with the 

support of theoretical calculations serve to establish the valency of the iridium metal 

center. This internal pincer has been found to have a "covalent carbene-metal" 

interaction. 
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CHAPTER 1 

INTRODUCTION 

Understanding chemical reactivity is essential to the engineering of new 

transition metal catalysts for important industrial reactions such as olefin metathesis and 

dehydrogenation. The tunability of organometallic systems has been utilized by chemists 

to achieve a wide array of chemical reactivity towards a multitude of chemical reactions. 

Even small changes in the ligand framework of current transition metal catalysts can lead 

to dramatic changes in functional group tolerance and reactivity. A fundamental 

investigation of transition-metal-ligand bonding interactions is key to understanding 

catalyst reactivity. 

At the heart of this investigation is the study of transition metal -phosphine 

and -carbene interactions. Specifically, this research focuses on the electronic structure 

and bonding effects between carbenes and phosphines with the transition metals 

molybdenum, ruthenium and iridium as investigated by gas-phase photoelectron 

spectroscopy and theoretical modeling. Although the bonding interactions of phosphines 

with transition metals have been explored through experimental techniques such as IR, 

NMR, X-ray diffraction and solution pK^ measurements, no one technique to date has 

been able to separate and quantify both the a-donor and Tt-acceptor nature of these 

ubiquitous ligands. In addition, carbene-transition metal systems have garnered much 

interest with the incorporation of A^-heterocyclic carbenes into transition-metal catalyst 

systems. While similar in bonding modes (both are 2e" neutral donor ligands) these two 



ligand systems have distinct reactivities when incorporated into catalyst species. This 

research compares phosphine-metal interactions to the carbene counterparts. A brief 

description of free carbenes, //-heterocyclic carbenes and transition-metal carbene 

catalysts will be given. 

I 

Free carbenes (I), which are formally defined as carbon in a divalent 

oxidation state, were first reported in 1954 by Doering and co-workers.'"^ There is a 

relationship between the multiplicity of the free carbenes and the geometry of the R-C-R 

bond. In an extreme case, a linear bond implies -sp hybridization with two orbitals (p^ 

and Py) that are degenerate and non-bonding in nature. Bending the molecule breaks the 

degeneracy of the p^ and Py orbitals and creates an orbital that has more s character (o), 

which is stabilized, and a p^ orbital similar in energy to p^ and Py. Figure 1.1 shows the 

relationship between the carbene bond angle and the nature of the frontier orbitals. Free 

carbenes primarily exist in two common multiplicities, a singlet state where the free 

electrons are paired in a sigma-type orbital (a^) and a triplet state where the electrons are 

unpaired in different orbitals (o'p^'). Figure 1.2 diagrams the different multiplicity states 

for free carbenes. As can be seen in this figure, singlet carbenes have both electrons 

paired in the a orbital, leaving the p^ orbital formally unfilled. This becomes important 
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when considering the stability of A^-heterocyclic carbenes. In addition, the electron pair 

in the a orbital has the possibility for strong interactions with transition-metal centers. 

This research focuses primarily on singlet- state carbenes, although references are given 

here for information on triplet states. 

The forefront of singlet-state N-heterocylic carbene (NHC) research was led 

by Wanzlick and co-workers,^ who recognized that an electron rich imidazole nucleus 

would be capable of stabilizing a carbene center. While it was known that carbenes were 

reaction intermediates, none had been isolated to this point. Thirty years later, 

Arduengo® isolated the first stable crystalline carbene (II) in the form of an imidazol-2-

R 

R 
II 

ylidene with 1-adamantyl substituents on the nitrogen atoms. This first isolated NHC 

was remarkably stable both in solution and in the solid state. Further research led to the 

synthesis of a variety of substituted imidazol-2-ylidenes, with both bulky and small 

substituents on the nitrogen ligands. To date their have been many derivatives made of 

NHCs, and some are even commercially available from Strem Chemicals. 
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The ambiphihc nature of singlet state carbenes contributes greatly to the 

stability achieved by A^-heterocyclic carbenes. The formal occupation of the electron pair 

in the sigma orbital leaves the p„ orbital empty. This empty p^ orbital is then free to 

accept electron density from the nitrogen p orbitals in the imidazol ring. The dual nature 

III 

of //-heterocyclic carbenes is shown in diagram (III). This diagram also serves to 

illustrate how NHCs are stabilized through donation of electron density into the formally 

empty p„ orbital of the carbene carbon. 

Figure 1.3 illustrates the possible interactions NHCs can have with transition 

metals. One interaction is the donation of electron density from the filled o orbital on the 

carbene carbon to the metal orbital or other d orbital with appropriate symmetry. This 

is the formation of the M-L o bond. The other interaction is the back-donation from a 

filled metal orbital (d^^, or orbital with appropriate symmetry) into the carbene p„ orbital. 

This leads to the question whether or not NHC ligands can behave as n acceptors. 

Because NHCs are stabilized by the donation of electron density from filled p orbitals on 



the nitrogen heteroatoms, electrostatic effects might prohibit the donation of electron 

density from the metal to the carbene p„ orbital. Experimental measures are needed in 

order to fully probe the possible Tc-acceptor nature of NHCs. 

The frontier electronic structure of free NHCs is represented by three filled 

orbitals (assuming unsaturation between the p carbons). In addition to the filled o 

orbital, free A^-heterocyclic carbenes have, by a simple Hiickel approach, three occupied 

TX type orbitals. The zero node and two one-node orbital combinations are pictured in 

nl Til TtS 

IV 

diagram IV. The completely bonding mode with no nodes is designated Ttl, and will be 

much more stabilized in energy than the two "one-node" orbitals. In the 712 labeled 

orbital, the node laterally bisects the ring between the two nitrogen atoms and the P-

carbons. The 713 orbital has the node vertically bisecting the ring between the carbon-

carbon bond and the carbene carbon. The ionization energy corresponding to the 7i:3 

orbital should be at a higher energy because of the larger amount of nitrogen character. 

Previous gas-phase photoelectron experiments on free A^-heterocyclic carbenes also show 

three ionizations corresponding to the carbene o lone pair, 7r2 and 7i3 ionizations.'"'" 

Work in Chapters 3 and 4, in collaboration with Dr. Robert Grubbs from the 

California Institute of Technology, explores the electronic structure of both free NHCs 

and metallated NHC molecules as investigated by gas-phase photoelectron spectroscopy 
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V VI 

and theoretical modeling. Dr. Grubbs' contribution to the field of olefin metathesis 

chemistry is well known, and this collaboration serves to explore the reactivity 

differences between his first generation ruthenium catalyst (Cl)2(PCy3)2Ru=CPhH (V) 

(X),Ru=/ 

(X),Ru=/ 

(X),Ru-/~R 

(X)2RU—^ 

Scheme 1.1 

and the second generation ruthenium catalyst (Cl)2(PCy3)(H2lMes)Ru=CPhH (VI). 

These two catalysts exhibit different initiation rates (dissociation of phosphine to give the 
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14 electron reactive intermediate A in Scheme 1.1) as well as propagation rates (the rate 

at which the intermediate goes through the catalytic cycle). Work in Dr. Grubbs' group 

has found that catalyst V initiates faster than catalyst VI, however catalyst VI propagates 

through the cycle faster than catalyst The main difference in these two catalytic 

systems is the ancillary ligand L, which is either phosphine or carbene. These two 

ligands exhibit enough of a difference electronically to affect the reactivities of the 

catalysts in the metathesis cycle. In order to isolate the electronic interactions and 

bonding effects of phosphine and carbenes with transition metals, the well characterized 

molybdenum pentacarbonyl fragment is used as a probe of the electronic interactions. 

The [(CO)5MO] fragment also allows for comparison to experimental results from IR and 

Raman spectroscopies,^^'^^ and X-ray diffraction^®""^^ data. 

The coordinatively unsaturated ruthenium molecule Cp*Ru(Cl)L, where L = 

PRj or NHC is the focus of Chapter 4. This system allows for study of the effect of 

binding small molecules such as carbonyl to a coordinatively unsaturated 16 electron 

system (Scheme 1.2). This is the first direct experimental measure of the effect of ligand 

Scheme 1.2 

coordination on the electron density of the metal center. In addition, the a-donor and u-
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acceptor ability of phosphines and NHCs can be examined with this system. This 

template also allows for the comparison of gas-phase photoelectron measurements 

relative to bond energies determined by solution calorimetry studies by Nolan et. 

The ability of carbenes to act as neutral 2e" (Fischer carbenes) or dianonic 4e" 

(alkylidenes) donors is addressed in Chapter 5 with respect to a rare "internal" carbene 

complex (VII). This molecules is a unique case in which the metal-carbene interaction is 

P'Bu 

C 

VII 

contained inside the "cage" structure formed by the phosphine-C5-phosphine chelating 

ligand. Work is this chapter is in collaboration with Dr. William Kaska from the 

University of California, Santa Barbara. The iridium pincer carbene 

[IrClCBu2PCH2CH2CCH2CH2P'Bu2)] is studied by gas-phase photoelectron spectroscopy 

and density functional calculations in order to ascertain the valency of the iridium center, 

which is determined by the formal oxidation state of the carbene carbon. The valence 

state of the metal center determines whether the molecule is a Fischer-type carbene, or a 

Schrock-type alkylidene. Fischer carbenes are carbenes such as A''-heterocyclic carbenes 

which are stabilized by the donation of electron density from heteroatoms (N, S, O) into 

the empty p„ orbital of the carbene carbon. Typical Schrock carbenes, or alkylidenes. 
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have alkyl or aryl type substituents, and thus are 4e" Ti-type donors. However, not all 

carbene molecules are so easily classified as either Fischer or Schrock-type carbenes. 

Iridium systems such as the one mentioned previously have come to the 

forefront in the search for low temperature catalysts for dehydrogenation reactions. 

Previous catalysts required temperatures in the range of 400 degrees Celsius in order to 

give product turnover. As shown in Scheme 1.3, the iridium catalyst 

~70°C 
> 

Iridium 
Catalyst 

Scheme 1.3 

[IrHCl(CgH3(CH2PBu 2)2-2,6)] requires experimental conditions at ~70°C to carry out the 

conversion of alkanes to alkenes.'*^"^^ 

The key to understanding chemical reactivity lies in the placement and 

movement of electrons. In order to comment on the chemical reactivity differences of the 

ruthenium T' generation and 2"'' generation Grubbs' catalysts, a core understanding of 

ligand-metal bond interactions (specifically phosphine-metal and carbene-metal) must be 

developed. The electronic properties of the phosphine or NHC ligand determine the 

electron richness of the ruthenium metal core. This translates into different reactivities 

for the two catalyst species. For example, the more electron rich the metal center, the 

more the reactive intermediate will want to preferentially bind olefin in the catalytic 

cycle. An electron rich metal center in the iridium internal pincer compound 

[IrClCBu2PCH2CH2CCH2CH2P'Bu2)] implies a low-valent Fischer-type complex, which 
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would be expected to have specific reaction chemistry, whereas an electron poor iridium 

center implies a covalent type of bonding interaction. 

Work in this thesis relates catalyst reactivity in different molecules to 

electronic bonding factors in order to understand the chemical reactivity at a fundamental 

level. Small variances in electronic abilities of phosphines and NHC ligands have 

significant implications to the overall reactivity of the metal complex. Insights 

discovered by electronic structure studies can potentially allow for the 

engineering/design of newer, more reactive and functionally tolerant catalysts. 



Figure 1.1. Relationship between carbene bond angle and 
the nature of the frontier orbitals. 
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Figure 1.2. Multiplicity states for free carbenes. 



Figure 1.3. The two orbital interactions NHCs 
can have with transition metals. Top: a 
donation of electron density from carbene 
carbon to transition metal d^^ orbitals. Bottom: 
TT-acceptor interaction in which metal d^^ orbital 
donates electron density to carbene p„ orbital. 
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CHAPTER 2 

EXPERIMENTAL 

The procedures followed in this research for the collection of the gas-phase 

photoelectron spectra of organometallic molecules were developed by John Hubbard/ 

Glen Kellog,^ Mark Jatcko,^ Sharon Renshaw,"* and Nadine Gruhn.^ Additional 

procedures have been outlined by Julia Metzker® and Jason English.^ Information 

regarding the specifics of data collection are presented in the chapters detailing the 

particular compound studied. This chapter organizes all the data collected for the 

compounds under study into table format, in addition to providing references for 

synthetic and experimental details. 

Preparation of compounds 

The compounds studied in this research have been the contribution of outside 

collaborators: Dr. Robert Grubbs's research group at the California Institute of 

Technology, Dr. William Kaska's research group at the University of California, Santa 

Barbara, and Dr. William Evan's research group at the University of California, Irvine. 

Table 2.1 organizes all compounds studied (including some not presented in this work) in 

terms of name, experimental details, filenames, research notebook volume and page 

numbers (volume 1 = a; volume 2 = b) for quick referencing. The molecules are listed in 

the order in which they are presented in this dissertation. The sources of molecules 

studied in this work are listed in Table 2.2. 
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Photoelectron spectroscopy 

The gas-phase photoelectron spectra reported in this work were recorded 

using an instrument that features a 36 cm radius, 8 cm gap analyzer^ with custom-

designed sample cells,^ detection system and control devices.^ The photon source is a 

quartz lamp with the ability to produce He la (21.2 eV) or He Ila (40.8 eV) photons, 

depending on instrument operating conditions. 

Calibration. Instrument calibration was achieved for He I mode by 

referencing the '^'9^2 ionization of argon (15.759 eV) and the ^Ei/2 ionization (9.538 eV) of 

methyl iodide. The argon ^P3/2 ionization was also used as an internal calibrant during 

data collection between each scan. The resolution of the data collected was determined 

by measuring the width at half max for the argon '^Vy2 ionization. Resolution of data 

presented here range from 0.015-0.040 eV. 

Sample Handling. The collection of photoelectron data was not dependent on 

the phase of the sample, i.e. gas, liquid or solid. The only requirement for the sample was 

that it be volatile. Sublimation of solid samples was achieved under vacuum by heating 

the sample cell via a cartridge heater attached directly to the cell. Depending on 

sublimation temperature, solid samples were run using either a custom designed 

aluminum cell (sublimation range 0-220°C) or stainless-steel cell (sublimation range 0-

500°C). Temperatures were measured by a K-type thermocouple attached directly to the 

cell through a vacuum feedthrough 

Liquid Samples. Liquid samples such as the Mel calibrant were run from a 

Young's tube™ attached to the instrument via a t-connection Swage-Lock™ valve. To 
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ensure vacuum conditions, the Young's tube was connected to the stainless-steel Swage-

Lock™ using Teflon ferrules and a ring of ApezionQ® sealing compound. A needle 

valve connecting the sample chamber to the Swage-Lock™ valve was used to control the 

sample pressure in order to maintain a running pressure lower than 5 x 10"^ Torr 

Solid Samples. Because all compounds studied in this work had sublimation 

temperatures less than 220°C, the aluminum cell was used to run all solid samples. 

Before each data collection, the aluminum cell was taken apart and thoroughly cleaned 

and sonicated with isopropanol and dichloromethane. After cleaning the cell, a graphite 

based coating (DAG 154®, Acheson) was used to coat the cell. The cell was then baked 

in the instrument up to 200°C for at least 2 hours. Loading of the sample took place upon 

cooling of the cell to room temperature. Samples which were air-sensitive were loaded 

into the thoroughly cleaned sample cell in a glove-box. Ziploc® bags (double layered) 

were used to transport the sample cell from the drybox to the instrument, where the 

sample cell was loaded under a positive pressure of nitrogen. Samples such as 

Pr'jMejIm which sublimed at low temperatures were loaded into an aluminum cell that 

had been cooled to ~0°C. The sample could then be heated to its sublimation 

temperature using an external variac connected to the heataer. Table 2.1 gives the 

sublimation temperatures for the molecules studied in this dissertation. 

Data Analysis. Data analysis is done by using the windows-based computer 

program WinFp version 0.011 (written by D.L.L) and the DOS-based computer program 

FP (written by L.S). All ionization bands are fit with Gaussian peaks in order to 

analytically represent the data collected. The peaks are defined by the Gaussian's 
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position, amplitude (intensity) as well as width high and low measured at half maximum. 

Ionization energies corresponding to specific orbitals are defined by the vertical 

ionization. In some cases, resolution was high enough to resolve structure from 

vibrational stretching frequencies and ring-breathing modes of compounds. To fit these 

ionization bands, the ionization half widths of the Gaussians representing the 

vibrational/ring breathing structure was constrained to the parent peak.^" 

Computational Methods 

Computational experiments were performed using the Gassian98, ADF,""'^ 

and Fenske-Hall'"^ computational packages. The details specific to individual compounds 

studied can be found in the chapters in which the compounds appear. Crystal structure 

geometries of the molecules were used as the starting point to optimize the structures to 

full symmetry. The Molekel® molecular visualization program was used to plot the 

individual molecular orbital output from the theoretical calculations. 



Table 2.1. Experimental details of the photoelectron spectroscopic studies for the molecules studied in this work 

Molecule Temp (°C) Photon 
Source 

Working Resolution 
(meV) 

File Names Energy Region 
(eV) 

Note Book 

Pg# 

PCy3 
tricyclohexylphosphine 

62-69 

He I 

Hell 

18-23 

25-31 

tgb24.f*; .c* 

tgb24.y*; .z* 

5-15; 5-11 

5-20; 5-11 

52-53a 

NMe, 
trimethylamine 

R.T. He I 19-21 tgb44.f*; .c* 5-15; 7-10 
15b 

HjIMes 98-105 

He I 

Hell 

23-34 

18-23 

tgb22.f*; .0* 

tgb22y*; .z* 

5-15; 6-11 

5-20; 6-11 

48-50a 

IMes 102-120 He I 33-42 tgbb25.f*; .c* 5-15; 6.5-11 
82-83a 

Pr'jMejIm 15-23 

He I 

He II 

20-24 

33-41 

tgbbll.l*; .m* 

.n*; .o* 

tgbbll.x*;.y* 

5-15; 6-11 

8.5-10; 9.5-11 

5-20; 6-11 

7-8b 
10b 

(CO)5Mo(PCy3) 118-133 

He I 

Hell 

21-27 

35-41 

tgbbl7.c*; .a* 

.f* 

tgbbl7.x*; .y* 

5-15; 5-11 

6.5-9.0 

5-20; 5-11 

77-78a 
9b 

4:̂  



Molecule Temp (°C) Photon 
Source 

Working Resolution 
(meV) 

File Names 
Energy Region 

(eV) 

Notebook 

Pg# 

He I 22-25 tgb34.f*; .c* 5-15; 6.5-12 

(CO)5Mo(NMe3) 15-22 .a* 6.6-9.0 79-81a 

Hell 22-31 tgb34.x*; .y* 5-20; 6.5-12 

He I 21-24 tgbblO.f*; .c*; 5-15; 5.9-11 

(CO)5Mo(Pr'2Me2lm) 111-120 .a*; .b* 6.2-8.15; 8.0-9.2 l-3b 

Hell 19-23 tgbblOx*; y* 5-20; 5.9-11 

He I 17-23 tgb41.f*; .c* 

(CO)5Cr(PPh3) 102-118 

Hell 16-18 

.a* 

tgb41.x*; .y* 

5-15 12-13b 

(CO)5Cr(Py) 42-60 He I 21-24 tgb42.f* 5-15 14b 

He I 22-31 tgb40.f*; .c* 5-15; 6.01-10.8 

(CO)5Cr(Pr'2Me2lm) 26-33 

Hell 

.a*; .b*; .d* 

tgb40.x*; .y* 

6-8; 8-9.2; 9-10.7 

5-20; 6.01-10.8 

4-6b 

He I 16-22 tgb28.f*; .c* 5-15; 5.6-10.5 

Cp*Ru(Cl)(PCy3) 133-158 .b* 5.3-7.8 64-68a 

Hell tgb28.x*; .y* 5-20; 6-10.5 



Molecule Temp (°C) Photon 
Source 

Working Resolution 
(meV) 

File Names 
Energy Region 

(eV) 

Notebook 

Pg# 

He I 19-20 tgb33.f*; .c* 5-15; 4.9-10.5 

Cp*Ru(Cl)(FPr3) 164-192 
76a 

86-89a 

Hell 28-37 tgb33.x*; .y* 5-20; 4.9-10.5 

He I 20-22 tgb27.f*; .0* 5-15; 5.1-10 

Cp*Ru(Cl)(H2lMes) 123-176 61-63a 

He II 19-21 tgb27.x*; .y* 5-20; 5.1-10 

Cp*Ru(Cl)(IMes) 168-176 He I 28-30 tgb29.f*; .c* 

.a* 

5-15; 5.2-11 

5-7.5 

69-70a 

He I 21-26 tgb32.f*; .c* 5-15; 4.9-10.5 

Cp*Ru(Cl)(Pi^2Me2lm) 115-140 .a* 5.2-7.2 73-75a 

Hell 21-25 tgb32.x*; .y* 5-20; 4.9-10.5 

He I 19-25 tgb35.f*; c* 5-15; 6.1-10.75 

Cp*Ru(Cl)(C0)(FPr3) 132-145 84-85a 

He II 28-44 tgb35.x*; .y* 5-20; 6.1-10.75 

He I 21-27 tgb03.f*; .c* 5-15; 6.5-10.5 
2-6a 

[IrCl(Bu'2PCH2CH2CCH2-CH2PBu'2)] 112-122 15a 

Hell tgb03.x*, .y* 5-20; 6.5-10.5 
59a 

ON 



Molecule Temp (°C) Photon 
Source 

Working Resolution 
(meV) 

File Names 
Energy Region 

(eV) 

Notebook 

Pg# 

He I 31-35 tgblS.f*; .c* 5-15; 6.5-10.5 

[IrHCl { C6H3(CH2PBu'2)2-2,6 } ] 150-163 
38-39a 
59-60a 

Hell 21-27 tgbl8.x*; .y* 5-20; 6.5-10.5 

BU'2PCH2CH2CCH2-CH2PBU'2 78-111 He I 25-30 tgb31.f*; .c* 5-15; 6.8-10.5 71-72a 

He I 25-30 tgb08.f*; .c* 5-15; 5.5-8.5 

Cp*3La 188-197 
13-14a 
29-30a 

He II 24-32 tgbl5.y*; .z* 5-20; 5.5-8.5 

Compounds not discussed in dissertation 

Mn(CO)3CpCO(CH2)i5Br 89-96 He I 19-22 tgb04.f* 5-15 7a 

Br(CH2)i5COOH 98-113 He I 21-31 tgb05.f* 5-15 8a 

Mn(CO)3CpCO(CH2)i5Br(diff 
sample) 

87-114 He I 22-28 tgb06.f* 5-15 9a 

CpjOs R.T. He I tgbOl.f*; .c* 5-15; 

Cp3Mn(CO)3 R. T. He I 
tgb02.f*; .c*; 

.a* 
5-15 

PhjTr-OMe 34.4-39 He I 35-41 tgbl2.f* 5-15 26a 



Compounds attempted, but which did not successfully give Photoelectron Data 

Molecule Reason Didn't Sublime File Names 

(CO)5Mo(H2lMes) cmpd. didn't sublime tgblS.f* 

Cp*3Ga Ar moved around a lot; didn't sublime tgbl4.f* 

Cl2(PCy3)2Ru=CPhH free PCy3 sublimed & cmpd. decomposed tgbie.f* 

Cl2(PCy3)2Ru=CH2 didn't sublime; decomposed tgbl9.f* 

(CO)5Mo(ICP2lmid) took up to 204oC; decomposed tgb23.f* 

Cl2(H2lMes)(PCy3)Ru=CF2 took to 229°C; free PCy3 ligand & decomposition tgb26.f* 

(CO)5Mo(PCl3) Young's tube; cmpd. degraded before subl. tgb36.f* 

(CO)5Mo(Py) Pyridene & free CO; decomposed tgb37.f* 

Cl2(PCy3)2Ru=C SSC up to 32O0C; free PCy3 & decomposition tgb39.f* 
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Table 2.2. List of compounds studied. 

Molecule Synthetic Origin (Reference) 

PCy3 

NMe3 

HjIMes 

IMes 

Pr'jMejIm 

(CO)5Mo(PCy3) 

(CO)5Mo(PPh3) 

(CO)5Mo(PMe3) 

(CO)5Mo(NMe3) 

(CO)5Mo(Pr'2Me2lm) 

(C0)5Cr(Py) 

(CO)5Cr(Pr'2Me2lm) 

(CO)5Cr(PPh3) 

Cp*Ru(Cl)(PCy3) 

Cp*Ru(Cl)(PPr3) 

Cp*Ru(Cl)(H2lMes) 

Cp*Ru(Cl)(IMes) 

Cp*Ru(Cl)(Pr'2Me2lm) 

Cp*Ru(Cl)(C0)(PTr3) 

[IrCl(Bu'2PCH2CH2CCH2-CH2PBu'2)] 

[lrHCl{ C6H3(CH2PBu'2)2-2,6] 

Bu'2PCH2CH2CCH2-CH2PBU'2 

(C5Me5)3La 

Aldrich 

Dr. Smith's Lab 

Caltech(also available from Strem) 

Caltech (also available from Strem) 

Caltech 

Caltech 

M. E. Jatcko'® 

M. E. Jatcko 

Caltech'^ 

Caltech'^ 

Caltech'^ 

Caltech 

Caltech 

Caltech 

Caltech 

Caltech 

Caltech 

Caltech 

Caltech 

Univ. California, Santa Barbara'^ 

Univ. California, Santa Barbara'® 

Univ. California, Santa Barbara 

Univ. California, Irvine^°'^' 
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CHAPTER 3 

EXPERIMENTAL MEASURES OF METAL-PHOSPHINE AND METAL-N-
HETEROCYCLIC CARBENE BONDING AND ELECTRONIC STRUCTURE. 

PART I: (CO)5MOL, L = NMcj, PMcj, PPh3 AND Pr'2Me2lm 

Introduction 

Developments in metathesis catalyst chemistry in the last 5 years have led to 

an increased need to understand the fundamental bonding interactions of phosphines and 

A^-heterocyclic carbenes to transition metals. Of particular interest are the ruthenium 

alkylidene catalysts commonly employed in olefin metathesis. The two most widely 

used derivatives are (PCy3)2(Cl)2Ru=CHPh (I) and (H2lMes)(PCy3)(Cl)2Ru=CHPh (II), 

PCyj PCyj 

I II 

due to their favorable activity and stability profiles.'''* Both catalysts contain strongly 

electron-donating and sterically bulky ancillary ligands, PCy3 in I and the A^-heterocyclic 

carbene HjIMes in II. In addition to the applications in olefin metathesis discussed 

earlier, NHC-coordinated complexes have been used successfully in Heck and Suzuki 

couplings,^'® aryl amination,^ hydrogenation,^ ' hydroformylation, and many other 

catalytic systems.*''"'"^^ 
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Metathesis Catalyst Reactivity. Extensive substrate-catalyst activity studies 

have established that catalyst II is more active than I in olefin metathesis reactions. 

Kinetic studies and phosphine exchange experiments have revealed that the general 

mechanism (See Scheme 3.1) involves initial phosphine dissociation from the 16-electron 

precatalyst (L)(PR3)(Cl)2Ru=CHR' (L = PCyj or HjIMes) to generate a 14-electron 

intermediate (L)(Cl)2Ru=CHR', which then coordinates an olefin and enters the 

propagating metathesis cycle 

There are two main parts to the catalytic cycle of olefin metathesis. The first 

is the initiation step, where the catalyst dissociates phosphine to give the reactive 

intermediate which then goes through the catalytic cycle. The next important part of the 

cycle is the propagation of the reactive intermediate through the cycle. Upon initiation, 

the catalyst forms the 14 electron intermediate, and then binds olefin. The next step in 

the catalytic cycle is the formation of the metallocyclobutane intermediate. This cyclic 
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intermediate then undergoes rearrangement, followed by subsequent dissociation of 

olefin to give back the 14 electron intermediate. This intermediate can now either rebind 

phosphine to re-form the catalyst species, or it can propagate through the cycle and re-

bind olefin. A catalyst that give high turnover will preferentially remain propagating 

through the cycle and rebind olefin (^2)' instead of rebinding the phosphine ligand (A:.,). 

The rates k_^ and k2 were not able to be directly measured in solution; however, the ratios 

of kjk2 were determined by application of the steady-state approximation to the catalyst 

intermediate (equation 1), and subsequent manipulation of the rate expression. In the 

presence of excess olefin and free tertiary phosphine, a linear relationship between l/^^bs 

and [PR3]/[olefin] is seen (equation 2)}^ 

Two assumptions are made in deriving the linear relationship in Equation 2: (1) olefin 

coordination is reversible, and (2) all of the steps after olefin coordination (especially 

metallocyclobutane formation) are fast. The second assumption relates better to catalyst 

II, due to the fact that the stronger o-donor A^-heterocyclic carbene ligand is expected to 

stabilize the high oxidation state ruthenium metallocyclobutane intermediate. 

Even though catalysts I and II differ by only one neutral ligand, they have 

dramatically different initiation and propagation rates. Catalyst I initiates at a rate {k^) 

approximately two orders of magnitude faster than II, but the ratio of rates for entry into 

rate = ^i,^2[Ru][olefin]/{A:.i[PR3] + ^jLolefin]} (1) 

= A:.i[PR3]/yt,yt2[olefin] + (2) 
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the catalytic cycle versus phosphine rebinding is four orders of magnitude more 

favorable for II than I. How do the differences in steric and electronic effects between 

phosphines and NHCs relate to the differences in initiation and propagation rates between 

catalyst I and II? Phosphine interactions with metals are primarily governed by two 

factors, the increase in electron richness at the metal center from the phosphine o 

donation, and the competitive % backbonding of electron density from the metal into the 

P - R  o *  o r b i t a l s  o f  t h e  p h o s p h i n e .  W h i l e  i t  i s  k n o w n  t h a t  N H C s  a r e  s t r o n g  o  d o n o r s , i t  

is generally assumed that the Tc-acceptor ability of NHCs is negligible, although there 

have not been experiments that clearly separate the two effects. 

In order to address questions regarding electronic structure factors in catalyst 

reactivity differences, this work addresses the fundamental bonding interactions of 

phosphines and NHCs with transition metal centers. A'^-heterocyclic carbenes are related 

to phosphines because of their similar applications as ancillary ligands for a wide variety 

of metal complexes, and because of their similar formal bonding mode (L-type, 2e" donor 

ligand) and similar overall steric bulk. 

A few of the important frontier molecular orbitals of the simple tertiary 

phosphine PMCj, and the NHC free carbene Pr'2Me2lm are shown below. For both the 

phosphine ligand and the NHC, the HOMO is the a lone-pair on the phosphine atom and 

carbene carbon respectively. The 7t-acceptor orbitals of the phosphine and NHC differ 

in number, appearance, and energy. Trimethylphosphine has two degenerate TE-type 

orbitals with respect to the M-P bond available to accept electron density from the metal 

center while the NHC has primarily one n acceptor orbital, and is thus a one-faced % 
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o* orbitals (rotated by 90°) Carbene n orbital 

Po LP. Carbene o L.P. 

acceptor. The relative energies and spatial distributions of the lone pair and Ti-acceptor 

orbitals of phosphines and NHCs determine the strength of a-donor and 7i-acceptor 

ability of the ligand when complexed to a metal. 

For this study, a range of neutral donor ligands (L) that include 

trimethylamine (NMcj) as a representative o-donor only ligand, several tertiary 

phosphines (PMcj, PPhj, and PCy3), and l,3-diisopropyl-4,5-dimethyhmidazole-2-

PRr, 
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ylidene (Pr'2Me2lm) as a representative NHC have been selected as ligands for the 

[(CO)5MoJ fragment. Utilization of the [(CO)5Mo] bonding fragment affords many 
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advantages. These include the high symmetry of the complexes which allows for the 

separation of o and Ti-bonding interactions, and a wealth of useful information on 

(CO)5MOL complexes with other L ligands in the literature, including data from '^C and 

^'P NMR spectroscopy,^^"^"^ IR and Raman spectroscopy,^^"'''' X-ray crystallography 

photoelectron spectroscopykinetics,and theoretical studies.^®'^^ 

In this study, gas-phase photoelectron spectroscopy is used in order to 

determine the NHC ligand's Ti-acceptor ability to stabilize filled molybdenum d orbitals 

in the (CO)5MoL complex, in addition to determining its relative a-donor ability. 

Photoelectron spectroscopy is the only experimental method able to quantitatively 

separate and measure M-L a and n bonding interactions. Results from photoelectron 

spectroscopy will be compared to structural X-ray, IR and NMR measurements. The 

relative a-donor and K-acceptor abilities of NHC and PR3 will then be related to catalyst 

reactivity. 

Experimental 

General synthetic considerations. All compounds studied were synthesized 

at the California Institute of Technology, Pasedena, CA. The synthetic preparations that 

are not yet published are described in detail in this section. References are given for 

published preparations. All manipulations were performed using a combination of 

glovebox, high vacuum, and Schlenk techniques under a nitrogen or argon atmosphere. 

Glassware was flame dried under vacuum before use. Solvents were dried and degassed 

by standard procedures. Commercially available (CO)6Mo and PCyj were purified by 
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sublimation (40-45°C at 150 mTorr). l,3-diisopropyl-4,5-dimethylimidazole-2-ylidene 

(Pr'jMcjIm) was synthesized by previous method^*^ and purified by sublimation (42^5°C 

at 150 mTorr). (CO)5Mo(PPh3) was synthesized by method published previously.®' 'H 

NMR spectra (499.85 MHz) were measured on a Varian Inova 500 spectrometer; 

chemical shifts are reported in ppm relative to SiMe4 (6 = 0) and referenced internally 

with respect to the protio solvent impurity. 'H} NMR spectra (125.71 MHz) were 

measured on a Varian Inova 500 spectrometer; they were referenced internally with 

respect to the solvent resonance. ®^Mo NMR spectra (26.01 MHz) were measured on a 

JEOL JNM-GX400 spectrometer; they were referenced externally with respect to 

Na2Mo04 in D2O (5 = 0) and internally with respect to added (CO)6Mo (6 = -1857). 

Coupling constants are in hertz. See Table 3.3 for '^C and '^Mo NMR data. IR spectra 

were recorded on a Perkin-Elmer Paragon 1000 spectrophotometer; IR grade KBr was 

dried by heating under vacuum. See Table 3.2 for IR data. Elemental analyses were 

measured by Midwest Microlab, Indianapolis, IN. 

Characterization of (CO)Mo(NMeJ: This compound was synthesized by 

method published previously.®' 'H NMR (CgDg): 6 1.80 (s, 9H, Me). ''C{'H} NMR 

(CgDg): 6 59.17 (s, Me), 204.65 (s, CO^q), 214.30 (s, CO^^). Crystals for X-ray analysis 

were obtained by cooling a hexanes solution of (CO)5Mo(NMe3) at -10°C. 

Synthesis and characterization of (CO)Mo(PC\r,): 0.276 g of 

(CO)5Mo(NMe3) (0.935 mmol) and 0.288 g of PCy3 (1.029 mmol, 1.1 eq) were dissolved 

in 20 mL benzene and stirred for 12 hrs at room temperature. The reaction mixture was 

filtered, and the solvent of the supernatant was removed under vacuum. The resulting 



59 

material was dissolved in a minimum amount of hexanes and cooled at -10°C to provide 

0.25 g of (CO)5Mo(PCy3) as pale yellow crystals (52% yield). These crystals were used 

for X-ray analysis. 'H NMR (CgDg): 6 1.07 (m, 6H, Cy), 1.29 (m, 6H, Cy), 1.53 (br s, 

3H, Cy), 1.63 (m, 6H, Cy), 1.73 (m, 6H, Cy), 1.81 (br d, /HP = 12 Hz, 6H, Cy). '^CCH} 

NMR (CgDg): 5 26.80 (s, Cy), 28.04 (m, Cy), 30.60 (d, = 5, Cy), 36.62 (d, 7cp = 13, 

Cy), 208.32 (s, CO,q), 210.85 (s, CO J. Anal. Calcd. for C23H33PO5M0: C, 53.49%; H, 

6.44%. Found: C, 53.98%; H, 6.59%. 

Synthesis and characterization of (CO)Mo(PfMe-,Im): A solution of 0.609 

g of (CO)gMo (2.307 mmol) and 0.415 g of Pr'2Me2lm (2.306 mmol) in THF (30 mL) 

was stirred under irradiation with a Blak-Ray longwave ultraviolet lamp (100 W mercury 

spot bulb) for 12 hrs. The solvent was removed under vacuum, and the desired product 

was extracted from the resulting bright yellow material with ~25 mL toluene. The 

filtered toluene solution was layered with ~75 mL hexanes and allowed to sit for two 

days. The supernatant was collected, concentrated to ~5 mL, and layered again with -15 

mL hexanes for two days. Then the solvent from the filtered supernatant was removed 

under vacuum to provide 0.190 g of (CO)5Mo(Pr'2Me2lm) as a pale yellow solid (38% 

yield). Crystals for X-ray analysis were obtained by slowly evaporating a benzene 

solution of (CO)3Mo(Pr'2Me2lm). 'H NMR (CgDg): 5 1.10 (d, 7 = 7, 12H, Pr' Me), 1.65 (s, 

6H, backbone Me), 5.56 (septet, 7= 7, 2H, Pr' CH). NMR (CgDg): 5 10.60 (s, 

backbone Me), 21.83 (s, Pr' Me), 55.01 (s, Pr' CH), 126.92 (s, C=C), 185.36 (s, NCN), 

207.01 (s, CO,q), 213.20 (s, COJ. Anal. Calcd. for CigHjoNjOgMo: C, 46.16%; H, 

4.84%; N, 6.73%. Found: C, 46.43%; H, 4.68%; N, 6.54%. 
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Crystal structure determinations. The crystal structure measurements were 

made at The California Institute of Technology. Crystallographic data (excluding 

structure factors) for the structures in this paper have been deposited with the Cambridge 

Crystallographic Data Centre as supplementary publication nos. 183991 [for 

(CO)5Mo(NMe3)], 176873 [for (CO)5Mo(PCy3)], 157341 [for (CO)5Mo(Pr'2Me2lm)], 

191387 [for (CO)6Mo], and 192767 (for Pr'2Me2lm). These data can be obtained free of 

charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the CCDC, 12 

Union Road, Cambridge CB2 lEZ, UK; fax: +44 1223 336033; or e-mail: 

deposit@ccdc.cam.ac.uk). Structure factors are available from Caltech by e-mail: 

xray ©caltech. edu. 

Photoelectron Spectroscopy. The photoelectron spectra were recorded using 

an instrument that features a 36 cm radius, 8 cm gap hemispherical analyzer®^ and custom 

designed sample cells®'* and detection and control electronics.®^ The excitation source 

was a quartz lamp that produced both He(I) and He(II) radiation, depending on the 

operating conditions. The argon ionization at 15.759 eV was used as an internal 

calibration lock of the absolute ionization energy. The difference between the argon 

and the methyl iodide ^Ei/2 ionization at 9.538 eV was used to calibrate the ionization 

energy scale. During data collection the instrument resolution, measured using the full 

width at half-maximum of the argon ^Pj/j ionization, was 0.020-0.030 eV. All data are 

intensity corrected with an experimentally determined instrument analyzer sensitivity 

function that assumes a linear dependence of analyzer transmission (intensity) to the 

kinetic energy of the electrons within the energy range of these experiments. Ionizations 

mailto:deposit@ccdc.cam.ac.uk
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measured have experimental error of ± 0.02 eV. The sublimation temperature was 

monitored using a "K" type thermocouple passed through a vacuum feedthrough and 

attached directly to the cell. The sublimation temperatures and experimental conditions 

for the molecules studied in this chapter can be found in Chapter 2. The (CO)5MoL 

complexes coordinated with larger NHCs such as HjIMes and IMes did not sublime 

under photoelectron spectroscopy conditions. The ruthenium metal catalyst I and II also 

decomposed to give free PCyj ligand under vacuum conditions past 220°C. 

Data Analysis. The ionization bands in the photoelectron spectra are 

represented analytically with asymmetric Gaussian peaks. The minimum number of 

peaks was used to represent the contours of the data. The experimental variance of the 

photoelectron data are represented in the figures by the vertical length of each data 

mark.®® 

The fitting procedures used to fit the data use both the fitting program Fp, as 

well as the newer Windows-based program WinFp 0.011. A more detailed discussion of 

the fitting procedures has been discussed in more detail elsewhere.®® 

Computational Studies. ADF2002.02 The PW91 method was used for all 

calculations.®^ The atomic orbitals on all centers were described by an uncontracted 

triple-C STO basis set with two polarization functions (TZ2P) that is readily available 

with the ADF package. Relativistic effects were included in all calculations by the scalar 

ZORA formalism implemented as a part of the ADF2002 program.®^"^^ 
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Preliminary Bonding Considerations 

Measures of Metal-Lisand Bondine by Photoelectron Spectroscopy. It is 

iielpful to briefly describe here the information that photoelectron spectroscopy is able to 

provide on metal-ligand bonding and electron distributions. Most researchers in the 

fields of inorganic and organometallic chemistry are familiar with photoelectron 

s p e c t r o s c o p y ,  a n d  s e v e r a l  r e v i e w  a r t i c l e s  m a y  b e  c o n s u l t e d  f o r  m o r e  d e t a i l s . T h e  

focus here will be on the use of photoelectron spectroscopy to compare different ligands 

and their ability to change the charge distribution at the metal center, and to compare the 

different n orbital overlap effects. 

An example that is pertinent to this proposal is provided by molecules of the 

type (CO)5MOL, where L may be a variety of different ligands. Consider (CO)gMo and 

the familiar tjg levels in octahedral symmetry. The occupied d^y, d^j,, and d^^ orbitals are 

each stabilized by backbonding to four carbonyls and remain degenerate. When a 

carbonyl on (CO)gMo is replaced with another ligand L the metal-based ionizations shift 

according to the change in charge potential, or electron richness, at the metal center. A 

more negative charge potential shifts the ionizations to lower ionization energies. Of 

course, the electron richness at the metal center is important to chemical behavior, and 

can be sensed by many spectroscopic methods. The ionization energy is a measure of 

this effect, and is a well-defined thermodynamic quantity related to reactivity through 

thermodynamic cycles.A special feature of photoelectron spectroscopy is the ability to 

separate the ligand Tt-bonding effects from the charge potential effects. In addition to the 
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charge potential effect when a carbonyl on (CO)6Mo is replaced with another ligand L, 

the octahedral symmetry of the molecule is broken, and the symmetry descends to €4^. 

This causes the tjg orbitals to split into a bj (d^y) and e (d^^, dyj set, as seen in Figure 3.1. 

The bj (d^y) orbital remains backbonding with four carbonyls, but the e (d^^, dy^) orbitals 

are each now backbonding to just three carbonyls and any n orbitals that are available on 

the ligand L. If CO is a better Ti-acceptor than the ligand L, the bj ionization is at higher 

energy than the e ionization. The energy separation, or splitting, between the e and hj 

ionizations is then a direct measure of the different abilities of CO and the ligand L to 

stabilize the metal orbitals by means of 71: interaction. Again, this is an energy measure 

of backbonding ability. The bj orbital does not have orbital overlap interaction with the 

ligand L by symmetry, and therefore the shift of the b2 ionization is dominated by the 

change in charge distribution, or electron richness, at the metal center. The stronger the 

donor ability of the ligand, the more destabilized (lower ionization energy) the bj 

ionization will be. 

For example, consider the previously reported photoelectron experiment on 

(CO)5Mo(PMe3) in comparison to the photoelectron data from (CO)6Mo.^'* The tjg 

ionization occurs at 8.42 eV for the (CO)6Mo complex. The 0.54 eV shift of the b2 

ionization to lower energy for the (CO)5Mo(PMe3) molecule illustrates the greater 

electron richness at the metal center. The additional shift of the e ionizations shows the 

poorer 7T:-acceptor ability of the phosphines relative to CO. The (C0)5MnH hydride 

complex is the benchmark used for the absence of K-acceptor ability, with the e/b2 

splitting measured at 0.40 ± 0.02 eV.^^ The hydride ligand has o only interactions with 
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the metal, and no n orbitals available for bonding. Thus, the splitting of the metal 

orbitals in this molecule is representative of the interaction of a ligand that has no %-

acceptor ability. For the (CO)5Mo(PMe3) molecule, the observed e/bj splitting is 0.28 

eV, indicating that the tertiary phosphine is less effective than CO at stabilizing the 

metal-based d levels. In fact, it is concluded that the PMcj ligand has 1/4 the 7i-acceptor 

ability of CO. The combined O/TI effect of substitution makes (CO)5Mo(PMe3) 0.82 eV 

easier to ionize than (CO)6Mo. It has been found that these ionization energy shifts and 

splittings are highly additive with further stepwise substitutions of phosphines for the 

carbonyls.™"'®-'' 

This same information can be gained for (CO)5MoL, where L is the NHC 

ligand Pr'jMejImid, as well as other tertiary substituted phosphines. By evaluating the 

splitting pattern of the metal-based ionizations for these molecules, the gas-phase 

photoelectron spectroscopy technique is able to separate and quantify the a-donor and TT-

acceptor abilities of the tertiary phosphines and /^-heterocyclic carbenes. When the 

ligand L is PPh3, PCyj or the NHC, the C4V symmetry of the molecule is lost. In these 

cases, the symmetry labels e and bj no longer strictly apply, although there is still a 

doubly degenerate and singly degenerate orbitals. The labels [Ml, M2] (doubly 

degenerate orbital) and M3 (singly degenerate) are used to label the metal orbitals and 

ionizations. The overall shift of the metal ionizations is able to show the ligand 

influences on the electron richness at the metal center. The information gained from 

examining metal-ligand bonding effects is then related back to catalyst reactivity. 
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Results and Discussion 

Structural Analysis. Crystal structures of (CO)5Mo(NMe3), (CO)5Mo(PCy3), 

(CO)5Mo(Pr'2Me2lm) and the free ligand Pr'2Me2lm can be seen in Figures 3.2-3.5 

respectively. Selected bond lengths and angles for these molecules and related 

(CO)5MOL derivatives are collected in Table 3.1. The Mo-L bond distances reported 

vary due to the steric and electronic factors of the ligand L. 

The o-donor and Tr-acceptor ability of the L ligand influences the electron 

richness at the metal center, which in turn affects both axial and equatorial Mo-CO bond 

lengths. The TZ overlap bonding of the ligand affects the trans Mo-CO distance more 

than the cis M-CO distances because both iz acceptor orbitals of the trans ligands are 

competing with Tr-acceptor orbitals of the L ligand. The difference between the cis and 

trans % interactions is then the structural trans effect. Again, the electronic influences of 

the ligand L can be measured by looking at the structural information from X-ray 

diffraction experiments. 

In all (CO)5MOL structures, the structural trans influence of the L ligand 

causes the axial carbonyl ligand to contract along the Mo-C bond and elongate along the 

C=0 bond from increased Mo->-CO TZ backbonding. Compared to (CO)gMo, the 

complexes with NMcj, PCyj, and Pr'2Me2lm ligands all have contracted Mo-CO^^ 

distances. The largest Mo-CO^^ contraction of 0.104 A occurs when L is NMe3. This 

data suggests that the amine ligand has the strongest trans- effect, however NMej is 



66 

generally considered to have a weak structural trans- influence. These 

crystallographic data suggest that there is no correlation between the a-donor strength of 

L and the magnitude of the structural trans- influence. 

The difference between the Mo-COgq and Mo-CO„ bond distances is directly 

related to the Ti-acceptor ability of the ancillary ligand L in the pentacarbonyl species. 

There is TI: competition between the equatorial carbonyl ligands, in which both of the 

carbonyls are competing for the electron density from the metal. This has the net effect 

of increasing the bond lengths between the molybdenum and the equatorial carbonyls. 

When one of the axial carbonyls is replaced by a poor n acceptor, the Mo-COg^ bond 

distance decreases because of the absence of competition. Thus, it can be concluded 

that the difference in the lengths of the Mo-CO^q and Mo-COj,^ bonds can be correlated to 

the 7i-acceptor ability of the ligand L. From the information in Table 3.1, the difference 

in bond lengths between the equatorial and axial metal-carbonyl bonds indicate that the 

phosphines PPh3, PCyj and PMe3 all have similar electronic effects. The NMe3 complex 

shows a large difference between the equatorial and axial bond lengths. This amine is a 

a-donor only ligand, and if the NHC also is a a-donor only ligand then the bond length 

difference should be similar. However, the difference in equatorial and axial distances 

for the Pr'jMejIm complex are more similar in value to the phosphines than to the amine. 

This discrepancy, or lack of distinct trend, indicates that perhaps steric effects also have 

an impact on the structural data. Care must be taken when attempting to use the 

structural parameters to separate o from 71 bonding effects. 

All of the Mo-CsO^x angles for the (CO)5MoL complexes are measured to be 
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approximately 180°. On average, the Mo-C^O^q angles are slightly bent away from L (up 

to 4.4°). It is interesting to note that when L is NMCj, the Mo-C^Ogq angles are bent even 

further out of the plane by 5.2°. The experimental bond angles suggest by these 

measurements that steric bulk of the ligand L is not important. However, as mentioned 

above, the impact of steric effects cannot be completely discounted. 

The isopropyl groups in the free ligand Pr'2Me2lm adopt a slightly staggered 

arrangement, which differs from the metallated complex (CO)5Mo(Pr'2Me2lm) where the 

isopropyl groups are eclipsed (see Figures 3.4 and 3.5). The bulkiness of the NHC 

ligand forces a staggered tetracarbonyl arrangement which minimizes the steric impact 

on the carbonyls in the equatorial plane. 

IR Data. Infrared spectroscopy has traditionally been used to extract 

information about bonding in organometallic molecules, especially those with carbonyl 

ligands via use of the Cotton-Kraihanzel force constant analysis.'^^"'*^'^® In this study, the 

(CO)5MOL complexes when L is PCyj and Pr'2Me2lm are not conducive to force constant 

analysis due to their low symmetries. Table 3.2 gives the IR stretching frequencies for 

carbonyl for (CO)5MoL complexes where L is trimethylamine, NHC and a series of 

substituted phosphines. The donor/acceptor ability of the ligand L impacts the electron 

richness of the metal center, which in turn affects the stretching frequencies of the 

carbonyl. The weaker the donor ability of the ligand, the less electron rich the metal is, 

and the higher the UCQ- The NMe3 ligand is a well known o-donor only ligand, and its 

[(CO)5MO] complex gives a u^o stretch of 2072 cm"'. The stretching frequencies where L 

is PPhj or PMej are similar, whereas the u^o for L = PCyj is lower, suggesting this ligand 
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is a better charge donor among the phosphines. Of the ligands studied, the NHC carbene 

ligand Pr'jMejIm has the lowest u^o, which suggests that this ligand leaves the metal the 

most electron rich, and is the best o donor. Although the data reported here does indicate 

a trend in the ligand's ability to increase or decrease the electron richness of the metal 

center, no comments can be made as to the relative u-acceptor abilities of the ligands. 

NMR Data. NMR chemical shifts also have been used to estimate the 

relative o-donor and Ti-acceptor contributions of various ligands to bonding.®'^"®'' 

Recently, Wang and co-workers have used quadrupole couplings to rate the u-acceptor 

ability of a series of ligands. They found the Ti-acceptor ability as follows: P(0Me)3 > 

PMcj > NMe3.®^ Table 3.3 reports the chemical shift data for and ^^Mo NMR of 

(CO)5MoL complexes. For the pentacarbonyl complexes, the '^CO chemical shifts must 

be explained in terms of the paramagnetic contribution to total shielding. This is because 

the chemical shifts are very sensitive to excited state mixing and should feel the presence 

of phosphine lone-pair and CO TC* interactions. The chemical shifts for both equatorial 

and axial CO are given in Table 3.3, along with the ACOa^_gq. Previous studies show that 

6C0 increases (deshielded; see below for NMR scale) for the remaining CO's when a 

carbonyl is replaced by a tertiary phosphine. Successive replacement of CO's by 

+5 6 = 0 -6 

< 
1 • 

^Downfield Upfield^ 

^Deshielded Shielded 

^Increasing Op Decreasing a„ 
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additional PR3 groups continues to deshield SCO. Comparison of the chemical shift data 

for the (CO)5Mo(PR3) show that the values are indeed shifted downfield from (CO)(jMo. 

It is interesting to note that the ACO^^.^^ values approximately correlate to the expected 

Ti-acceptor ability of the ancillary ligand. 

This difference in chemical shift between the axial and equatorial carbonyls is 

a result of the TT: competition between axial and equatorial carbonyls as a result of ligand 

substitution. A value of 0.0 for this difference indicates a strong 71 acceptor ligand, as is 

the case for carbonyl. The NMej and Pr'2Me2lm carbene ligand both have high ACO^^.^^ 

values, indicating that they are weak 71 acceptors. It is difficult to extract quantitative o-

donor information from the '^C NMR shifts because the phosphine lone pair carbonyl TT* 

interactions affect the excited states of both the carbonyl and molybdenum atom and 

could greatly perturb the paramagnetic shielding term. The diamagnetic term of the 

Ramsey equation would indicate that the ®^Mo chemical shift would be more shielded by 

a strong electron donor ligand (lower chemical shift). However, in comparing the ®^Mo 

chemical shift values when L is CO, NMe3 and NHC, 6 shifts downfield, indicating a 

large paramagnetic contribution to total shielding. These data indicate that care must be 

taken when interpreting NMR chemical shifts, and that separating o and TT: effects is non-

trivial. 
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Photoelectron Spectroscopy. 

Free Li^ands: NMe^and PC\^. The gas-phase photoelectron spectrum for 

the amine ligand NMe3 is shown in Figure 3.6. The ionization at 8.46 eV corresponds to 

the lone pair on the nitrogen atom. Ionizations in the region 12 eV - 15 eV primarily 

correspond to N-C and C-H bonds. The phosphorous lone pair from the PCyj free ligand 

is evident at 7.65 eV in its photoelectron spectrum shown in Figure 3.7. This value is 

destabilized from the ionization of the phosphorous lone pair on other tertiary phosphines 

collected previously, specifically 7.83 eV for PPh3 and 8.57 eV for PMcj.®'^ The effect of 

complexation to the molybdenum pentacarbonyl fragment is discussed in detail below. 

NHCs: HJMes. IMes and Pr'MeJm. The He(I) full spectrum for the free 

N-heterocyclic carbene HjIMes is shown in Figure 3.8. The structure between 7 eV and 

10 eV corresponds to ionizations from the carbene o lone pair, the N-C-N u system and 

Ti: ionizations from the two mesityl substituents. The tt: ionizations from the bulky 

mesityl substituents occur at ~ 8.5 eV and overlap with the ir-type orbitals of the 

imidazole ring. Similar structure is seen in Figure 3.9, for the He(I) spectrum of IMes. 

However, there is the appearance of an additional band at -9.5 eV. Assignment of this 

band is tentatively to the one of the occupied one-node n orbitals of the imidazole ring. 

This orbital appears small in intensity due to the amount of it-type ionizations from the 

two mesityl substituents. The other TT orbital of the imidazole ring in IMes is most likely 

overlapping with the mesityl n ionizations. Because of the overlap of the mesityl TT:-

ionizations, definitive assignments of the ionizations of both HjIMes and IMes free 
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carbenes are difficult to make. 

In addition to PES studies on H2lMes and its unsaturated analog IMes, density 

functional calculations were carried out in order to aid in the assignment of ionizations 

from the gas phase experiments. The valence orbitals of the a L.P. and n ionizations 

from the imidazole ring are shown in Figure 3.10. The HOMO in both cases corresponds 

to the o orbital of the carbene carbon. The HOMO-1 for the IMes molecule is the ti2 

orbital on the imidazole ring. The 7i:3 orbital is stabilized due to the higher percent 

character of nitrogen. The molecular orbitals for the H2lMes molecule are similar in 

nature. Again, the HOMO is the carbene o lone pair. Because the imidazole ring for 

HjIMes is saturated, there are only 4 % electrons (from the 2 nitrogen atoms) in this 

system. for this molecule corresponds to the two-node representation, and 7t3 the 

one-node. The high nodal character of nl causes it to be de-stabilized in energy with 

respect tO TT:3. 

Figure 3.11 shows the photoelectron spectrum of Pr'2Me2lm. In changing 

from mesityl to isopropyl substituents on the nitrogen atoms, the interference of the 

mesityl TC ionizations is avoided. As a result, the band features seen in this spectrum are 

more separated than in the previous two cases. In this spectrum, two distinct bands are 

seen between 7 eV - 10 eV and are approximately separated by 1.6 eV. Two ionizations 

overlap under the first band, and correspond to the carbene carbon lone pair and nl 

ionizations (defined previously). The second ionization feature corresponds to the 7T:3 

orbital on the imidazole ring. The high resolution conditions of the experiment allow for 

the ring breathing vibrational structure from the imidazole structure to be resolved. 



72 

Because the first ionization has two overlapping bands (carbene carbon lone pair and nl) 

the fine structure is not clearly resolved. However, the TZ3 band stands alone, and fine 

structure is resolved. The spacings between the vibrational progression are 0.18 eV, and 

translates into approximately 1440 cm"', which falls into the energy range for ring 

breathing modes of other systems. See Figures 3.18 and 3.19 for detailed fine structure. 

The photoelectron spectra collected in this work correlate well to previous 

gas-phase photoelectron studies on free A^-heterocyclic carbenes.'^ A direct comparison 

is given in Figure 3.12, in which the close-up energy region for Pr'2Me2lm (A) and 

'Bu2H2lmid (l,3-di-?er?-butylimidazole-2-ylidene) (B) are shown. The carbene o lone 

pair ionization for the Pr'2Me2lm molecule is destabilized from that in the 'Bu2H2lmid 

molecule. This is due to the more electron rich methyl and isopropyl groups on the 

PrjMejIm molecule which serve to shift the ionization to lower energy. In addition, the 

TI2 orbital in the 'Bu2H2lmid complex is partially separate from, and has only a partial 

overlap with the ionization of the carbene carbon lone pair. This molecule does not have 

the methyl groups on the P carbon atoms, thus we would expect the ionizations from this 

molecule to be more stabilized than those of the Pr'2Me2lm molecule, and in examining 

Figure 3.12 this trend is observed. It is interesting to note the higher resolution for the 

data collected in this work, compared to that collected previously by Green et. al. This 

allows for the resolution of the ring-breathing mode from the imidazole ring. 

Valence Ionizations of (CO) ̂ MoL Molecules. Figure 3.13 shows the gas-

phase photoelectron spectra for (CO)5Mo(NMe3), (CO)5Mo(PCy3) and 

(CO)5Mo(Pr 2Me2lm). Ligand ionizations are present between 8-11 eV, and C-C and C-H 
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ionizations occur above 11 eV. The ionizations between 6-8 eV are from the six metal 

electrons and appear in two bands. A more detailed description of the metal ionizations 

and how the o-donor and Tc-acceptor ability of ancillary ligands is measured follows. 

L =NMe^. Figure 3.14 shows the gas-phase photoelectron spectrum of the 

(CO)5Mo(NMe3) molecule. In Figure 3.15, the effect of coordination of the free amine 

ligand to the pentacarbonyl fragment is shown. Complexation of the trimethylamine to 

the pentacarbonyl molybdenum fragment shifts the nitrogen lone pair ionization by 2.06 

eV, into the Mo-N a-ionization at 10.46 eV. Previous studies by Hall and Yarbrough on 

(C0)5M(PR3) complexes use the shift of the lone pair ionization of free phosphine 

ligands to the M-P o ionization as a measure of the o-donor ability of the phosphine 

ligand.^® Lone pair complexation shifts for NMe3, PMcj, PPh3, PCy3 and Pr'jMcjIm are 

listed in Table 3.5. Comparison of the coordination shift of the amine lone pair to the 

phosphines and NHC will be discussed in detail below. 

The spectrum (Figure 3.14) of the pentacarbonyl amine complex shows the 

splitting of the metal ionizations. In addition, a vibrational component from the C=0 

stretching frequency is resolved on the high energy side of the metal ionizations.^^ As 

stated previously, in order to quantify the Tt-acceptor ability of the amine ligand, 

comparisons are made to the hydride ligand in the (C0)5Mn(H) complex. This complex 

is the benchmark for ligands with complete absence of u-acceptor ability. The hydride 

obviously has no orbitals of n symmetry that will accept density from the manganese 

center. The splitting of the bj and e orbitals for this molecule is 0.40 eV ± 0.02 eV.^^ 

Three-fold symmetry ligands have e symmetry orbitals, and although the complete 
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molecule (CO)5MoL in these cases would not have €4^ symmetry and thus strict e and bj 

symmetry orbitals, the electron symmetry at the metal center still forms a splitting pattern 

of 2:1 in the ionizations. Therefore ionizations from the metal will be designated [Ml, 

M2] and M3. The d^^ and d^^ orbitals are degenerate and under one ionization band [Ml, 

M2] which is approximately twice the area of M3. The 2:1 ratio of metal ionizations is 

not readily apparent in the spectrum of (CO)5Mo(NMe3) (Figure 3.14) This is due to the 

resolution of vibrational fine structure from the carbonyls. Accounting for the fine 

structure decreases the area under the second metal ionization. In addition, accounting 

for the vibrational structure under the [Ml, M2] band possibly results in a positive false 

area for the ionization band. 

For the amine complex, the splitting between the [Ml, M2] ionizations and 

the M3 ionization is 0.39 ±0.01 eV (Table 3.6). This value correlates to the splitting seen 

in (C0)5Mn(H) defined previously, indicating the absence of Tt-acceptor ability. The M3 

ionization occurs at 7.88 eV, which is destabilized in energy from the triply degenerate tjg 

orbital in (CO)gMo by 0.52 eV, indicating that the amine ligand makes the metal much 

more electron rich than carbonyl. 

L = PC\y, Figure 3.16 shows the photoelectron spectrum for the 

(CO)5Mo(PCy3) complex. Figure 3.17 illustrates the effect of coordination of the free 

ligand to the pentacarbonyl fragment. The phosphorus lone pair ionization shifts by 1.39 

eV from 7.65 eV to 9.04 eV upon complexation to the molybdenum fragment. The 

splitting of the ionizations from M3 as determined by the width of the metal ionization 

band and the profile analysis is measured to be 0.31 eV. This splitting indicates that 
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PCy3 does accept electron density from the molybdenum by n backbonding, and has 

approximately 25% of the Tr-acceptor ability of carbonyl in stabilizing the metal 

ionizations of molybdenum. 

In order to compare PCy3 with other common phosphine ligands, the 

photoelectron spectra of PMcj and PPhj have been re-examined. The values in Table 3.6 

show that for these three phosphine ligands, the splitting between [Ml, M2] and M3 

ranges from 0.28 eV for PMe3 and PPh3, to 0.31 eV for PCy3. When taking into 

consideration that the uncertainty of the experimental measurement is ±0.02 eV, these 

ligands all have relatively the same splitting. It is concluded that the three phosphines 

studied all have -25% the Ti-acceptor ability of carbonyl. The PCy3 complex has the 

lowest M3 ionization at 7.60 eV, however the M3 ionization for PPhj is 7.62 eV, which 

is within the experimental range of error, suggesting that these two ligands have similar 

o-donor abilities. Previous photoelectron studies on PR3 ligands by Bancroft and co

workers have concluded that PPh3 is a stronger a donor than PMe3.'^'^' In this study, the 

M3 ionization for PMe3 is at 7.85 eV, which supports Bancroft's results that PMe3 is a 

weaker donor ligand than PPh3.®^ 

L = NHC (PfMeJm). Ionizations for the A^-heterocyclic carbene 

(CO)5Mo(Pr'2Me2lm) molecule are shown in Figure 3.18. The metallated 

(CO)5Mo(Pr'2Me2lm) complex and free ligand are shown in Figure 3.19. Two ionization 

bands from the NHC free ligand are present between 7-10 eV. The carbene o lone-pair 

and 7i2 ionizations overlap, and occur between 7.2-8.2 eV. The 713 ionization, which has 

more nitrogen character, occurs at a higher energy of 8.85 eV. The calculated molecular 



76 

orbital plots of the n2 and 7i3 ionization of the Pr'2Me2lm free carbene are shown below 

(Molekel, surface value of 0.05). In addition, vibrational components from the ring 

breathing mode of the imidazolee ring have been resolved for the TT3 ionization. As 

stated previously, this fine structure is not observed in the 7:2 band because it overlaps 

with the carbene o L.P. The NHC ligand ionizations are shifted when the free NHC 

binds to the molybdenum pentacarbonyl fragment. The carbene a lone pair is shifted 

upon formation of the Mo-C a bond by 2.08 eV. The n2 and 7i3 ligand ionizations are 

shifted by 0.75 eV and 0.97 eV respectively. Upon shifting of the C a L.P. to form the 

Mo-C G bond, the ring breathing modes for the 7i2 ionization now become resolved. The 

metal ionizations for the carbene pentacarbonyl complex are further destabilized than for 

the amine and phosphine analogs, and have a splitting of the [Ml, M2] metal ionizations 

from M3 similar to the amine complex (splitting of 0.41 eV), and greater than the 

phosphines. A more detailed comparison between the PCyj and NHC metal ionizations 

follows. 

studied. Ligands which form strong o bonds typically have large stabilization energy 

shifts upon metallation. The phosphines have energy shifts of 1.29-1.55 eV of the lone 

pair ionizations upon formation of the M-P bond. Both the amine and NHC ligands have 

Table 3.5 gives the L.P.->M-L a shift energies for the series of ligands 



77 

a larger energy shift of the lone pair upon complexation. The energy shift for the NMej 

ligand is 2.00 eV and the shift for Pr'2Me2lm is the largest at 2.08 eV. 

For the (CO)5Mo(Pr'2Me2lm) molecule, the degeneracy of the [Ml, M2] 

ionizations indicates that this NHC ligand is not a 7t acceptor. Previous photoelectron 

studies on a series of (C0)5Cr(X)Y carbenes have shown that Fischer carbenes with 

nitrogen heteroatoms have weak, if not negligible 7i-acceptor ability.This is most 

likely a result of the p„ orbital on the NHC ligand accepting electron density from the 

nitrogen heteroatoms in the imidazole ring in order to stabilize the carbene carbon. 

Figure 3.20 shows the metal ionizations for the (CO)5MoL complexes where 

L is NMe3, PMe3, PPhj, PCyj and Pr'jMcjIm. In comparing this series of ligands, two 

key differences in the photoelectron spectra are readily apparent, the splitting of [Ml, 

M2] and M3 and the destabilization of the metal ionizations. Spectra B, C and D, which 

correspond to PMej, PPhj and PCyj respectively, all show the same amount of splitting 

between the [Ml, M2] and M3 ionizations. Spectra A and E have larger splittings, and 

indeed when examining the values in Table 3.6, both have splittings around 0.40 eV 

which is indicative of lack of Ti-acceptor behavior. The NHC metallated complex has the 

most de-stabilized (lowest energy) value for M3, which indicates that the molybdenum 

center is the most electron rich. It is readily apparent from these results that among these 

complexes, the NHC ligand is the strongest overall donor by a considerable margin. 

In order to return to the electronic differences between phosphine and carbene 

ligands, a direct comparison is made between the PCy3 and Pr'2Me2lm metal ionizations 

in Figure 3.21. The physical feature differences between the two spectra are obvious. 
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The metal ionizations for the carbene ligand are significantly destabilized when 

compared to those of the phosphine, indicating that the metal center for the NHC 

pentacarbonyl molecule is much more electron rich than that of the phosphine analog. In 

addition, the splitting between the [Ml, M2] and M3 ionizations for the carbene complex 

is much larger than the phosphine, which translates into the carbene having no 7i-

acceptor ability. The lack of 7i:-acceptor ability of the NHC correlates to a previous 

photoelectron study done on Pd and Pt bis-carbene complexes (M(CN2R2C2H2)2, M = Pd 

or Pt) which reported the absence of any Tt-acceptor behavior in the coordinated 

carbenes.'°' 

In addition to gas-phase experimental measures, density functional 

calculations (ADF2002.02) have also been carried out on the NHC complex Pr'2Me2lm as 

well as the simple tertiary phosphine PMcj. The molecular orbital plots for these two 

complexes have been shown previously, and the % orbital character analysis from the 

ADF output is given in Table 3.7. Key differences in the energies and number of the 7t-

acceptor orbital of the two complexes are seen. As discussed previously, the phosphine 

is a two-faced u-acceptor, whereas the NHC can only act as a one-faced acceptor. The 

two o* orbitals on the PMej complex are the LUMO, and thus are energetically available 

for accepting density from a transition-metal center. However, the orbital with the 

correct symmetry to be the TI* for the Pr'2Me2lm molecule is not the LUMO, and is not 

energetically accessible to the metal. Thus, theoretical results also show that the NHC 

complex studied in this work can not act as a Ti: acceptor. 



Catalyst Reactivity Trends. The bonding nature of both phosphines and NHCs 

affects the reactivity of the ruthenium catalysts through both the a-donor and Tr-acceptor 

ability of the ligands. The differences in reactivity of the Grubbs' P' and 2"'* generation 

catalysts are as follows: the ruthenium bisphosphine catalyst initiates faster, but 

propagates slower, whereas the NHC catalyst initiates slower, but then propagates faster. 

As we have experimentally measured, the NHC ligand does not compete for TZ bonding 

and is a better overall donor ligand, thus leaving the metal more electron rich. This has 

the effect of increasing the backbonding to the trans PCy3 group on the catalyst, which in 

turn strengthens this Ru-PCy3 bond which then causes the species to initiate slowly. The 

bis-phosphine catalyst dissociates phosphine more readily, but does not bind olefin as 

rapidly as the more electron rich 14 electron NHC-Ru catalyst. This is consistent with 

the difference in TI: competition. When one of the phosphines competes the other trans 

phosphine ligand for TC overlap with the metal center, neither phosphine bond is 

strengthened by 7t-acceptance from the metal, therefore initiation to give the reactive 

catalyst intermediate is favored. Upon initiation, when the intermediate goes into the 

catalytic cycle, the propagation, or binding of olefin, will occur much faster when there is 

no competition for the olefin for u overlap. In addition, the increase in electron richness 

of the ruthenium metal center for the 2"'* generation catalyst will more greatly stabilize 

the metallocyclobutate intermediate. This means that the the Ru-NHC intermediate will 

propagate through the cycle more readily that the Ru-PCyj analog. 
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Conclusions 

This work correlates the electronic structure and bonding of phosphines and 

carbene ligands with transition metal centers to the differences in chemical reactivity of 

olefin metathesis catalysts. Among the tertiary phosphines studied, the 

tricyclohexylphosphine is the best o donor; however, all of the phosphines have similar 

Tt-acceptor ability, measurably -25% the acceptor ability of carbonyl. However, the 

NHC ligand Pr'2Me2lm is a stronger a donor than PCyj ligand, and leaves the metal more 

electron rich. Both experimental and theoretical results indicate that the Pr'2Me2lm 

ligand has no measurable Ti-acceptor ability. The strong donor ability of the NHC ligand 

leaves the ruthenium center in the (H2lMes)(PCy3)(Cl)2Ru=CHPh catalyst more electron 

rich, which then strengthens the bond to the trans PCyj ligand. This decreases the rate of 

initiation for this 2"'^ generation catalyst. Although initiation is slow, because the metal 

center in the reactive intermediate is electron rich, the 14 electron intermediate will 

preferentially bind olefin through a strong 7t-type bonding rather than re-bind the weakly 

TZ accepting phosphine. 

Although structural, IR and NMR experiments on the (CO)5MoL complexes 

suggest some donor trends for the series of ligand studied, these experiments cannot 

readily separate out the intricate synergism of o and n bonding. Photoelectron 

spectroscopy is the only experimental method that can separate and quantify these two 

bonding effects. 



Table 3.1. Comparison of (CO)5MoL bond distances (A), angles (deg), and L cone angles (deg). 

L Mo-L Mo-C,, CO,, Mo-C,q CO,, Mo- Mo-CO^ L cone angle 

(avg) (avg) (avg) (exp; xtal; theo) 
CO — 2.059(3) 1.125(5) 2.059(3) 1.125(5) 179.3(4) 179.3(4) — — — 

— 2.059(1) 1.137(1) 2.059(1) 1.137(1) 179.5(1) 179.5(1) 
PF3 2.37(1) 2.06(1) 1.15(1) 2.06(1) 1.15(1) — 175(2) — — 104(2) 
PCI3 2.379(1) 2.035(2) 1.137(3) 2.052(2) 1.131(2) 179.4(2) 178.3(2) — — 124(2) 
PPhj 2.560(1) 1.995(3) 1.142(4) 2.046(4) 1.134(4) 178.3(3) 177.2(3) — 148(5) 145(2) 
Pr'jMejIm 2.311(2) 1.991(2) 1.152(2) 2.047(2) 1.142(2) 178.4(2) 176.9(2) — — — 

PMej 2.508(1) 1.984(3) 1.152(3) 2.036(5) 1.134(3) 179.7(4) 179.3(4) 111(2) 118(2) 
PCys 2.594(2) 1.972(6) 1.154(6) 2.028(7) 1.148(6) 177.7(2) 175.6(2) 120(2) 160(5) 170(2) 

2.583(1) 1.989(2) 1.147(2) 2.044(2) 1.140(2) 179.8(2) 176.0(2) 
NMe, 2.369(1) 1.955(1) 1.158(2) 2.051(1) 1.137(2) 179.5(1) 174.8(1) 75(2) — 132(2) 

oo 



Table 3.2. IR data for (CO)5MoL complexes (cm"'), presented in order of decreasing v^o (Ai, CO^^). 

L Medium ^co (Ai) additional v^o 

CO 2131 

PF3 hexane 2101 2013, 1988 
P(OMe)3 hexane 2082 1997, 1970, 1956 

PPh3 hexane 2075 1989, 1950, 1945 
NMe3 hexane 2072 1941, 1921 

KBr pellet 2074 1927, 1916 
PMe3 cyclopentane 2071 1952, 1945 
PCy3 hexane 2066 1989, 1941, 1937 

KBr pellet 2064 1975, 1936, 1913 
Pr'jMejIm KBr pellet 2061 1973, 1922, 1911, 1888 

CO hexane — 1989 

KBr pellet 1982 

00 K) 



Table 3.3. and NMR data for (CO)5MoL complexes. 

L 6 (CO),, 6 (CO),, AC03,.eq 
ACO from 
(CO),Mo 

6®'Mo I.E. (eV) M3 
band 

CO 201.2 201.1 0.0 0.0 -1857 8.42 

NMCj 204.7 214.3 9.7 3.6, 13.2 -1321 7.90 

P(0Ph)3 203.1 206.9 3.8 2.0, 5.8 -1819 — 

P(NMe2)3 206.3 210.1 3.8 5.2, 9.0 — 7.8 

PF3 — — — — -1860 8.8 

PCI3 200.7 206.0 5.3 -0.4, 4.9 -1523 — 

PMe3 209.5 206.3 3.2 8.4, 5.2 -1818 7.85 

PEt3 206.1 209.6 3.5 5.0, 8.5 -1856 7.7 

PPhs 205.7 210.2 4.5 4.6, 9.1 -1743 7.62 

PUBU3 209.5 206.0 3.5 8.4, 4.9 -1842 — 

PCy3 208.3 210.9 2.5 7.2, 9.8 -1825 7.61 

Pr'jMCjIm 207.0 213.2 6.2 5.9, 12.1 -1751 7.39 



Table 3.4. Analytical data for the gas-phase photoelectron spectra for 
the series of (CO)5MoL complexes, where L = NMe3, PMe3, PPh3 and 
Pr'2Me2lm. 

Position Area 
Halfwidth 

High, Low 
Assignment 

(CO)5Mo(NMe3) 

7.49 100 0.49, 0.27 [Ml, M2] 

7.90 55 0.26, 0.26 M3 
8.17 23 0.26, 0.26c 

8.43 11 0.26, 0.26c M3* Uco 

10.48 99 0.73. 0.93 M-N 0 

(CO)5Mo(PMe3)* 

7.57 100 0.28, 0.28 [Ml, M2] 

7.85 51 0.41, 0.35 M3 
8.14 17 0.47, 0.37 M3* Uco 
9.86 73 0.38. 0.27 M-Po 

(CO)5Mo(PPh3)* 

7.33 100 0.33, 0.30 [M1,M2] 

7.61 85 0.29, 0.27 M3 

7.87 24 0.29, 0.27c Uco 
8.65 99 0.44, 0.21 M-Po 

9.17 287 0.45, 0.30 Phenyl 
9.51 322 0.60, 0.36 Phenyl 
10.35 100 0.52. 0.30 M-P'o 

(CO)5Mo(PCy3) 

7.31 100 0.58, 0.33 [Ml, M2] 

7.61 42 0.40, 0.26 M3 
7.93 11 0.40, 0.26c M3* Uco 
9.05 110 0.90. 0.44 M-Po 

(CO)5Mo(Pr'2Me2lm) 

6.93 100 0.31, 0.28 [M1,M2] 

7.39 32 0.34, 0.18 M3 

7.68 9 0.34, 0.18c M3* Uco 
8.39 40 0.31,0.15 7I2 

8.60 26 0.31,0.15c 7I2* 
8.78 12 0.31,0.15c 7I2* 

8.95 5 0.31,0.15c 71:2* 
9.47 67 0.68, 0.17 7:3 + C o L.P 
9.81 66 0.74. 0.61 

**Note: The PMcj and PPh3 complexes were previously collected by 
M. Rempe. 



Table 3.5. Overall energy shift (eV) of ligand lone pair upon 
coordination to pentacarbonyl fragment. 

^ ^ Shift" 

NMes" '846 10.46 2.00 
PMe3 8.57 9.86 1.29 
PPh3 7.83(9.62*) 8.65(10.35*) 1.55 
PCy3 7.65 9.04 1.39 

Pr'^Me^Im 7.39 _ 9.47 2.08 



Table 3.6. Vertical ionization energies (eV) and labels for 
the metal ionizations of (CO)5MoL. 

1. [Ml, M2] M3 A (M3 - [Ml, M2]) 

NMc, 7.49 7.90 0.41 

PMe3 7.57 7.85 0.28 
PPh3 7.33 7.62 0.29 
PCy3 7.31 7.61 0.30 

Pr'jMejIm 6.93 7.39 0.46 
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Table 3.7. ADF2002 orbital energies and compositions of Pr'jMejIm and 
FMcv 

Molecule Orbital Label Energy (eV) 
Orbital 
Makeup 

LUMO +2 71* 0.341 
33 % C (pj 
29% C (p,) 

HOMO oL.P. -4.30-
47% C (pj 
33% C (s) 

Pr'2Me2lm 29% C (pj 
HOMO-1 TT2 -4.80 28% C (py) 

5 % N ( p y )  

3 5 % N ( p J  

HOMO -2 713 -6.01 
3 1 % N ( p y )  
l l % C ( p , )  
5% C (pj 

PMej 
LUMO +1 2 o *  0.45 

40% P (pj 
20% H (s) 

HOMO oL.P. -4.24 68% P (pj 



-O 

5 CO + 1 L 
ligand 

n acceptor 
orbitals 

6 CO 
ligand 

n acceptor 
orbitals 

Jl Jl _I1 
Tr *1 Tr 

Figure 3.1. Splitting of metal orbitals in symmetry for (CO)6Mo to 04^ 
(CO)5MOL upon replacement of one carbonyl with ligand L. 
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P(8) 
C(6) C(7) 

C(3) 0(3) 0(2) C(2) 

Mo 
C(4) 0(5) 0(4) 

0(5) 

C(1) 

0(1) 

Figure 3.2. Crystal Structure of 
(CO)5Mo(NMe3). 
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Mo 

C(3) C(2) 
0(3) 0(2) 

C(1) 

0(1) 

Figure 3.3. Crystal Structure of 
(CO)5Mo(PCy3). Note the disorder in one of the 
tricyclohexylphosphine ligands. 
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(a) 

C(13) 

C(10) C(12) 

C(16) 
N(1) N(2), C(9) 

C(6) C(7)'|^C(8) 

C(5) 
MO 

C(4) 
0(4) 

0(1) 

0(1) 

(b) 0(3)^ 
iO(4) 

0(1 V 

Mo 

0(2) 
0(5) 

Figure 3.4. Crystal Structure of 
(CO)5Mo(Pr'2Me2lm). (a) side view 

(b) bottom view. 
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Figure 3.5. Crystal structures of the Pr'2Me2lm 
molecule. The side view is shown in the top 
structure, and the view down the molecule is 
shown below. 
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15 14 13 12 11 10 9 8 

Ionization Energy (eV) 
Figure 3.6. Gas-phase He(I) photoelectron spectrum of 
free NMe,. 
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14 12 10 8 6 
Ionization Energy (eV) 

Figure 3.7. Gas-phase He(I) photoelectron spectrum for 
PCy3-
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15 14 13 12 11 10 9  8  7 6  5  

Ionization Energy 
Figure 3.8. Gas-phase He(I) photoelectron spectrum of the 
N-heterocyclic carbene HjIMes. 
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IMes 

15 14 13 12 11 10 9  8  7 6  

Ionization Energy 
Figure 3.9. Gas-phase He(I) photoelectron spectrum of the 
//-heterocyclic carbene IMes. 



^carbene ^ L-P- n2 

Figure 3.10. Valence molecular orbitals for the A^-heterocyclic carbenes IMes (top) and HjIMes (bottom). Molekel 
cutoff value = 0.05. 

vo 
-J 
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14 12 10 8 6 
Ionization Energy (eV) 

Figure 3.11. Gas-phase He(I) photoelectron spectrum of 
the A''-heterocyclic carbene Pr'2Me2lm. 
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n3 o LP. + n2 

n2 nS 

a LP. 

9 6 10 8 7 
Ionization Energy (eV) 

Figure 3.12. He(I) photoelectron spectra of 
(A) Pr'jMejIm and (B) 'BujHjImid. 
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14 12 10 8 6 
Ionization Energy (eV) 

Figure 3.13. Photoelectron spectra of (A) 
(CO)5Mo(NMe3), (B) (CO)5Mo(PCy3) and 
(C) (CO)5Mo(Pr'2Me2lm). 
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M-Lo 

12 11 10 9 8 7 
Ionization Energy (eV) 

Figure 3.14. Photoelectron spectrum of the metal-ligand 
close-up energy region of (CO)5Mo(NMe3). 
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No LP. 

[M;1, M2] 

M3 
M-N a 

12 11 10 9 8 7 
Ionization Energy (eV) 

Figure 3.15. Shift in ionization energy of the 
NMej lone pair (A) into the M-N o bond (B). 
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siM1,M2] M-P o 

M3 

M3 

11 10 9 8 7 
Ionization Energy (eV) 

Figure 3.16. Metal-ligand ionizations of (CO)5Mo(PCy3). 



PL.P. 

[M1, M2] 
M-P a 

M3 

9 8 7 11 10 

Ionization Energy (eV) 

Figure 3.17. Photoelectron spectra 
illustrating the shift in ionization energy of 
the a lone pair of PCy3 (A) into the M-P 
bond of the metallated complex (B). 
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n3 + C o LP. 
(CO)5Mo(Pr'2Me2lm) 

M1, M2] 

10 9 8  7 
Ionization Energy (eV) 

Figure 3.18. Metal-ligand ionizations for the 
(CO)5Mo(Pr'2Me2lm) molecule. 



[M1,M2] 

M3 

MS 

Ionization Energy (eV) 

Figure 3.19. Photoelectron stak-plot of the 
NHC free ligand (A) and the metallated 
(CO)5Mo(Pr'2Me2lm) complex (B). 
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Ionization Energy 
Figure 3.20. Metal ionizations of the series of 
(CO)5MOL molecules, where L = (A) NMej, (B) 
PMej, (C) PPhj, (D) PCy3 and 
(E) Pr'2Me2lm. 
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[M1,M2] 

[M1jyi2] 

M3 

8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6 6.4 
Ionization Energy (eV) 

Figure 3.21. Direct comparison of the 
photoelectron spectrum of (CO)5Mo(PCy3) 
(A) to that of (CO)5Mo(Pr'2Me2lm) (B). 
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CHAPTER 4 

EXPERIMENTAL MEASURES OF METAL-PHOSPHINE AND METAL-N-
HETEROCYCLIC CARBENE BONDING IN COORDINATIVELY UNSATURATED 

MOLECULES. PART II: Cp*Ru(Cl)L and Cp*Ru(Cl)(CO)L, WHERE L = HjIMes, 
IMes, Pr'jMejIm, PCy^, AND 

Introduction 

The coordinatively unsaturated template Cp*Ru(Cl)L (I) allows for the study 

of the ruthenium-metal bonding interaction with an ancillary ligand L. This class of 

ruthenium 16 e" coordinatively unsaturated molecules was first reported by Tilley and co

workers, who synthesized the complexes Cp*Ru(L)Cl, where L was the bulky tri-

Ru 

I 

substituted phosphines PCyj and P'Prj.' Complexes of this type can be thought of as d® 

"16 electron-three-legged piano-stool" molecules with a missing leg, thus leaving the 

molecule coordinatively unsaturated. 

Structural Data. The geometries of the Cp*Ru(Cl)L molecules when L is a 

tertiary phosphine or N-heterocyclic carbene, as determined by X-ray crystallography 

experiments, show that the ruthenium atom, the Cp* centroid, the chlorine atom, and the 
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carbene carbon atom are all nearly in the same plane.^ The bond angle between the L-

Ru-Cl is ranges from 88-91°, with the angle between the L-Ru-Cp* measured between 

130-142° and the Cl-Ru-Cp* angle ranging between 128-132°.^ Table 4.1 gives the 

structural information for the series of Cp*Ru(Cl)L complexes studied in this work. 

Questions addressed in this chapter why this class of molecules are stable existing as 

coordinatively unsaturated, and can this metal system be used in order to comment on the 

TT-acceptor ability of phosphine vs. carbene ligands. 

Solution Calorimetrv. The Cp*Ru(Cl)L system has recently been used to 

rate the donor abilities of a series of bulky tertiary phosphines and A^-heterocyclic 

carbene ligands via solution calorimetry measurements. Nolan et. al. have reported 

Ru-L bond enthalpies of Cp*Ru(Cl)L (L = PCy3,PPr3 and various N-heterocyclic 

carbenes) measured by solution calorimetry.^-'^"^ The coordinatively unsaturated species 

Cp*Ru(Cl)L is readily achieved by simple reaction of bulky tertiary phosphines with the 

versatile starting material [Cp*RuCl]4, as shown in Equation 1. This synthetic pathway 

allows for the experimental measure of the binding affinity of various bulky ancillary 

THF 
[Cp*RuCl]4 (s) + 4 L (soln) > 4 Cp*Ru(Cl)L (soln) (1) 

ligands.^ When four equivalents of the tertiary phosphine (or NHC) react with one 

equivalent of the tetramer in THF at approximately 30°C, the measured enthalpy of 

reaction is exothermic. The above reaction is also suitable for calorimetric investigations 

due to the fact that it proceeds rapidly and quantitatively (measured by NMR). These 

enthalpies of reaction can be converted to relative enthalpies of reaction on a mole of 



121 

product by dividing the enthalpies of reaction by four. This represents the number of 

bonds made in the course of the reaction. When interpreting the enthalpy values between 

a series of ligands L, the difference between two relative enthalpy values represents the 

enthalpic driving force for a substitution of one ligand for another ligand. Enthalpies of 

ligand substitution for equation 1 have been measured for a series of L ligands to give -

37.4 kcal/mol when L = P'Pr3, -41.9 kcal/mol when L = PCyj, and -62.6 kcal/mole when 

L = IMes. In addition, the relative calculated relative bond dissociation enthalpies (BDE) 

(dividing enthalpies of reaction by 4) for P'Pr3, PCyj and IMes are 9.4 kcal/mol, 10.5 

kcal/mol and 15.6 kcal/mol respectively. 

All of the carbene ligands investigated had more exothermic reaction enthalpy 

values than the tertiary phosphines, indicating that the NHC ligands are better electron 

donors. This is especially obvious when comparing the BDE of the series of ligands. 

The P'Prj phosphine ligand has the lowest BDE, which means that it is the weakest a 

donor, and less energy is required to dissociate this phosphine for another ligand L. 

Comparison of a series of sterically bulky phosphines and A^-heterocyclic carbenes 

indicates that Ru-L bond enthalpies for the NHC ligands were greater than those for the 

bulky tertiary phosphine ligands, but these studies were not able to comment on the 

separate a and K contributions to the stronger bonds. Photoelectron spectroscopy studies 

for the Cp*Ru(Cl)L series are correlated to Nolan's solution calorimetry studies in the 

following section. 
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Bindins small molecules to the Cp*RuLX template. The coordinatively 

unsaturated Cp*RuLX complexes readily bind small molecules to give the corresponding 

three-legged 18 electron piano-stool complexes. For example, Cp*Ru(Cl)L (L = PR3 and 

NHC) are found to rapidly add CO at 1 atm and 25°C to give Cp*Ru(Cl)(C0)L7'^ In 

terms of coordination around the ruthenium center, addition of a small molecule now 

allows for treatment of the complex as a pseudo-octahedral complex. This affords the 

means to easily determine the symmetry of the three doubly occupied ruthenium metal 

orbitals, in addition to determining the Ti-acceptor ability of the ligand L as mentioned 

previously when discussing CpMLs complexes. 

The electronic structure of these planar Cp*RuLX (X = CI) complexes are 

examined by gas-phase photoelectron spectroscopy in order to comment on the o-donor 

ability of the ligand L (L = PCyj, PTr3, Pr'2Me2lm, HjIMes and IMes). A strong o-donor 

ligand has the net effect of making the ruthenium center electron rich, which correlates to 

the metal electrons being easier to ionize. Thus this Cp*Ru(Cl)L template can be used to 

rank the series of complexes studied in terms of the donor ability of the ligand L. 

Experimental 

General Considerations. All compounds studied in this chapter were 

contributions from Dr. Grubb's research lab at the California Institute of Technology in 

Pasadena, CA. Synthetic procedures have been published previously.''^ 
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Photoelectron Spectroscopy. The photoelectron spectra were recorded using 

an instrument that features a 36 cm radius, 8 cm gap hemispherical analyzer and custom 

designed sample cells and detection and control electronics.^ The excitation source was a 

quartz lamp that produced both He(I) and He(II) radiation, depending on the operating 

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

lock of the absolute ionization energy. The difference between the argon the 

methyl iodide ionization at 9.538 eV was used to calibrate the ionization energy 

scale. During data collection the instrument resolution, measured using the full width at 

half-maximum of the argon ionization, was 0.020-0.030 eV. All data are intensity 

corrected with an experimentally determined instrument analyzer sensitivity function that 

assumes a linear dependence of analyzer transmission (intensity) to the kinetic energy of 

the electrons within the energy range of these experiments. All of the compounds were 

kept in a nitrogen glove-box prior to the photoelectron experiments. Compounds 

sublimed cleanly, with no trace of decomposition product. A custom designed aluminum 

cell was used in all experiments. The sublimation temperatures were as follows: 

Cp*Ru(Cl)PCy3, 133-158°C; Cp*Ru(Cl)PTr3, 164-192°C; Cp*Ru(Cl)H2lMes, 123-176°; 

Cp=f^Ru(Cl)IMes, 168-176°C; Cp*Ru(Cl)Pr'2Me2lm, 115-140°C; Cp*Ru(Cl)(C0)P'Pr3, 

132-145°C. 

Data Analysis. The ionization bands in the photoelectron spectra are 

represented analytically with asymmetric Gaussian peaks. The minimum number of 

peaks was used to represent the contours of the data. The experimental variance of the 

photoelectron data are represented in the figures by the vertical length of each data 
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mark.'" 

The fitting procedures used to fit the data use both the fitting program Fp, as well 

as the newer Windows-based program WinFp 0.011. A more detailed discussion of the 

fitting procedures has been discussed in more detail elsewhere.^" 

Computational Studies: ADF2002.03 proemm.^^ The PW91 method was 

used for all calculations.'^ The atomic orbitals on all centers were described by the TZ2P 

uncontracted triple-^ STO basis set that includes two polarization functions which is 

readily available with the ADF package. Relativistic effects were included in all 

calculations by the scalar ZORA formalism implemented as a part of the ADF2002 

program.Single point energy calculations were started from the x,y,z coordinates 

from X-ray diffraction experiments. 

Preliminary Bonding Considerations: Piano Stool and Coordinatively Unsaturated 
Systems. 

Chapter 3, another class of compounds which is used extensively to study the bonding 

capabilities of a wide variety of ligands are the d® three-legged-piano-stool complexes, 

Cp*ML3 (II). Advantages to this system are the wide number of complexes of this 

Cp*MLc. (d^ systems) In addition to the (CO)5MoL system discussed in 

L 
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general geometry available for study, as well as their pseudo-octahedral symmetry which 

facilitates correlating symmetry to separating TT and a bonding. A detailed explanation of 

this system, including information regarding symmetry and bonding can be found in the 

literature.® For this work, the CpMn(C0)3 piano stool molecule is used to illustrate the 

symmetry and bonding of three-legged-piano-stool systems. In brief, the three metal 

orbitals of the d'' CpM(C0)3 system are essentially degenerate, similar to the tjg orbitals 

of Oh symmetry. In this case each of the three occupied metal d orbitals is stabilized by 71: 

backbonding to two carbonyls. When a carbonyl is substituted by another ligand, all 

three metal orbitals are again affected by the change in charge potential. In addition, two 

of the occupied d orbitals will each have Tt-symmetry with respect to the ligand L and to 

one CO ligand. The third orbital is 6 with respect to L and remains K-backbonding to 

two carbonyls. The difference in energy between the first two metal ionizations and the 

third is again the difference between the n stabilization of the ligand L and that of CO. 

Table 4.2 lists the 71:-stabilization energies that have been measured for a variety of tc-

acceptor and 7i-donor ligands with different metals. These energies are relative to a 

hydride ligand H, which has no K interaction.® Spectra of different three-legged piano-

stool molecules with different metals show that the TT-stabilization abilities of the ligands 

transfer quite well from molecule to molecule. 

Cp^ML^.(systems) A large number of Cp*ML3 18 electron piano-stool 

complexes are reported in the literature, but only a small number of their 18 electron 

Cp*ML2 analogs have been synthesized. Bursten and co-workers have proposed that the 

abundance of three-legged piano stool compounds compared to their two-legged analogs 
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is a result of the "electronic differences between the coordination environments" of the 

three-legged variety compared to that of the two-legged variety.'^ The HOMO in 18 e" 

two-legged piano stools is primarily metal-localized as well as non-bonding, whereas the 

HOMO in the 18e" three-legged complexes is involved in TT-backbonding from the metal 

center to the ligand. In addition, Bursten also stated that the stability of the two-legged 

piano stool molecules is highly dependent on the HOMO-LUMO gap, as well as the 

HOMO-SHOMO gap. Even with the electronic limitations in the stability of the Cp*ML2 

ISe" systems, the analogous 16e" half sandwich d^ complexes of group 8 elements (Ru in 

particular) are available for study. 

Cp*ML^ (d^ systems). Complexes of the type Cp*MLX (L = PR3, NHC; X = 

CI) are typically referred to as half-sandwich, coordinatively unsaturated systems. These 

complexes can exist in either the pyramidal (III) or planar (IV) geometries as shown 

below. The cyclopentadienyl ligands take up three coordination sites around the metal, 

therefore these complexes are analogous to the ML^ complexes in the square-pyramidal 

geometries (V) and trigonal-bipyramidal (VI). In the Cp*RuLX complexes, the planar 

structure is preferred when there is a n donor ligand present in the coordination sphere. 

Th i s  geome t ry  i s  a l so  p re f e r r ed  when  the  complex  i s  i n  a  sp in  s ing l e t  s t a t e .Why  do  

L 

III, pyramidal IV, planar 
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V VI 

these Cp*RuLX complexes with the unsaturated Ru(II) center adopt the planar structure, 

and choose not to have an empty coordination site with a sterochemically-active empty 

orbital? 

Geometry preference of Cp*RuL^ Caulton et. al. have explained the 

preference of the planar structure in the presence of a donor ligand by examining an 

analysis of the variation in the structure of MLj d® complexes with varying ligands.^ 

When in the presence of K-acceptor ligands, or more than one TC donor, the ML5 d® 

complexes adopt a square-pyramidal geometry (VI). In terms of the half-sandwich 

complexes, when the cyclopentadienyl ligand occupies three of the facial sites of the 

square pyramid, the metal is predicted to be pyramidal (HI). When one of the ligands in 

the ML5 complex is a TT-donor, a distorted trigonal bipyramidal structure with an M-X 

multiple bond and not stereochemically-active orbital is predicted to occur. When the 

cyclopentadienyl ligand replaces two of the equatorial and one of the axial ligands of a 

distorted TBP (as in the Cp*RuLX system) the planar structure IV is observed. 

In addition to the structural analogies made in order to comment on the 

geometry of the Cp*RuLX systems, extended Hiickel (EHT) calculations were done by 

Caulton and co-workers in order to examine the stability of different CpRuL2 complexes 

when the RuLj fragment is bent from the planar structure (IV) toward the pyramidal 



128 

structure (III). Their theoretical results also indicated that the presence of a 71-donor 

ligand increases the preference for a planar structure over a a-donor ligand. 

Molecular orbital interactions of planar Cp^RuL^. The three occupied metal 

orbitals (assuming symmetry in which the mirror plane bisects the L-Ru-L bond) are 

the la", a'(x^-y^) and a'(z^) as shown below. The coordinate system for this symmetry 

places the z-axis in the plane of the paper, and the y-axis coming out of the page. 

I 
a'(x^-y^) 

Stability of these orbitals upon bending dictates the geometry preference of the complex. 

When the angle 0 between the Cp and L ligands (see III and IV) decreases from 180 

degrees, the 1 a" orbital is destabilized as a result of increased antibonding interaction 

with the ligand a orbitals. The a'(z^) orbitals is the only metal orbital that is stabilized by 

bending of the molecule from planar geometry, due to reduction of o interaction with the 

ligands and mixing with the LUMO 3a' (LUMO is then subsequently de-stabilized). The 

geometry of the ground state of the Cp*RuL2 complex is determined by the competition 

between the destabilization of the la" metal orbital, and the stabilization of the a'(z^). If 

there is a small gap (energy difference) between the LUMO and the a'(z^), orbital mixing 

3a' (xz) 

a'(z') la" 
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occurs and the stabilization of the a'(z^) is large, which promotes the pyramidal structure. 

This situation occurs when there is a 7i-acceptor ligand in which the LUMO is low in 

energy. When there is a Ti-donor ligand present, the energy difference between the 

LUMO and a'(z^) is extremely large, which means that there will be little to no 

stabilization of the a'(z^) upon bending of the molecule from 0 = 180°, and the 

destabilization of the la" dominates. The net result is that the molecule prefers the planar 

structure.^ 

Molecular orbitals o f hal f-sandwich metal complexes. In order to obtain a 

complete model of the important metal-ligand bonding interactions in the Cp*Ru(Cl)L 

molecules a study of the [Cp*-Ru] fragment, and its molecular orbitals is also considered. 

In describing the half-sandwich fragment, the z-axis typically goes through the Cp* 

centroid and metal center. Figure 4.1 shows the interactions between the Cp" ligand and a 

center.^® The pentamethylcyclopentadienyl ligand has three 7i-type filled orbitals, the 

e/' and the a2"and one set of empty TC-type orbitals, the 62"• When the d^ metal center 

interacts with the Cp* ligand, the C2" orbitals on the cyclopentadienyl ligand have a 6-

type overlap with the d^^-y^ and d^^ orbitals, while the d^^ metal orbital has a weak 

interaction with the a2"orbital on the ring. This has the net result of the d^^ orbital being 

slightly de-stabilized with respect to the d^^-y^ and d^y orbitals. The el" orbitals form 

bonding and antibonding combinations with the metal d^^ and dy^ orbitals. When this 

half-sandwich fragment bonds to two ligands, correlations can be made with the C, 

symmetry model discussed above. Both of these bonding models will be employed in 

order to discuss the molecular orbital interactions of the actual Cp*Ru(Cl)L species. 
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It should be noted that both the C, symmetry model, as well as the half 

sandwich model both give the same relative energy splitting of the three filled metal 

orbitals. The HOMO for both models is the d^^, and destabilized in energy relative to the 

HOMO-1 and HOMO-2. The HOMO-1 and HOMO-2 orbitals are close in energy, which 

leads to the prediction of a 1:2 type metal orbital pattern in the photoelectron experiment. 

Results and Discussion 

Structural Data. The bond angles and distances from the X-ray experiments 

on the Cp*Ru(Cl)L molecules are given in Table 4.1. The bond distances between the 

0 

phosphine ligands and the ruthenium metal center are on the whole approximately 0.2 A 

longer than for the Ru-NHC distances. One possibility for this trend is the difference in 

Van der Waals radii between phosphine (covalent radii, C = 0.77; P = 1.10). Both the 

NHC and phosphine ligands have similar steric bulk, so another possibility is that the 

bond distance differences could be due to electronic effects. From previous experiments 

(Chapter 3) it has been found that the NHC ligands are stronger a donors than the 

phosphines. The stronger donor ligands form shorter bonds to the ruthenium metal 

center. The structural data will be correlated to solution calorimetry studies following 

the photoelectron spectroscopy discussion. 

Photoelectron Data: 

Cp*Ru(Cl)L. The full-region He(I) gas-phase photoelectron spectra of the 

series of Cp*Ru(Cl)L complexes, where L = (A) P'Pr3, (B) PCy3, (C) HjIMes (D) IMes 



131 

and (E) Pr'2Me2lm are shown in Figure 4.2. The ruthenium metal orbitals have 

ionizations between 6-7 eV, and appear to be in a 1:2 area ratio. Ionizations from the 

Cp*, NHC, M-P and CI ligands are evident between 8.3-9.5 eV, and ionizations from C-

C and C-H a orbitals are between 10-15 eV. 

L = FPr^ and PCv^,. The metal-ligand close-up photoelectron spectra for 

Cp*Ru(Cl)PPr3 and Cp*Ru(Cl)PCy3 are shown in Figures 4.3 and 4.4 respectively. The 

metal ionizations for both complexes with tertiary phosphine ligands are located between 

6.0-7.5 eV. In Figure 4.3, the ionization band that appears at -7.5 eV is due to free P'Prj 

ligand that was subliming along with the Cp*Ru(Cl)P'Pr3 molecule. The ionizations 

between 8.0-10 eV correspond to those from the pentamethylcyclopentadienyl ligand, the 

triisopropylphosphine ligands as well as the P-C o-bond ionizations at -10 eV. Figure 

5.4 shows similar ionization features from the Cp*Ru(Cl)PCy3 molecule. The three 

metal ionizations are better resolved, and occur between 6 - 7.5 eV. Ionizations from 

both the Cp* and cyclohexyl ligands occur between 8 - 9.5 eV, with the e symmetry P-C 

a ionizations at -10 eV. 

L = HJMes. IMes and Pr^MeJm. Figures 4.5-4.7 show the valence metal 

and ligand ionization region for the complexes Cp*Ru(Cl)L, where L = H2lMes, IMes 

and Pr'2Me2lm respectively. The metal ionizations in the Cp*Ru(Cl)H2lMes complex 

(Figure 4.5) occur at 6.04 eV and 6.40 eV and are in an approximate 1:2 ratio. In 

addition, they are separated to a greater extent than those of the phosphine molecules. 

The ionizations between 7.4 eV and 7.7 eV for the Cp*Ru(Cl)H2lMes molecule are 

absent from the PR3 ruthenium complex (Figure 4.3), indicating that they are primarily 
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due to ionizations from the H2lMes ligand. Note: The small ionization feature at 7.21 

eV is not assigned to any ionization from the complex, and is most likely a 

decomposition product observed at the same sublimation temperature. 

Figure 4.6 shows the low ionization energy region spectra for 

Cp*Ru(Cl)IMes. For the most part, this spectrum is similar to that seen in Figure 4.5 for 

the complex where L = HjIMes. The three metal ionizations occur at 5.95 eV and 6.33 

eV, and again are in a 1:2 ratio. The pentamethylcyclopentadienyl and IMes carbene 

ionizations are seen in the 7.5-10.5 eV range. 

The metal-ligand energy region photoelectron spectrum for 

Cp*Ru(Cl)Pr'2Me2lm is shown in Figure 4.7 As seen in the previous two systems, the 

metal ionizations for this complex are in a 1:2 ratio, and occur at 6.01 eV and 6.47 eV. 

Ligand ionizations from Cp* and NHC occur between 7.5 - 10 eV. The intense 

ionization at -8.40 eV in the spectra of the previous two NHC complexes is not observed 

when L = Pr'2Me2lm, indicating that this structure can be assigned to the mesityl n 

ionizations in the previous spectra. The large ionization seen at 9.13 eV in Figure 4.7 is 

present in the same positions in the complexes were L = H2lMes and IMes, indicating 

that this is a common ionization for all three molecules. 

Figure 4.8 shows the metal-ligand ionizations for the series of complexes 

studied. The metal ionizations when L = PPtj (A) and PCyj (B) are not destabilized to 

the extent of those when L = H2lMes (C), IMes (D) and Pr'2Me2lm (E). These results 

indicate that the phosphine ligands are not as good o donors as the N-heterocyclic 

carbene ligands. This correlates well to the results found with the (CO)5MoL system in 
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Chapter 3. In comparing the three NHC ligands studied, the complex with the most 

electron rich ruthenium center is when L = IMes. The first metal ionization band occurs 

at an energy 0.09 eV destabilized from L = H2lMes, and 0.06 eV when L is Pr'2Me2lm. 

The better o-donor NHC ligand is the IMes, followed in turn by Pr'2Me2lm and H2lMes. 

The Cp*Ru(Cl)L system allows for the study of the electronic donor abilities of an 

expanded series of ligands that were not able to be examined with the (CO)5MoL 

template. 

Photoelectron Results and Molecular Orbital interactions. In order to aid in 

the assignment of ionizations in the photoelectron spectra of the Cp*Ru(Cl)L molecules, 

density functional calculations using ADF2002 were carried out. Table 4.4 gives the 

orbital energies as well as the % character composition analysis. In the complexes 

studied by theoretical calculations, the LUMO and the HOMO through HOMO-2 all have 

a large percentage of ruthenium metal character. The HOMO-LUMO gap for the 

complexes is largest when L is a //-heterocyclic carbene, and smaller when L is a 7i-

acceptor phosphine ligand. This is expected, because the LUMO (3a') can have a TC-

interaction with the Tt-acceptor orbitals on the phosphine, which will have the net effect 

of stabilizing the LUMO and closing the HOMO-LUMO gap. The energy splitting 

between the HOMO and HOMO-1 orbitals is larger in all cases than the energy 

separation between the HOMO-1 and the HOMO-2. This is seen in the gas-phase 

experimental measure in the 1:2 area ratio of the three metal ionizations. 

The molecular orbital plots for Cp*Ru(Cl)L with a representative tertiary 

phosphine (P'Prj) and a representative NHC (HjIMes) are shown in Figures 4.9 and 4.10 
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respectively. In Figure 4.10, the LUMO through HOMO-2 orbitals are presented in two 

different views (see coordinate system given for each). The lefthand side shows the side 

view of the Cp*Ru(Cl)L complex with the chlorine atom to the front, and the phosphine 

ligand to the back. The right view is down the Cp*-Ru bond. The LUMO is the orbital 

with 3a' symmetry seen in the symmetry case discussed previously. It is comprised 

primarily of the dy^ metal orbital (according to coordinate system given in Figure 4.9). 

This orbital is also the same LUMO for the Cp-M half sandwich system in Figure 4.1, 

although the coordinate system is defined differently. This orbital is also analogous to 

the HOMO in d^ CpMLj systems. The HOMO for this molecule correlates to the 2a' (x^-

y^) orbital seen under symmetry. However, this orbital is in actuality a combination of 

the 6.^-^ - 6.^ orbitals. The view on the right-hand side of Figure 4.9 shows the 6-

interaction this metal orbital has with the pentamethylcyclopentadienyl ligand. This 

interaction is analogous to the Cp-M 6-type interactions of the e," Cp orbital with the d^y 

and dx^-y^ orbitals on the d® metal of the half-sandwich fragment. The other 6-type 

interaction in Figure 4.9 is seen in the a"-type orbital, which is the HOMO-1 (primarily 

d^J. In Cs symmetry the a" orbital is the dy^, which is also 6 to the Cp ring in this 

bonding model. The third occupied metal orbital is the la' (d^^), which for the Cj bonding 

model is the metal HOMO. Under this symmetry, the la' orbital has overlap of the d/ 

donut with the a orbitals of both L ligands, resulting in an overall de-stabilization of this 

orbital from the 2a' and the la". Under actual molecular symmetry, this orbital is the 

combination of the d/ + d^^-y^ orbitals, which results in the "pinching" of the donut 

electron density. The right-hand view of this orbital in Figure 4.9 shows its interaction 
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with the Cp* ligand, which is similar to the HOMO of the half-sandwich model in Figure 

4.1. In this model, the d^^ interacts weakly with the aj" orbital of the Cp ring and is 

destabilized to the HOMO. The orbital pictures for the Cp*Ru(Cl)L complex when L is a 

7i-acceptor ligand such as phosphine are slightly perturbed when L is a N-heterocyclic 

carbene ligand. Figure 4.10 shows the molecular orbitals of the Cp^RuCCOPr'jMejIm 

molecule. The orbitals pictured are the same assignments as in the Cp*Ru(Cl)P'Pr3 case, 

however, due to the lack of presence of a TT: acceptor, the metal orbitals of this system are 

not aligned as when L is a u-acceptor such as phosphine. 

Use of both the Cs and half-sandwich bonding model aid in understanding the 

molecular orbital interactions of the Cp*Ru(Cl)L systems. In both models, the LUMO 

and the d^^, (HOMO-1) are the same orbitals seen in the actual complex. Neither bonding 

model correctly describes the HOMO and HOMO-2 orbitals of the Cp*Ru(Cl)L systems. 

This lack of correlation of either bonding model to the actual molecule most likely can be 

attributed to the variable mixing between the 2a'(d^^-j,2) and la'(d/) 

Correlation of Ioni7.ation Energies to Solution Calorimetrv Studies. Direct 

comparison of the metal ionizations from the photoelectron data can be made with the 

Ru-L bond enthalpies measured by solution calorimetry studies.^ Figure 4.11 shows a 

plot of the Ru-L relative bond dissociation enthalpies in the Cp*Ru(Cl)L complexes 

versus the first ionization energy as measured by photoelectron spectroscopy. As the 

bond enthalpy increases between the ligand and ruthenium center, the relative donor 

ability of the ligand increases also, as denoted by the decreasing first ionization of the 

Cp*Ru(Cl)L (L = F'Prj, PCy3 and IMes) complexes. Results obtained for these three 
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molecules suggest a linear correlation, but obviously further experimental studies are 

needed in order to obtain a more complete data set. 

Comparison of Structural Data to Solution Calorimetrv. Nolan and co

workers have rated the donor ability of a series of phosphines and A^-heterocyclic 

carbenes using structural bond length data from X-ray crystallography experiments and 

comparing them to bond dissociation enthalpies from solution calorimetry studies. 

They have reported a linear correlation between the Ru-L bond length and the enthalpies 

of ligand substitution for equation (1). The larger the enthalpy of reaction, the better 

donor the ligand, and the shorter the Ru-L bond. This data also correlates with the 

ionization energies determined by photoelectron spectroscopy. The lower (more 

destabilized) the ionization energy, the shorter the Ru-L bond length, and the better the 

o-donor ability of the ligand. Although the Cp*Ru(Cl)L template can be used to rate a 

donor ability of the ligand L, this system is not conducive to separating out o and n 

bonding effects. This is mostly due to the lack of symmetry of this system, unlike the 

high symmetry (CO)5MoL complexes studies in the previous chapter. However, when 

the coordinatively unsaturated Cp*Ru(Cl)L complex binds a small molecule, the 

coordination number increases to six (assuming Cp* takes up 3 coordination sites) and 

the symmetry about the metal changes to the pseudo-octahedral symmetry of the three-

legged piano stool systems. 

E f f e c t  o f  B i n d i n g  S m a l l  M o l e c u l e s  t o  C o o r d i n a t i v e l y  U n s a t u r a t e d  S y s t e m s :  

Cp*Ru(Cl)(CO)L, L = FPry. As mentioned previously, the Cp*Ru(Cl)L molecules can 

be thought of as "three-legged piano-stool" molecules with a missing leg, thus leaving 
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the molecule coordinatively unsaturated. Addition of a small molecule such as CO 

(Scheme 4.1) to the ruthenium center thus produces a complete, saturated 18-electron 

+ C0 
L 

CI 
• Ru 

Scheme 4.1 

"three legged piano stool" molecule. Information gained by the study of the 

Cp*Ru(Cl)(CO)L system is two-fold. First, these molecules offer the unusual 

opportunity to directly observe the electronic effects of small ligands binding to an 

unsaturated metal center. Second, upon ligation of the small molecule, the coordination 

about the metal center changes to that of a three-legged pseudo-octahedral piano-stool 

system. 

Cp*Ru(Cl)(CO)L piano-stool complex where L = PPr3 is shown in Figure 4.12. This 

spectrum shows the expected three metal ionizations for this "piano-stool" complex with 

the three very different CO, CI, and phosphine ligands splitting the metal ionizations into 

three distinct peaks. The experimentally measured separations between the metal orbitals 

shows a 0.5 eV separation between all three metal bands. The ^-stabilization values of 

the metal-based orbitals in Table 4.2 for the CO (AEg = -0.69eV), PR3 (AE^ = -0.30 eV) 

and  CI  (AEg  =  +0 .08  eV)  can  be  used  t o  p red i c t  t he  ene rgy  sp l i t t i ngs  be tween  the  Ml ,  M2  

and M3 metal orbitals for this piano-stool system. These values give a 0.4 separation 

The gas-phase photoelectron spectrum for the coordinatively saturated 
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between Ml, M2 and M3 based on experiments with first-row transition metal 

complexes.^' When the CO molecule is coordinated to the Cp*Ru(Cl)L system, the 

stabilization of the ionizations is observed. The Ml ionization is stabilized by 0.32 eV, 

M2 by 0.17 eV and M3 by 0.68 eV upon coordination of the carbonyl ligand. 

The photoelectron spectra in Figure 4.13 illustrates the changes upon 

coordination of a small molecule such as CO to the coordinatively unsaturated 

Cp*Ru(Cl)PTr3 molecule. All three metal orbitals are stabilized upon coordination of 

CO. The coordination of a small ligand, because of the increase of electron density of the 

complex, would be expected to destabilize the metal orbitals. However, because 

carbonyl is such a strong n acceptor, the net effect on the metal orbitals is their 

stabilization. Figure 4.14 shows the energy diagram that illustrates the stabilization and 

splitting of the three metal orbitals upon ligation of CO. In addition, the Tt-stabilization 

ene rg i e s  fo r  t he  CO,  CI  and  PR3  l i gands  i n  Tab le  4 .2  can  be  used  t o  p red i c t  t he  Ml ,  M2  

and M3 splittings for the coordinatively saturated molecules. 

Addition of a two electron donor ligand to the Cp*Ru(Cl)L molecules is not 

limited to carbonyl only. The synthesis of Cp*Ru(Cl)LL', where L= IMes and L' = 

triphenylphosphine and pyridene has been reported by Herrmann and coworkers^^'^^. In 

addition, the complex were L = A^-heterocyclic carbene (IMes) and L' is a electrophilic 

carbene such as (=CHC02Et) has also been isolated. These systems allow direct 

comparison of a variety of different ligands. 
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Conclusions 

The Cp*Ru(Cl)L system is a synthetically versatile template that can be used 

in order to extract information on Ru-L bonding, specifically the measurement of the o-

donor ability of the ligand L. In understanding the bonding and symmetry of these 

complexes, comparisons have been made to the ML5 complexes (assuming Cp* takes up 

3 coordination sites) Because of the presence of the ir-donor chlorine ligand, these 

molecules all have a planar geometry about the metal. In order to understand the bonding 

interactions in the series of Cp*Ru(Cl)L molecules studies, both the symmetry and 

half sandwich [CpM] fragemt are used as bonding models. 

From the photoelectron experiments, it is concluded that for the series of 

ligands studied (P'Pr3, PCyj, HjIMes, IMes and Pr'2Me2lm) the relative ordering in terms 

of increasing a-donor strength is as follows: P'Pr3 < PCy3 < H2lMes < Pr'2Me2lm < IMes. 

This relative ordering correlates to both structural data as well as substitution reaction 

enthalpies. 

In addition, the coordinatively unsaturated complexes can also be used to 

explore the coordination effects of small molecules. The Cp*Ru(Cl)(C0)P'Pr3 molecule 

shows three distinct metal ionizations in its photoelectron spectrum, corresponding to 

those typically seen in piano-stool complexes. Previously determined TT-stabilization 

va lues  o f  t he  me ta l -based  o rb i t a l s  we re  u sed  t o  p red i c t  t he  ene rgy  sepa ra t i on  o f  t he  Ml ,  

M2 and M3 metal ionizations, which correlate well to the experimental energy 

separations. All of the metal ionizations were significantly stabilized upon coordination 



of the strong K-acceptor ligand CO. This study is unique in that it allowed for the 

examination of the effect of coordination of a small molecule on the metal orbitals of a 

system. 
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Table 4.1. Selected Bond Lengths [A] and Angles [deg] for Cp*Ru(Cl)L Molecules. 

L 
Ru-L Ru-Cl Ru-Cp* L-Ru-Cl L-Ru-Cp* Cp*-Ru-Cl 

P'Prj* 2.395 2.365 1.810 91.4 139.2 129.3 

PCy3* 2.383 2.378 1.771 91.2 138.9 129.9 

IMes* 2.105 2.376 1.766 90.6 140.7 128.6 

HjIMes** 2.087 2.375 1.766 91.45 127.8 140.7 

Pr'2Me2lm** 2.084 2.364 1.749 90.89 134.5 134.6 
Note: *indicates crystal structures determined by Nolan and co-workers 

**indicates structures solved by Tina Trnka at Caltech 
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Table 4.2. u stabilization of metal-
based orbitals by different ligands for 
CpM(C0)2L. 

Metal Ligand AE, 
(eV) 

Cr NO -1.48 

Mn CO -0.69 

Mn Ti^-MeC^CMe -0.69 

Mn ri2-H2C=CH2 -0.69 

Mn SO2 -0.69 

Mn N2 -0.33 

Mn PMej -0.30 

Fe SiClj -0.17 

Mn NH3 -0.14 

Fe CN -0.09 

Fe Me -0.02 

Fe H 0.00 
Fe CI 0.08 

Fe SiMe3 0.10 

Fe C=CH 0.10 



Table 4.3. Anal5i;ical data for the gas-phase photoelectron spectra for 
the series of Cp*Ru(Cl)L complexes, where L = P'Prj, PCyj, H2lMes, 
IMes and Pr'2Me2lm. 

„ ... Halfwidth Relative Area . . 
Position Assignment 

High, Low He I Hell/Hel 

Cp*Ru(Cl)P'Pr3 

6.35 0.40,0.37 Ml 
7.00 0.46,0.46 M2 + M3 
8.35 0.44,0.45 PPrjL.P. 

8.77 0.61,0.61 cr,* IT 
9J2 n S 5  0  3 5  

Cp*Ru(Cl)PCy3 

6.29 0.28,0.28 1 1 Ml 

6.62 0.41,0.35 0.97 0.67 M2 + M3 
6.95 0.47,0.37 0.92 0.85 
8.32 0.38,0.27 1 0.92 
8.61 0.44,0.30 1.53 0.58 Cp* n 
a.26 0 6 1  0 3 9  LIS (122 

Cp*Ru(Cl)H2lMes 

6.03 0.34,0.34 Ml 
6.39 0.48,0.34 M2 + M3 
7.21 0.37,0.34 
7.80 0.52,0.41 M-Co 
8.35 0.41,0.39 Mesityl n 
8.70 0.40,0.32 Cp* n 

0 47, 0 33 M-ri n 

Cp*Ru(Cl)IMes 

5.95 0.32,0.32 Ml 
6.32 0.46,0.40 M2 + M3 
7.73 0.36,0.30 M-Co 
8.42 0.89,0.54 Mesityl n + Cp* 
SLL2 0 n 41 M-n n 

Cp *Ru(Cl)Pr'2Me2lm 

6.01 0.31,0.28 1 1 Ml 
6,46 0.46,0.45 2.34 1.18 M2+M3 
7.70 0.44,0.29 1.55 0.76 M-Co 

8.17 0.50,0.30 1.75 1.09 Cp*7i+NHC7r 
8.56 0.35,0.36 1.34 0.90 
SLL2 0 65, 0 44 12J Q.65 M-PI n 

*Note; He(II) experiments were not rmv on all complexes due to sample amount 
restrictions. 
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Table 4.4. ADF2002 orbital energies and compositions for the series of Cp*Ru(Cl)L 
complexes, where L = P'Pr3, PCyj, HjlMes and Pr'2Me2lm. 

L Orbital 
Energy 

(eV) 
Orbital Makeup 

LUMO -1.73 32% Ru(d); 23% C (p) 

P'Prs HOMO -3.32 50% Ru(d); 12% Cl(p) 

HOMO-1 -3.57 73% Ru(d) 

HOMO-2 -3.72 66% Ru(d) 

LUMO -1.60 44% Ru(d); 33% C(p) 

PCy3 HOMO -3.30 59% Ru(d); 12% Cl(p) 

HOMO-1 -3.52 70% Ru(d); 6% Cl(p) 

HOMO-2 -3.65 68% Ru(d); 6% Cl(p); 4% Cl(p) 

LUMO -1.39 34% Ru(d); 12% C(p) 

H2lMes 
HOMO 

HOMO-1 

-3.11 

-3.28 

63% Ru(d); 9% Cl(p) 

72% Ru(d) 

HOMO-2 -3.50 50%Ru(d); ll%Cl(p) 

LUMO -1.34 46% Ru(d); 28% C(p) 

Pr'2Me2lm 
HOMO 

HOMO-1 

-3.06 

-3.47 

53% Ru(d); 12% Cl(p); 8%C(p) 

65% Ru(d); 7% Cl(Py) 

HOMO-2 -3.53 68% Ru(d) 



Figure 4.1. Molecular orbitals of [CpM] 
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Ionization Energy 

Figure 4.2. Gas-phase photoelectron spectra of the 
series of Cp*Ru(Cl)L compounds, where L = (A) P'Prj, 
(B) PCyj, (C) H2lMes, (D) IMes and (E) Pr'2Me2lm. 



Cp*Ru(CI)P'Pr 

11 10 8 9 7 6 5 
Ionization Energy 

Figure 4.3. Metal-ligand close-up ionization region for 
Cp*Ru(Cl)FPr3. 
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Cp*Ru(CI)PCy: 

11 10 9 8 7 6 5 
Ionization Energy 

Figure 4.4. Metal-ligand close-up ionization region for 
Cp*Ru(Cl)PCy3. 
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10 9 6 8 7 5 

Ionization Energy 
Figure 4.5. Metal-ligand close-up ionization region for the 
complex Cp*Ru(Cl)H2lMes. 



Cp*Ru(CI)IMes 

10 7 6 11 9 8 5 
Ionization Energy 

Figure 4.6. Metal-ligand close-up ionization region for the 
Cp*Ru(Cl)IMes molecule. 



Cp*Ru(CI)Pr'2Me2lmid 

11 10 9 8 7 6 5 
Ionization Energy 

Figure 4.7. Metal-ligand ionization region for 
Cp*Ru(Cl)Pr'2Me2lm. 
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6 10 9 8 7 5 
Ionization Energy 

Figure 4.8. Gas-phase photoelectron spectra for the 
metal-ligand ionizations of the series of 
Cp*Ru(Cl)L molecules, where L = P'Pr3 (A), PCyj 
(B), H2lmes (C) IMes (D) and Pr'2Me2lm (E). 



Figure 4.9. Molecular orbital plots of the Cp*Ru(Cl)PiPr3 
molecule. For each of the molecular orbitals, a side view (left) and 
a top view (right) are presented. Molekel cutoff value = 0.05. 



z 
A 

X 

A 

->y 

Figure 4.10. Molecular orbital plots of the Cp*Ru(Cl)Pr'2Me2lm 
molecule. For each of the molecular orbitals, a side view (left) and 
a top view (right) are presented. Molekel cutoff value = 0.05. 
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f 15 IMes 

PCy; P'Pr 

5.9 6 6.1 6.2 6.3 6.4 
Ionization Energy (eV) 

Figure 4.11. Liner correlation of metal ionization to 
bond dissociation enthalpies for Cp*Ru(Cl)L, L = 
IMes, PCy3 and PPr3. 
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Cp*Ru(CI)(CO)P'Pr; 

M3 M2 M1 

11 10 9 8 7 6 
Ionization Energy 

Figure 4.12. Gas-phase He(l) photoelectron spectrum of 
the metal-ligand region of the Cp*Ru(Cl)(C0)PPr3 
molecule. 
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Cp*Ru(CI)P'Pr 

M2 + M3 

M1 

Cp*Ru(CI)(CO)P'Pr 

MS M2 M1 

10 8 9 7 6 
Ionization Energy (eV) 

Figure 4.13. Photoelectron spectra of the 
Cp*Ru(Cl)PiPR3 (top) and Cp*Ru(Cl)(C0)P'Pr3 
(bottom. 
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.5.5 

.6.5 
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Cp*Ru{CI)P'Pr3 Cp*Ru(CI)(C0)P'Pr3 

6.391 

6.651 
6.951 

6.67 

7.17 

7.68 

Figure 4.14. Energy diagram illustrating the stabilizing effect on the metal orbitals 
upon the addition of CO. 
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CHAPTER 5 

ELECTRON DISTRIBUTIONS AND BONDING IN 
[IrCl(P'Bu2CH2CH2CCH2CH2P'Bu2)] AND [IrHCl{C6H3(CH2P'Bu2)2-2,6}] COMPLEXES 

STUDIED BY PHOTOELECTRON SPECTROSCOPY AND DENSITY 
FUNCTIONAL CALCULATIONS 

Introduction 

Catalytic dehydrogenation of alkanes or aliphatic C-H bonds in the presence 

of various functional groups is of interest to chemical industry. Current processes such 

as the direct dehydrogenation of ethylbenzene accounts for a large percentage of 

commercial styrene production.' Commercial reactions such as these typically occur at 

extreme temperatures (620°C), over iron oxide and potassium salt type catalysts. The 

development of catalysts that have higher activity and product selection has recently 

come to the forefront of research in this area. Jensen and co-workers have reported the 

P-C-P pincer complex [IrH2{C6H3(CH2P'Bu2)2-2,6}] to be highly active catalytically for 

transfer dehydrogenation of cycloalkanes to alkenes and arenes.^'^ The PCP framework 

proves to be sufficiently robust at the high temperatures required to achieve arene 

elimination. 

Applications to dehydrogenation catalysis. The impetus for work in this 

area of chemistry is to find a way to utilize saturated hydrocarbons, the worlds most 

abundant organic resource, as feedstock for major chemical processes. Currently alkanes 



have very little value as direct precursors to higher value chemicals, while their 

unsaturated counterparts (alkenes) function as very important feedstock for industry. The 

dehydrogenation process introduced above has wide implications for bulk utilization of 

alkanes. 

Saturated hydrocarbons are the world's most abundant resource, and 

harnessing their potential as chemical feedstock has been the impetus for research in this 

area. Scheme 5.1 shows the catalytic reaction cycle for dehydrogenation of alkanes to 

give alkene product. 

\^- P'Bu J I •' BuJ I'' n u J 

t i 

Scheme 5.1 

The conversion of alkanes to alkenes can occur through two major routes: (1) 

alkane transfer-dehydrogenation using an olefin as a sacrificial hydrogen acceptor^'^ as 

Catalyst 
alkane + acceptor ^ alkene + H2 • acceptor (1) 

Catalyst 
alkane >• alkene + Hj i (2) 

shown in Equation 1, or (2) acceptorless dehydrogenation in which no olefin is used as a 

hydrogen acceptor (Equation 2). This second route to alkane dehydrogenation is a more 

attractive route because of the economy of not consuming added olefin.®"' 
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Another process of interest to industry is the interaction of coordination complexes with 

carbon dioxide and hydrogen which show potential for new routes to effective utilization 

of COj'® " and the formation of useful carbon Ci derivatives. The transformation of CO2 

is currently being achieved through various processes such as electrochemical,'^ 

photochemical,'^ and direct addition of hydrogen via transition metal hydrides.'"*"'® 

Compounds with the pincer type framework have a rigid molecular backbone with an 

extensive hydrophobic cavity surrounding the transition metal. This arrangement is 

found to promote unique chemical reactivity of the metal complex with carbon dioxide. 

The iridium pincer ligand compound [IrH2(P'Bu2CH2CH2CHCH2CH2P'Bu2)] exhibits 

reactivity with CO2 to yield a novel CO2 coordination complex which includes a possible 

interaction with hydrogen.'^ 

Pincer Li^ands. Control of the reactivity of transition-metal centers by well 

defined ligand systems in one of the ultimate goals in inorganic chemistry. One step 

towards this goal is the binding of chelating ligands to metal centers. Chelation involves 

the binding of ligands to the metal through two or more bonds, thus semi-encapsulating 

the metal. Pincer complexes were the first organometallic complexes to contain 

terdentate monoanionic ligands.'^ This class of ligands have the general formula [2,6-

(ECH2)2C6H3]- (abbreviated as ECE), where E is a neutral, 2 electron donor such as NR2, 

PR2, AsRj, OR or SR, while C represents the anionic aryl carbon of the 2,6-di-substituted 

ring. The most common bonding mode of the ECE pincer ligand is the meridional r)^-

ECE coordination mode where the ligand bonds to the metal center in a terdentate mode, 

acting as a 6 electron donor with the E atoms ^ranj'-positioned (see below). 
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[2,6-(ECH2)AH3]- = (ECE) 
SR-PR' NMe. 

SR= PR' NMe. ^ [NIV1G2 2 
NC(H)N-R^ PC(H)P-R' SC(H)S-R' 

Iridium Pincer Complexes 

Rare "Internal" Carbene: fIrCl(P'Bu.CHXH.CCH.CH.P'Bu.)l The 

compound [IrCl(P'Bu2CH2CH2CCH2CH2P'Bu2)] (I) is a rare type of internalized carbene 

P'Bu 

C Ir 

I 

complex that was first synthesized in 1977 by Shaw and co-workers.'® In this molecule, 

the metal-carbene bond is contained in the "chelating cage" of the P-C-P pincer 

framework. There is some debate associated with this molecule regarding the nature of 

the C=Ir bond. Is this 16 e" complex better described as a neutral carbene (2e' donor) Ir"^' 
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complex, or as an alkylidene (4e" donor) polarized Ir"^^ complex? If the electron density 

is primarily on the carbon the molecule is considered a high valent Schrock type carbene 

(alkylidene). A low valent (Fischer) carbene complex has electron density more 

localized on the metal. In this work, photoelectron spectroscopy is used in order to 

probe the nature and electron distribution of the C=Ir bond. This gas phase experiment 

will help determine whether the complex is best described as a Fischer carbene, Ir(I), d^, 

a high valent alkylidene, Ir(III), d®or an intermediate "covalent" metalloalkene. 

Ionizations observed in the photoelectron spectrum of this molecule should indicate 

whether it is a d^ complex with four ionizations having predominately metal character, a 

d'' complex corresponding to three ionizations having predominately metal character, or 

something in between. 

fIrHClfCM.(CH.P'BuX-2.6}l The complex [IrHCl{C6H3(CH2P'Bu2)2-2,6}] 

(II) was also studied in order to aid in the assignment of ionizations of complex I. This 

molecule has been found to catalyze dehydrogenation reactions of alkanes to alkenes. 

The development of a system that can catalyze reactions without a large input of energy 

has wide-ranging implications to industry. The study of molecule II facilitates the 

understanding of electronic structure of a formally Ir^^ complex. Because of the low 

PCBu),  

PCBu) ,  
II 
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symmetry of both complex I and II, a comparative study is needed to better understand 

the bonding interactions between the iridium (I) metal center and the carbene carbon. 

The information provided by the photoelectron spectrum of complex II will aid in the 

assignment of ionizations seen in the photoelectron spectrum of complex I 

Experimental 

General Methods. Complex I was synthesized at the University of 

California, Santa Barbara following published procedures.'^ Crystal structure data can 

also be obtained from the previous reference. Complex II was synthesized in Dr. 

Kaska's research group following reported procedures.^'^" Both molecules are extremely 

air-sensitive, and were stored in a nitrogen glove-box. Care was taken when handling 

compound to keep them from exposure to air. 

Photoelectron Spectroscopy. The photoelectron spectra were recorded using 

an instrument that features a 36 cm radius, 8 cm gap hemispherical analyzer and custom 

designed sample cells and detection and control electronics.^' The excitation source was 

a quartz lamp that produced both He(I) and He(II) radiation, depending on the operating 

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

lock of the absolute ionization energy. The difference between the argon and the 

methyl iodide ^Ej/2 ionization at 9.538 eV was used to calibrate the ionization energy 

scale. During data collection the instrument resolution, measured using the full width at 

half-maximum of the argon ionization, was 0.020-0.030 eV. All data are intensity 
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corrected with an experimentally determined instrument analyzer sensitivity function that 

assumes a linear dependence of analyzer transmission (intensity) to the kinetic energy of 

the electrons within the energy range of these experiments. 

Compound I, a dark purple powder, sublimed cleanly at 112°C (10"'* Torr) 

with no detectable evidence of decomposition products in the gas phase. Compound II, a 

bright orange powder, sublimed cleanly from 150 - 163°C with no trace on 

decomposition. The sublimation temperature was monitored using a "K" type 

thermocouple passed through a vacuum feedthrough and attached directly to the cell. 

The pincer ligand was also studied by photoelectron spectroscopy, with a measured 

sublimation temperature of 78-111°C. A custom made aluminum sample cell was used to 

hold the compound. The compound was loaded into the cell in a glove box, and a custom 

portable glove-bag was used to transport the cell from the glove box to the instrument. 

Data Analysis. The ionization bands in the photoelectron spectra are 

represented analytically with asymmetric Gaussian peaks. The minimum number of 

peaks was used to represent the contours of the data. The experimental variance of the 

photoelectron data are represented in the figures by the vertical length of each data 

mark.^^ 

The fitting procedures used to fit the data use both the fitting program Fp, as well 

as the newer Windows-based program WinFp 0.011. A more detailed discussion of the 

fitting procedures has been discussed in more detail elsewhere. 

Computational Studies: ADF2002.03 proeramP The PW91 method was 

used for all calculations.^"* The atomic orbitals on all centers were described by the TZ2P 
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uncontracted triple-^ STO basis set that includes two polarization functions which is 

readily available with the ADF package. Relativistic effects were included in all 

calculations by the scalar ZORA formalism implemented as a part of the ADF2002 

program.^^'^® Single point energy calculations were started from the x,y,z coordinates 

from X-ray diffraction experiments. 

Results and Discussion 

Structural Data from X-rav Crvstalloemphv. The geometries of pincer type 

complexes are determined to a large extent by the coordination about the central atom. 

Four coordinate Ir' complexes tend to adopt a square planar metal center, while five 

coordinate Ir'" complexes favor a square-pyramidal geometry.'^ For molecule I, the 

o 

crystal structure data shows that the carbene carbon lies 0.30 A from the plane (defined 

by the iridium and the two phosphorous atoms) of the Ir-pincer ligand framework. The 

X-ray data suggests that the nature of complex (I) lies between a carbene and 

alkylidene.'® In addition to structural experiments, the reactivity of 

[IrCl(P'Bu2CH2CH2CCH2CH2P'Bu2)] has been studied in order to help determine the 

nature of the C=Ir bond. If the nature of complex (I) is that of an alkylidene, then the 

polar nature of the molecule should react to water to leave the negatively charged carbon 

protonated. However, upon treatment with THF/water, complex (I) showed no evidence 

of protonation.^" 
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Photoelectron Spectroscopy. 

fIrCl(P^Bu-,CHiCH',CCH-,CH-,P'Bu-,)l, The He(I) photoelectron spectrum of 

[IrCl(P'Bu2CH2CH2CCH2CH2P'Bu2)] is shown in Figure 5.1. Between 5.5 eV and 9 eV, 

five ionization bands are present, and correspond to ionizations from the iridium metal as 

well as the a and M-P o. So that the valency of the iridium metal center could 

be determined, a He(II) experiment was run to facilitate the assignments of the 

ionizations as either metal, or metal-ligand in origin. The He(I) and He(II) photoelectron 

spectrum for the internal carbene complex are shown together in Figure 5.2. Table 5.1 

gives the analytical data for the photoelectron experiments on both complexes I and II. 

The relative area of peak 6 at 9.38 eV is greatly decreased in the He II experiment, which 

suggests that the ionization is primarily halogen in character, specifically from chlorine p 

orbitals in this molecule. The relative area of peak 7 shows a slight decrease between 

He(I) and He(II) experiments, and is assigned as o ionizations from primarily carbon 

atoms. The ionization at 8.48 eV also shows a decrease in relative area in the He(II) 

experiment, which could correspond to mixing with the CI TI orbitals. The ionizations 

from peaks at 6.81 eV, 7.58 eV and 8.08 eV all show an increase in relative area in going 

from the He(I) to the He(II) experiment. This suggests that these three ionizations are 

primarily metal in character, however, band two at 7.13 eV shows a slight decrease in 

relative area in the He(II) experiment. This band could be an ionization from a metal 

orbital that has a large amount of over lap with the chlorine atom. The mixing with the 

halogen would account for the slight decrease in relative area in the He(II) experiment. 
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PCP free ligand. In order to understand the ionizations from the P-C-P ligand 

framework, the triply chelating ligand 'Bu2PCH2CH2CH2CH2CH2P'Bu2 (chelation is 

through the 2 phosphorous atoms, and C3) was examined by photoelectron spectroscopy, 

and is shown in Figure 5.3. Ionizations from the two phosphine atoms are seen between 

7.5 eV and 9 eV. The P-C o bond is at ~9.5 eV. The phosphine ionizations, upon 

coordination with the iridium metal center, should be stabilized to higher ionization 

energy due to both charge and overlap effects. 

flrHCUCfHJCH^PBu The He(I) gas-phase photoelectron spectrum 

for [IrHCl(CgH3(CH2P'Bu 2)2-2,6)] is shown in Figure 5.4. Two distinct ionization 

features between 6.5-7.5 eV are separated by approximately 1 eV from the ionizations 

present from 8-10 eV. These ionizations are from the three metal electrons from the d® 

iridium(III) metal center. Results from the He(II) experiment are shown in Figure 5.5 

and with the analytical data presented in Table 5.1. The He(II) experiment confirms 

these first two ionization bands as primarily metal in character, due to their increase in 

relative area. Band 6 intensity decreases in the manner expected for halogen ionizations, 

and this band at 9.63 eV is tentatively assigned as being from the chlorine n ionizations. 

The ionizations from the phenyl linker should fall in the region between 8 - 9.5 eV. 

Computational Studies. 

Molecular orbital calculations of flrCKP'Bu^CH^CH^CCH^CH^P'Bu^)]. The 

molecular orbitals generated from the ADF2002 calculations are shown in Figure 5.6. 

These molecular orbital pictures help support that bands 1, 3 and 4 are primarily metal in 

character, but also indicate than band 2 also is metal in nature, but has a large amount of 
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chlorine character, which could cause the band to decrease in the He(II) experiment. 

Taking into consideration this added insight, the iridium center now appears to be Ir^', d^ 

Molecular orbital calculations of fIrHClfCfHJCH^P'Bu^)^-2.6}l. The 

iridium hydride complex [IrHCl{CgH3(CH2P'Bu2)2-2,6}] (II) was examined in order to 

make the comparison of a formally iridium"^^ complex to the ambiguous valency of the 

internal iridium carbene pincer complex. In looking at the photoelectron spectra in 

Figure 5.4, there appears to be three ionizations that grow in the He(II) experiment, 

indicating primarily metal character. Relative to peak 1, peaks 3 and 4 largely hold their 

intensity. Peak 2 loses some intensity (more than for the internal iridium carbene band 2) 

and peaks 5, 6 and 7 show a large loss in relative area in He(II). The molecular orbitals 

for this molecule are seen in Figure 5.7, and indicate a d® system. 

Comparing the gas phase photoelectron results with the theoretical 

calculations for the [IrCl('Bu2PCH2CH2CCH2CH2P'Bu2)] complex (I) suggests that the 

interaction between the iridium and the carbene carbon to be more "covalent" in nature. 

The orbital plots in Figure 5.6 indicate that the LUMO and HOMO-3 are in fact the anti-

bonding and bonding n and n* combinations. In addition, the orbitals plots suggest four 

distinctly metal orbitals, two of which have pure metal character, one which has a TI:* anti-

bonding interaction with the chlorine p orbital and one with a covalent K-type bonding 

interaction with the iridium metal center. These theoretical results correlate closely with 

the gas-phase photoelectron experiments, which also indicate an Ir(I) metal center 

corresponding to four primarily based metal ionizations. The covalent interaction of the 

iridium with the carbon in the pincer framework is a better model for explaining the 
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ambiguous reaction chemistry of this molecule. The electron density lies neither 

primarily on the iridium center nor the "carbene-carbon", but is shared covalently 

between them. Because of this lack of a polar Ir-C interaction, the molecule will not be 

susceptible to protonation upon reaction with THF/water. 

Conclusion 

The rare "internal" carbene complex was studied by gas-phase photoelectron 

spectroscopy and theoretical modeling in order to address the valency of the iridium 

metal center, specifically whether the iridium is in the +1 or +3 oxidation state. The 

photoelectron data suggest that there are at least 3 bands present which correspond to 

metal ionizations, suggesting a d® system. However, due to the low symmetry of this 

complex, theoretical results show that there is a large amount of mixing of the chlorine p 

orbital in the HOMO-1, which is primarily metal in character. The large chlorine 

character of this orbital causes a decrease in relative area when going to the He(II) 

experiment, where an increase in relative area for metal ionizations is expected. 

Therefore this molecule is an Ir(I) d^ system. Both the experimental data, along with the 

density functional results indicate that the [IrCl('Bu2PCH2CH2CCH2CH2P'Bu2)] complex 

is a d^ metal system, with a "covalent-type" iridium-carbene carbon interaction. 
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Table 5.1. Fit Parameters and assignments of ionizations the 

Position Halfwidth Relative Area Assignment 
Higll. He I HeTI/HeT 

[IrCl(P'Bu2CH2CH2CCH2CH2P'Bu2)] 

6.81 0.40, 0.34 1 1 M 

7.13 0.35, 0.34 0.72 0.64 M(C1) 

7.58 0.41,0.37 0.73 0.90 M 

8.08 0.42, 0.33 0.95 0.96 M 

8.48 0.58, 0.49 1.23 0.80 M - P o  

9.38 0.79, 0.58 4.32 0.46 CI 71 

9.99 0.65, 0.60 3.17 0.43 C - C a  

[IrHCl{QH3(CH2P'Bu2)2-2,6}] 

6.79 0.33, 0.26 1 1 M 

7.24 0.42, 0.33 0.97 0.67 M(C1) 

7.93 0.40, 0.22 0.92 0.85 M 

8.29 0.44, 0.32 1 0.92 Phenyl n 

8.69 0.40, 0.40 1.53 0.58 Phenyl tt: 

9.07 0.66, 0.38 1.78 0.29 CI 71 

9.63 0.71.0.44 3.10 0.36 



175 

[IrCKBu.PCHoCHoCCHoCHoPBuo)] 

10 9 8 7 
Ionization Energy 

Figure 5.1. He I photoelectron spectrum of 
[IrClCBu2PCH2CH2CCH2CH2P'Bu2)]. 
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8.48 

7.58 

10 9 8 7 6 
Ionization Energy 

Figure 5.2. He I (A) and He II (B) photoelectron 
spectra of [IrCl(P'Bu2CH2CH2CCH2CH2P'Bu2)]. 
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Figure 5.3. Gas-phase photoelectron spectrum of the PCP 
linker. 



[lrHCI{C6H3(CH2P'Bu2)2-2,6}] 

10 9 8 7 
Ionization Energy 

Figure 5.4. He I photoelectron spectrum of 
[IrHCl{QH3(CH2P'Bu2)2-2,6}]. 
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Figure 5.5. He I (A) and He II (B) photoelectron 
spectra of [IrHCl{C6H3(CH2P'Bu2)2-2,6}]. 



ncsc" TO<:0'^ KDSO i-cso 

Figure 5.6. Molecular orbital plots of the [IrCKP'BujCHjCHjCCHjCHjP'Buj)] complex. For each molecular orbital, a 
view down the z-axis (top) and a view down the P-M-P vector (bottom) is given. Molekel cutoff value = 0.05. 

oo 
o 



HOMO-4 HOMO-3 HOMO-2 HOMO-1 

Figure 5.7. Molecular orbital pictures of [IrHCl{C6H3(CH2P'Bu2)2-2,6}]. 
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CONCLUSIONS AND FUTURE DIRECTIONS 

Conclusions 

The unifying theme presented in this work is the need to understand the 

fundamental bonding interactions that occur between transition metals and ligands. A 

key understanding of the electronic and bonding effects that various ligands such as 

pentamethylcyclopentadienyl, tertiary phosphines, A^-heterocyclic carbenes and Fischer-

type carbenes have with transition metal centers translates directly into understanding the 

reactivity of these systems. 

In Chapter 3, work was presented showing how seemingly small changes to 

the framework of a transition metal catalyst can have a large impact on the chemical 

reactivity of the species. Replacing one of the tricyclohexylphosphine ligands on the F' 

generation Grubbs' catalyst for a A^-heterocyclic carbene, which is similar in steric bulk 

and also a 2 electron donor ligand, has the overall effect of increasing catalyst reactivity 

in terms of catalyst turnover. It has been concluded through gas-phase photoelectron 

spectroscopy measurements that although the NHC ligand is a strong o donor, it has 

absolutely no Ti-backbonding capability. In addition, PCyj is the strongest o-donor 

among the series of tertiary phosphines studied, however all of the tertiary phosphines 
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examined have the same K-acceptor ability (-25% the u-acceptor ability of CO). The 

impact of these electronic results on the catalyst cycle is as follows: The 7t-acceptor 

ability of the PCyj ligands causes a competition for Ti-backbonding with the ruthenium 

metal center. Consequently, one of these phosphine ligands will readily dissociate to 

give the 14 electron reactive intermediate species. The lack of 7i-acceptor ability on the 

NHC ligand allows the trans phosphine to backbond to the ruthenium center. In this case 

there is no n competition, however the Ru-P interaction is now strengthened and the 

phosphine does not readily dissociate. Although the dissociation of the 2"'' generation 

catalyst is substantially slower than the T' generation, once the reactive intermediate is 

formed, it is the 2"'* generation catalyst that propagates readily through the cycle, and 

preferentially binds olefin over re-binding phosphine. This is a result of the stronger o-

donor ability of the NHC, which in turn makes the ruthenium metal center more electron 

rich. The electron rich ruthenium intermediate will want to bind olefin (strong TZ-

interaction) instead of re-forming the catalyst. 

A key understanding of the reactivity of these two catalyst species in terms of 

the Ru-L interaction is at the heart of new ligand design for new generations of 

transition-metal catalyst species. Understanding the differences in electronic effects that 

various types of ligands have with metal centers allows for the tuning of complex 

reactivities, which has wide-ranging implications for industry. 

The coordinatively unsaturated 16 electron Cp*Ru(Cl)L system was used to 

rate the donor properties of a series of L ligands. This template allowed for the study of 

the Ru-NHC interactions of molecules which (due to synthetic and experimental reasons) 
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where not able to be investigated with the (CO)5MoL template used in Chapter 3. Of the 

series of ligands studied, IMes was found to be the strongest donor, followed by 

Pr'jMejIm, H2lMes, and then the tertiary phosphines PCyj and P'Prj. No comments on 

the relative Tr-acceptor abilities of the ligands studied could be made with this system. 

However, results obtained from the gas-phase photoelectron experiments were found to 

correlate linearly to both Ru-L bond lengths, as well as enthalpies of substitution. 

The bonding interaction in a rare "internal" iridium carbene pincer complex 

was found to be best described by a covalent bonding interaction between the carbene 

carbon and the iridium metal center. This system is an Ir(I) complex, with a d^ electron 

count. Due to the low symmetry of this molecule, and the large amount of orbital 

mixing, theoretical experiments were used in order to facilitate the assignment of the 

complex as Ir(I). 

The reactivity of transition metal species is one hundred percent controlled by the 

location of electrons. "Where are the electrons, and what are they doing there?" is a 

question asked by many chemists in order that they might fully understand the chemical 

reactivity of many chemical systems. Fundamental experiments examining bonding 

interactions between ligand and metal centers are non-trivial, and in actuality, define the 

progress of chemical research. The tuning of chemical reactivity, and the control of 

chemical reactions can not be successful without first understanding what defines the 

movement and placement of electrons. 



188 

Future Considerations 

Even with the amount of data collected and interpreted by the experiments 

described in this dissertation, much still needs to be done in order to complete the full 

understanding of how various ligands interact with metal centers. 

Specificallv: The Cp*Ru(Cl)L complexes were correlated to the bond 

enthalpies measured by solution calorimetry. Only three of these complexes have been 

correlated at this point. The Cp*Ru(Cl)L molecules where L = ICy (1,3-dicyclohexyl-

imidazol-2-ylidene), ImesCl (4,5-dichloro-1,3-bis(2,4,6-trimethylphenyl)imidazol-2-

ylidene) will complete the set of data for comparisons between ionization energies and 

bond enthalpies. 

The coordinatively unsaturated Cp*Ru(Cl)L complexes allowed for the 

unique study of the binding of small molecules such as CO to the metal center. Only one 

of this type of complex was studies, and the need still remains for the following 

compounds to be synthesized, characterized and then studies by gas-phase photoelectron 

spectroscopy: Cp*Ru(Cl)(CO)L, L = PCyj, HjIMes, IMes, and Pr'jMcjlm. In addition, 

the CpFe(C0)2L and Cp*Fe(C0)2L systems have been employed in previous experiments 

to study the o and u effects of a ligand L. This template could also be employed to 

further understand the bonding interactions of NHC ligands with metal centers. 

In attempting to study the P' and 2"'^ generation catalyst species directly, both 

complexes where found to readily dissociate phosphine under gas-phase conditions. 

Early work on incorporating NHC ligands into the T' generation Grubbs' catalyst done 

by Herrmann lead to the synthesis of the bis-NHC ruthenium complex. This molecule 
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would not be expected to dissociate NHC ligand readily, and perhaps could be another 

means to probe the Ru-NHC bonding interaction, this time using a derivation of the 

actual catalyst species. 



APPENDIX A 

This project is in collaboration with Professor William Evans at the 

University of California, Irvine. Initially, this work was to study a series of 

tris(pentamethylcyclopentadienyl) lanthanide complexes, however, due to unforseen 

events in the Evan's research lab, only the (C5Me5)3La molecule was studied by gas-

phase photoelectron spectroscopy. Because of the interesting bonding interactions 

between the Cp* and central lanthanide metal, work done to date on this project is 

included in this dissertation. Future collaborations with Dr. Evan's will aid in 

completing this experimental work. 
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INVESTIGATION INTO THE ELECTRONIC STRUCTURE OF 
TRIS(PENTAMETHYLCYCLOPENTADIENYL) LANTHANUM: A THEORETICAL 

AND GAS-PHASE PHOTOELECTRON SPECTROSCOPY STUDY 

Introduction 

Transition metal organometallic complexes have long been readily 

characterized and synthesized, however their lanthanide and actinide counterparts were 

not well studied until work by Wilkinson in the mid 1950's.''^ The (C5H5)3Ln complexes 

were among the first well characterized among this new class of molecules. With the 

advent of new synthetic preparative capabilities, organometallic lanthanide molecules 

went from being a mere curiosity to being well characterized complexes used as reagents 

in organic synthesis as well as extremely active catalyst species.^ 

Stericallv crowded triscxclopentadieml lanthanides. A new area of 

reactivity of organolanthanide complexes has been achieved with the synthesis of the 

I 

(C5Me5)3Ln complexes. These complexes were not expected to exist because of the 

extreme steric crowding around the f-element center. In addition, these complexes were 
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thought to be relatively inert to reduction-type chemistry. The first Cp*3Ln (I) complex 

synthesized was Cp*3Sm in 1991 by Dr. Evan's group at the University of California, 

Irvine.'^ These types of lanthanide compounds are classed as "pinwheel" type 

compounds, and have an idealized D31, symmetry. Complexes such as these were thought 

not possible to exist because the large cone angle of this ligand was estimated to be larger 

than the 120° needed in order to coordinate three cyclopentadienyl ligands around a 

central metal atom.^'^ However, the bond distances between the lanthanide metal and the 

pentamethylcyclopentadienyl ligands are substantially longer than found in other similar 

molecules.^ 

Reductive Chemistry of (CMeAXn. The reductive reactivity of the 

(C5Me5)3Ln complexes with the appropriate substrate has wide ranging implications. 

Even though ligand-based reductions already are known in lanthanide chemistry, the 

reduction reactions of (C5Me5)3Sm, specifically, are different. These reactions are unique 

because the (CjMes)" based reductions of (C5Me5)3Sm are only observed in sterically 

crowded complexes. Because this type of reductive chemistry only occurs in crowded 

complexes, these types of reactions have been given the name sterically induced 

reduction (SIR).^ It is postulated that this SIR chemistry occurs when a ligand (i.e. Cp*) 

cannot bind to a metal center at the normal M-L distance needed for good orbital overlap 

and electrostatic stabilization. The presence of the three sterically bulky 

pentamethylcyclopentadienyl ligands in the (C5Me5)3Sm molecule cause the Sm-Cp* ring 

distance to be longer than normal. This large distance between the lanthanide metal and 

the Cp* ligands is proposed to cause the observed reductive chemistry."^ In SIR, the 
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trivalent (C5Me5)3Sm molecule acts as a one-electron reducing agent. A variety of 

substrates which can be reduced by this system include 0=PPh3, S=PPh3, Se=PPh3, 

PhN=NPh and 1,3,5,7,-CgHg. Reaction (1) shows the half reactions for the reduction 

process.® 

(C5Me5)3Sm - [(C5Me5)2Sm]^ + e- + 1/2 (C5Me5)2 (1) 

In the reduction process, Sm(III) not Sm(IV) products are isolated. In addition, the 

(C5Me5)2 dimer is a by product of the reaction, which indicates that it is the (CjMes)' 

anion and not the samarium that is acting as the reducing agent. 

C\clopentadien\l Limnds. The use of cyclopentadienyl ligands with 

f-elements was initially to provide analogs to ferrocene derivatives synthesized with 

transition metals. Cyclopentadienyl ligands are anionic by nature, and take up three 

formal coordination sites, properties which are important to stabilizing organolanthanide 

complexes. In addition, the monoionic nature of the cyclopentadienyl ligand allows for 

electrostatic and steric stabilization of the f-element, while taking up only one valency of 

the metal.® In the multitide of cyclopentadienyl lanthanide complexes reported in the 

literature, the Cp ligand functions primarily as an ancillary ligand. Such is not the case 

for the pentamethylcyclopentadienyl ligand in the (C5Me5)3Ln complexes. 

The use of the pentamethylcyclopentadienyl ligand in lanthanide chemistry 

was first reported in 1980.'" '^ This ligand is more electron rich, and is sterically larger, 

which translates into it having enhanced solubilizing capacity. The use of this ligand 
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allowed for the isolation of the first soluble organosamarium (II) complex: 

(C5Me5)2Sm(THF)2 in 1981. The powerful reduction chemistry of could now be 

accessed because of this bulkier Cp* ligand. The bent metallocene (C5]VIe5)2Sm was also 

readily synthesized using the Cp* ligand. It wasn't until almost 10 years later when the 

first trispentamethylcyclopentadienyl lanthanide complex was synthesized. To date, the 

(C5Me3)Ln for Ln = La-Nd,'"^"'^ U,'® and Gd'^ analogs have been made. 

In this study, gas-phase photoelectron spectroscopy and theoretical 

calculations are used in order to fully understand how the electronic structure and 

bonding of the lanthanide compounds correlates to how these molecules carry out 

reduction chemistry.^ The exact mechanism of how the electrochemical reduction takes 

place is still not known, however, it has been stated that it is the cyclopentadienyl ligand 

that is oxidized in the course of the reduction chemistry.^ The amount of steric crowding 

of these compounds may have an affect on oxidation potentials of these Cp*3Ln 

molecules. 

Experimental 

General Methods. The (C5Me5)3La complex was synthesized at the 

University of California, Irvine in Dr. W. Evans research group. Synthetic detail as well 

as structural characterization can be found in the appropriate references. 

Photoelectron spectroscopy. The photoelectron spectra were recorded using 

an instrument that features a 36 cm radius, 8 cm gap hemispherical analyzer and custom 

designed sample cells and detection and control electronics." The excitation source was 
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a quartz lamp that produced both He I and He II radiation, depending on the operating 

conditions.The argon ^P3/2 ionization at 15.759 eV was used as an internal calibration 

lock of the absolute ionization energy. The difference between the argon and the 

methyl iodide ionization at 9.538 eV was used to calibrate the ionization energy 

scale. During data collection the instrument resolution, measured using the full width at 

half-maximum of the argon ionization, was 0.025-0.035 eV. All data are intensity 

corrected with an experimentally determined instrument analyzer sensitivity function that 

assumes a linear dependence of analyzer transmission (intensity) to the kinetic energy of 

the electrons within the energy range of these experiments. The sublimation temperature 

was monitored using a "K" type thermocouple passed through a vacuum feedthrough and 

attached directly to the cell. The compound sublimed over the temperature range of 160° 

- 200°C. While ramping the temperature to the sublimation temperature of the 

compound, ionizations corresponding to free pentamethylcyclopentadienyl were 

observed. A custom designed portable glove bag was used to ensure the air-sensitive 

sample was not subjected to ambient conditions. 

Data Analysis. The ionization bands in the photoelectron spectra are 

represented analytically with asymmetric Gaussian peaks. The minimum number of 

peaks was used in order to get the best representation of the data. The experimental 

variance of the photoelectron data are represented in the figures by the vertical length of 

each data mark.^° 

The fitting procedures to fit the data used both the fitting program Fp, as well 

as the newer Windows-based program WinFp 0.011. A more detailed description of the 
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Computational Studies. 

Gaussian 98?^ Ab initio calculations were performed using the Gaussian98 

package. The HF method with the LANL2DZ basis set was used for both metals and 

ligands. 

ADF2000.02 prosram?^ The PW91 method was used for all calculations.^^ 

The atomic orbitals on all centers were described by an uncontracted triple-C STO basis 

set that includes polarization functions (set IV) which is readily available with the ADF 

package. Relativistic effects were included in all calculations by the scalar ZORA 

formalism implemented as a part of the ADF2000 program.^"^"^^ Geometries where 

optimized, starting from the x,y,z coordinates from X-ray diffraction experiments. 

Calculated Ionization Enereies. Descriptions and references for calculating 

ionization energies have been given in detail previously.^^ 

Preliminary Bonding Considerations 

TT-tvpe Orbitals of LaCU. In order to understand the tt: interactions between 

the three cyclopentadienyl ligands in the Cp*3Ln systems, LaClj is first used as a simple 

model in order to more easily see the ligand-ligand interactions. The tt molecular 

orbitals of LaClj are seen in Figure 7.1. The 2l2 combination shows the TT: orbitals on the 

chlorine atoms in a completely anti-bonding arrangement. Because of the anti-bonding 
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character of this orbital, it is the most destabilized out of the five. The remaining orbital 

combinations range from the completely bonding ai", and the two e-type orbital pairs. 

These bonding interactions are a simplified model of the interactions that occur between 

the pentamethylcyclopentadienyl ligands in the Cp*3Ln molecule. 

TT-tvpe Orbitals of CvcloDentadienvl. For simplification, the 

cyclopentadienyl ligand will be used to illustrate the orbital combinations of Cp*. Figure 

7.2 shows the molecular orbital pictures for the cyclopentadienyl ligand. This 

cyclopentadienyl ligand has five possible Ti-type combinations, which correspond to aj", 

e/', and Cj" symmetry. These orbitals are filled up through the e/' set with electrons, and 

it is this e/' set (shown below) which can form six possible n- type linear combinations, 

similar to those seen in Figure 7.1 . 

Because the experiment these calculations are modeling is in the gas phase, 

solvent effects are non-existant. The actual photoelectron experiment is on the Cp*3La 

molecule, in which Cp* corresponds to pentamethylcyclopentadienyl. In order to 

simplify the calculations, both ADF and Gaussian models used cyclopentadienyl ligands 

instead of pentamethylcyclopentadienyl. The methyl groups are electron donating, so the 

main affect of neglecting the methyl groups is that the calculated orbital energies are all 
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higher than they should be since the methyls would de-stabilize the Cp ionizations. 

Results and Discussion 

Photoelectron Spectroscopy. The He I gas-phase photoelectron spectrum of 

tris(pentamethylcyclopentadienyl) lanthanum is seen in Figure 7.3. The broad ionization 

feature between 6 eV and 8 eV is primarily Cp* ligand based 7t ionizations, while the 

region between 9 eV and 15 eV corresponds to ionizations from C-C and C-H o bonds. 

Figure 7.4 shows the close-up energy region in which the CsMcj ligand ionizations are 

present. This complex has no formal metal electrons that will ionize in this region, so 

ionizations correspond to those from the pentamethylcyclopentadienyl ligand. The 

analytical representation of the gas-phase data is given in Table 7.1. Figure 7.5 shows 

the He II (A) and He I (B) spectra of the pentamethylcyclopentadienyl ionizations of 

Cp*3La. 

Comparison of (CMeLa to other systems. Previous studies of 

(ri^'C5H4Me)3Ln systems have been done by Green and co-workers.^'^ Figure 7.6 shows 

the comparison between the molecule studied in this experiment and the 

(r|^-C5H4Me)3Pr system studied previously. There is good correlation between the two 

experiments, with the main difference being the de-stabilization (by -1.2 eV) of the 

Cp*3La pentamethylcyclopentadienyl tc ionizations from those in the (r|^"C5H4Me)3Pr 

molecule. 

Comparison can also be made between the Cp*3Ln systems and the well 
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studied methylated ferrocene complexes.^' The Cp* ionizations for decamethylferrocene 

(Figure 7.7 ) are located between 7.3 eV and 9 eV. The band structure for the Cp* 

ionization differs between Cp*3La and Cp*2Fe due to the difference in symmetry. In 

addition, the pentamethylcyclopentadienyl ionizations are shifted to lower ionization 

energy in the Cp*3La molecule due to the addition of another Cp* ligand which has the 

electron donating methyl substituents. From this data, it is apparent that the La""^ is not 

stabilizing the CjMej" ligands as much as the F e"*^^ metal center in decamethylferrocene. 

Molecular orbitals of (C^Me^^La. Figure 7.8 shows the molecular orbital 

pictures taken from Gaussian 98 calculations on Cp3La. These orbitals are the calculated 

results for the Cj" orbitals from the three cyclopentadienyl ligands having ligand-ligand 

and ligand-metal interactions. The HOMO, or highest occupied molecular orbital is of aj' 

symmetry, and is the completely anti-bonding interactions between the cyclopentadienyl 

ligands. This orbital has the symmetry to interact with the lanthanum metal f-orbitals, 

however, no interaction is seen with this method. The SHOMO, or second highest 

molecular orbital is of aj" symmetry, and does show interactions with the metal. The two 

e orbital sets also have overlap with the metal orbitals. The results from the ADF and 

G98 calculations are seen in Table 7.2. Because the molecule was run with very low 

symmetry, the symmetry labels for the orbitals are not the same as the Gaussian 

calculation. However, the relative ordering of the orbitals, and their energies are similar. 

The two computational methods used to model the Cp*3La system both give 

useful information. The Gaussian orbitals are from Hartree-Fock SCF theory, which is 

what Koopman's theorem is heavily based on. Since the gas-phase photoelectron 
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experiment relates orbital energies to ionization energies via Koopman's theorem, 

agreement tends to be good using this method. ADF orbitals are Kohn Sham orbitals, 

which tend to calculate less stable higher energies than HP theory. However, information 

regarding % character of orbitals is much more easily obtained from ADF output than 

Gaussian. For example, the HOMO of the Gaussian calculation shows no lanthanum 

metal character, and the percent characters are not given in the output. ADF gives 

percent character of orbitals in the output file, and makes it much easier to get a good 

representation of which specific orbitals contribute to the HOMO, LUMO, SHOMO, etc. 

The ADF calculations show that there is 10% Lanthanum f-orbital character in the 

HOMO. The AEs^p ionization energies use the calculated orbital energies for the cation 

states of each orbital. Delta SCF values are obtained by subtracting the total orbital 

energy of the cation state from the neutral state. These AEscf values generally give good 

correlation with the gas-phase experimental results. 

Conclusions 

The gas-phase ultra-violet photoelectron spectrum of Cp*3La was obtained. 

The features in the spectrum predominately show the n interactions of the three 

cyclopentadienyl rings. Both ADF and Gaussian calculations run on the Cp*3 system 

correlate to the experimental results. The two methods used showed the same relative 

ordering of the HOMO, SHOMO, HOMO-2, and HOMO-3 as first two singly degenerate 
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orbitals, and then two doubly degenerate sets respectively. The HOMO of this molecule 

is the purely anti-bonding combinations of all Cp* rings. The removal of one electron in 

this system would be from one of the Cp* ligands, which correlates to this class 

of (C5Me5)3Ln molecules reductive chemistry. 



202 

Table 7.1. Analytical representation of the gas-phase photoelectron 
spectrum of Cp*3La. 

Position Halfwidth Relative Area • Assignment Position 
High. H e l  Hell/Hel 

• Assignment 

6.14 0.58, 0.23 1 1 a2' 

6.63 0.38, 0.26 0.72 0.85 

7.00 0.31, 0.29 0.73 0.86 e' 

7.29 0.31,0.30 0.95 0.92 e" 

7.52 0.31,0.30 1.23 0.79 e"=^ 

7.86 0.31,0.30 4.32 0.75 e"* 
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Table 7.2. Computational results for Cp*3La from density functional and ab initio 
calculations. 

Energies (eV) 

Orbital Description Experimental ^ 
I. E. (eV) 

K-S Koopman's 

aj' 6.14 4.92 7.12 7.04 

6.63 5.54 7.72 8.13 

e' 7.02 6.47 9.0, 8.92 9.71 

e" 7.35 6.67 9.01,9.19 9.77 



Figure 7.1. TT-type molecular orbitals of LaClj. Molekel 
cutoff value = 0.05. 
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/ / 

/ / 

/ / 

Figure 7.2. Tx-type combinations of cyclopentadienyl. 
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15 14 13 12 11 10 9 8 6 5 7 
Ionization Energy 

Figure 7.3. Full region helium I gas-phase photoelectron 
spectrum of Cp*3La. 
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8.5 8.0 7.5 7.0 6.5 6.0 
Ionization Energy (eV) 

Figure 7.4. Gas-phase He(I) spectrum of 
the pentamethylcyclopentadienyl ionizations 
in Cp*3La. 



8.5 8.0 7.5 7.0 6.5 6.0 
Ionization Enerav (eV) 

Figure 7.5. Gas-phase photoelectron 
spectra of Cp*3La: (A) He II, (B) He I. 
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Ionization Energy 
Figure 7.6. Gas-phase photoelectron 
spectra of (A) Cp*3La and 
(B) (r|^C5H4Me)3Pr. 
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Ionization Energy (eV) 
Figure 7.7. Gas-phase He I photoelectron 
spectra of (A) Cp*3La and (B) ferrocene. 
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Figure 7.8. Molecular orbitals of Cp3La. Molekel 
value = 0.5. 

cutoff 
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APPENDIX B 

GAS-PHASE PHOTOELECTRON SPECTROSCOPY: WHAT CAN WE LEARN? 

Gas-phase ultra-violet photoelectron spectroscopy is a versatile tool which 

can be used to study the electronic structure and bonding effects of a multitude of 

chemical systems. A variety of information can be gained from this experiment, 

including: ionization energies/"^ oxidation potentials,"^ re-organization energies, 

vibrational stretching frequencies of positive ions^ as well as specific information 

regarding the bonding modes of ligands to metals,^"" or even metals to metals'^"''^. This 

appendix serves as a description of the photoelectron experiment, including 

instrumentation and data interpretation. Other references with experimental detail are 

also available.^'^'^^"'^ 
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Basic Principles 

Photoelectron spectroscopy is based on Einstein's photoelectric effect, where 

a photon of known energy is incident on a sample, with the net effect of ejecting 

electrons from the sample that have less energy than the impinging photon (shown below 

in diagram I). The energy of the photon is known, and the kinetic energy of the ejected 

er er 

hv 

I 

electron is directly measured. Equation 1 described the photoelectron effect, which states 

that the energy of the photon, minus the kinetic energy of the ejected electron is equal to 

the ionization energy of the sample. 

Ehv - EK.E- = Ionization Energy (1) 

A photon will ionize a neutral molecule in the gas phase, and leave a cation molecule, 

plus the ejected electron (Equation 2). 

E|,y + Molecule •> EK,E, + Molecule"^ (2) 



217 

Rearranging Equation 2 illustrates that a measure of the ionization energy of the electron 

is also a measure of the difference in energy between the cation state and the neutral 

molecule.'^ Photoelectron spectroscopy directly measures the relative energies of the 

ground state and excited positive ion states which are a result of the removal of single 

electrons from the neutral molecule. 

Instrumentation 

Specific details describing experimental conditions have been introduced in 

Chapter 2, and are also given for the study of specific molecules in subsequent chapters. 

A general description of the photoelectron instrument follows. 

Figure 1 shows the schematic block diagram for the photoelectron 

spectrometer. The hv, or photon source used is a noble gas discharge lamp, and 

depending upon operating conditions, the lamp can produce either He(I) photons (21.21 

eV) or He(II) photons (40.8 eV). The sample chamber for the instrument, or ionization 

chamber, is where the actual photoelectric effect occurs. If the sample requires heating 

for ionization, it will be housed in a specially designed aluminum or stainless steel cell. 

The aluminum cell is used if the sample sublimes between 0 - 220 °C. If higher 

temperatures are required, the stainless-steel cell (upper temperature limit of 500 °C) is 

used. Liquid samples which have sufficient vapors at room temperature can also be run 

via a Young's tube connected to the ionization chamber through an external t-valve (as 
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described in Chapter 2). 

The discharge lamp, ionization chamber and the analyzer are all under 

vacuum conditions maintained by a combination of vacuum pumps, direct drive pumps 

and a turbomolecular pump. Vacuum conditions achieved are in the 1 x 10"^ Torr range. 

Upon ionization, ejected electrons that pass through a double slit arrangement are 

directed into the electron kinetic energy analyzer. Vacuum conditions achieved are in the 

1 X 10'® Torr range. The analyzer is a hemispherical analyzer, with a 36cm mean radius 

and a gap of 8 cm. A positive voltage is applied to the inner hemisphere, and a negative 

voltage is applied to the outer hemisphere. This focuses the ejected electrons with 

the appropriate kinetic energies through the analyzer to the detector. Electrons with the 

wrong kinetic energy range will hit either side of the analyzer spheres, while electrons 

with the right energy will be focused through to the detector. The detector used in this 

setup is a channel electron multiplier (channeltron). After the electrons are detected by 

the channeltron, the signal passes to a charge sensitive preamplifier, discriminator, and 

pulse shaper. The pulse signal is then measured by counter board, and output is given in 

terms of ionization counts vs. energy.'^ 

Measures of Metal-Ligand Bonding by Valence Photoelectron Spectroscopy 

It is helpful to briefly describe here the information that photoelectron 

spectroscopy is able to provide on metal-ligand bonding and electron distributions. Most 
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researchers in the fields of inorganic and organometallic chemistry are familiar with our 

contributions in photoelectron spectroscopy, and several review articles may be 

consulted.^''®'^""^^ The capabilities of our instrumentation have been described in our 

publications. The focus here will be on the use of photoelectron spectroscopy to compare 

different ligands and their ability to change the charge distribution at the metal center, 

and to compare the different TC orbital overlap effects.^^"^® 

An example that is pertinent to this proposal is provided by molecules of the type 

MO(CO)5 L, where L may be a variety of different ligands. Begin by considering 

MO(CO)6 and the familiar levels in octahedral symmetry. The occupied d^y, d^^, and 

dy^ orbitals are each stabilized by backbonding to four carbonyls and remain degenerate. 

When a carbonyl on Mo(CO)g is replaced with another ligand L the metal-based 

ionizations shift according to the change in charge potential, or electron richness, at the 

metal center. A more negative charge potential shifts the ionizations to lower ionization 

energies. Of course, the electron richness at the metal center is important to chemical 

behavior, and can be sensed by many spectroscopic methods. The ionization energy is an 

energy measure of this effect, and is a well-defined thermodynamic quantity related to 

reactivity through thermodynamic cycles.A special feature of photoelectron 

spectroscopy is the ability to separate the ligand TI bonding effects from the charge 

potential effects. When a carbonyl on Mo(CO)g is replaced with another ligand L the 

octahedral symmetry of the molecule is broken, and the symmetry descends to C4^. This 

causes the tjg orbitals to split into a bj (d^y) and e (d^^, dy^) set, as seen in Figure 2. The bj 

(d^y) orbital remains backbonding with four carbonyls, but the e (d^^, dy^) orbitals are each 
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now backbonding to just three carbonyls and any n orbitals that are available on the 

hgand L. If CO is a better Tt-acceptor than the ligand L, the bj ionization is at higher 

energy than the e ionization. The energy separation, or splitting, between the e and bj 

ionizations is then a direct measure of the different abilities of CO and the ligand L to 

stabilize the metal orbitals by means of TT: interaction. Again, this is an energy measure of 

backbonding ability. The b2 orbital does not have orbital overlap interaction with the 

ligand L by symmetry, and therefore the shift of the b2 ionization is dominated by the 

change in charge distribution, or electron richness, at the metal center. The stronger the 

donor ability of the ligand, the more destabilized (lower ionization energy) the hj 

ionization will be. 

For example, consider the previously reported photoelectron spectrum of 

Mo(CO)5PMe3 in comparison to the photoelectron spectrum of Mo(CO)6 (Figure 3).^^ 

The ionization centered at 8.42 eV in the spectrum of Mo(CO)g is due to the d'' metal-

based tjg ionizations. The 0.54 eV shift of the b2 ionization to lower energy in the 

spectrum of Mo(CO)5PMe3 shows the greater electron richness at the metal center. The 

additional shift of the e ionizations shows the poorer Tt-acceptor ability of the phosphines 

relative to CO. From the observed e/bj splitting, the PMe3 ligand is 0.28 eV less effective 

than CO at stabilizing the metal-based d levels. The combined a/n effect of substitution 

makes Mo(CO)5PMe3 0.82 eV easier to ionize than Mo(CO)6. We and others have found 

these ionization energy shifts and splittings to be highly additive with further stepwise 

substitutions of phosphines for the carbonyls. 
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Figure 2. Splitting diagram of the metal orbitals in an octahedral 
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Figure 3. Photoelectron spectra of (CO)6Mo (A) 
and (CO)5Mo(PMe3) (B). 
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APPENDIX B 

Input files of ADF2002 for complexes run in this dissertation, including location of files 
in dill and dll2. 

Input files are given for the following molecules: 

HjIMes 
IMes 
Pr'jMejIm 
Cp*Ru(Cl)Pr'2Me2lm 
Cp*Ru(Cl)PTr3 
Cp*Ru(Cl)PCy3 
Cp*Ru(Cl)H2lMes 

Additionally, calculations have been done for Chapters 5 and Appendix A, Chapter 7, but 
the input files are not presented here. PDB files of all molecules studied have been 
archived onto disk. 
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SP calculation 
dll2/h2imes/h2imes.in 
xyz coordinates from x-ray data 

#! /bin/ksh 

$ADFBIN/adf « eor 
title h2imes from xtl structure 

XC 
LDA VWN 
GGA PW91 

End 

charge 0 0 

restricted 

basis 
type TZ2P 
end 

relativistic ZORA 

atoms 
N -1.01577 0.75041 0.03459 
N 1.11360 0.60309 -0.05367 
C -0.00362 -0.14478 0.00465 
C 0.87953 2.07017 0.02496 
c -0.61166 2.15714 -0.15083 
c -2.39170 0.36891 0.00990 
c -2.95309 -0.15492 -1.14805 
c -4.27244 -0.58079 -1.13407 
c -5.03660 -0.48231 0.03203 
c -4.46118 0.05397 1.15710 
c -3.15149 0.49080 1.16676 
c -2.13909 -0.30345 -2.40480 
c -6.45248 -1.00172 0.04645 
c -2.55418 1.07155 2.42067 
c 2.42920 0.03044 -0.01992 
c 2.90125 -0.51231 1.16140 
c 4.14671 -1.12720 1.16107 
c 4.92241 -1.20693 0.01763 
c 4.42749 -0.62900 -1.14348 
c 3.19818 -0.00123 -1.17071 
c 2.07019 -0.47390 2.42469 
c 6.25575 -1.88467 0.05795 
c 2.69272 0.59642 -2.46372 
H 1.39921 2.48130 -0.82298 
H 1.24758 2.44305 0.84411 
H -1.23730 2.71972 0.33749 
H -0.88528 2.54200 -1.06304 
H -4.66159 -0.94308 -1.91259 
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H -4.97715 0.12175 1.94589 
H -1.69748 0.52097 -2.59092 
H -2.71603 -0.51629 -3.13095 
H -1.49728 -0.98876 -2.29267 
H -7.01857 -0.43585 -0.44220 
H -6.75806 -1.04964 0.95868 
H -6.47549 -1.88303 -0.32027 
H -1.65947 0.80580 2.50726 
H -3.05494 0.73614 3.18064 
H -2.63049 2.01138 2.40573 
H 4.47652 -1.49637 1.96567 
H 4.94437 -0.67446 -1.93328 
H 1.88579 0.41108 2.67833 
H 2.54728 -0.91508 3.13521 
H 1.24875 -0.94767 2.28776 
H 6.92642 -1.27966 0.33148 
H 6.47308 -2.20092 -0.83072 
H 6.22865 -2.62937 0.64135 
H 1.75603 0.48420 -2.52661 
H 3.11768 0.17079 -3.19866 
H 2.89943 1.52969 -2.48171 

end 

end input 
eor 

SP calculation 
dll2/imes/imes.in 
xyz coordinates from x-ray structure 

#! /bin/ksh 

$ADFBIN/adf« eor 
title imes from xtl structure 

XC 
LDA VWN 
GGAPW91 

End 

charge 0 0 

restricted 

basis 
type TZ2P 
end 

relativistic ZORA 



atoms 
N -1.05596 0.69431 -0.03817 
N 1.05250 0.65420 0.16625 
C -0.01803 -0.19075 0.02255 
C 0.68412 1.98193 0.17619 
c -0.64337 2.00810 0.05838 
c -2.41311 0.25971 -0.24458 
c -2.99051 0.45678 -1.48621 
c -4.27327 -0.06254 -1.68756 
c -4.94417 -0.75581 -0.70497 
c -4.34292 -0.91584 0.52379 
c -3.07183 -0.40880 0.78330 
c -2.27790 1.17806 -2.59354 
c -6.32549 -1.32066 -0.94614 
c -2.42835 -0.59730 2.13254 
c 2.40478 0.17689 0.30234 
c 2.96031 0.09436 1.56901 
c 4.24901 -0.43510 1.67498 
c 4.95403 -0.86013 0.57114 
c 4.37274 -0.73689 -0.68876 
c 3.08724 -0.20726 -0.83927 
c 2.21148 0.52896 2.79224 
c 6.34281 -1.46522 0.70418 
c 2.46458 -0.07694 -2.19539 
H -1.22053 2.76296 0.07575 
H 1.24872 2.65843 0.25249 
H -4.66419 0.03194 -2.54022 
H -4.73395 -1.38180 1.24905 
H -2.39448 2.01041 -2.51667 
H -2.71567 0.97782 -3.46757 
H -1.32063 0.92528 -2.56615 
H -7.07740 -0.51465 -0.69168 
H -6.42415 -2.12384 -0.45089 
H -6.38901 -1.57020 -1.77231 
H -1.84666 -1.28493 2.06438 
H -3.10778 -1.01580 2.84617 
H -2.07583 0.26855 2.44286 
H 4.64109 -0.49639 2.51881 
H 4.84222 -1.06387 -1.51381 
H 2.15422 1.45164 2.82261 
H 2.60530 0.18586 3.62604 
H 1.31306 0.22063 2.66770 
H 6.93567 -0.74219 0.32061 
H 6.48026 -2.30927 0.04399 
H 6.56217 -1.56681 1.55169 
H 1.73188 -0.65010 -2.34774 
H 3.12506 -0.28109 -2.95349 
H 2.35355 0.83619 -2.53860 

end 

end input 
eor 



SP calc 
dlll/NHC/nhc.in 

xzy coordinates from x-ray structure 

#! /bin/ksh 

$ADFBIN/adf« eor 
title pri2me2im free ligand 

XC 
LDA VWN 
GGAPW91 

End 

charge 0 0 

restricted 

basis 
type TZ2P 
end 

relativistic ZORA 

atoms 
1. C -9.322260 -0.002474 -11.009898 
2. C -9.348161 -0.002410 -9.615039 
3. N -8.027317 -0.002410 -9.173951 
4. C -7.190755 -0.002734 -10.285950 
5. N -7.993026 -0.003439 -11.426554 
6. C -10.487596 -0.002497 -11.947985 
7. H -10.449150 -0.876178 -12.564511 
8. H -11.398013 -0.002456 -11.385810 
9. H -10.449121 0.871125 -12.564591 
10. C -10.547520 -0.001476 -8.720861 
11. H -10.532635 -0.875119 -8.103264 
12. H -10.531316 0.872183 -8.103321 
13. H -11.436438 -0.000825 -9.316448 
14. C -7.892458 -1.252488 -13.515254 
15. C -7.447317 -0.003948 -12.797969 
16. H -7.550679 -2.161501 -12.964159 
17. H -9.006103 -1.285352 -13.593816 
18. H -7.468373 -1.285551 -14.547965 
19. C -7.893096 1.243544 -13.516633 
20. H -6.328695 -0.003656 -12.706549 
21. H -7.551838 2.153380 -12.966622 
22. H -7.468912 1.275580 -14.549369 
23. H -9.006776 1.275669 -13.595300 
24. C -7.994178 1.246671 -7.083113 
25. C -7.525748 -0.001658 -7.785786 
26. H -7.635369 2.155846 -7.623002 
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27. H -9.109782 
28. H -7.603357 
29. C -7.993708 
30. H -6.404774 
31. H -7.634613 
32. H -7.602755 
33. H -9.109319 
end 

1.279020 
1.279922 

-1.249362 
-0.001433 
-2.159036 
-1.281210 
-1.282002 

-7.040208 
-6.037368 
-7.081737 
-7.841383 

-7.620546 

-6.035963 
-7.038728 

end input 
eor 

SP calc 
dll2/grubbs/pri2me2im.in 
xzy coordinates from x-ray structure 

#! /bin/ksh 

$ADFBIN/adf« eor 
title cp*ru(cl)pri2me2im from xtl structure 

XC 
LDA VWN 
GGAPW91 

End 

charge 0 0 

restricted 

basis 
type TZ2P 
end 

relativistic ZORA 

atoms 
Ru -0.68538 -0.08354 0.66192 
CI 0.68054 -0.55174 2.53632 
C 1.35091 2.47574 -0.22239 
H 0.43342 2.35543 0.15594 
N 1.71285 1.19139 -0.83241 
N 1.64543 -0.93040 -1.22631 
C 2.78681 -0.43220 -1.87334 
c 0.99609 0.06662 -0.56346 
c 1.22755 -2.34072 -1.08170 
H 0.32176 -2.32541 -0.65811 
C 2.14917 -3.06171 -0.10400 
H 3.06370 -3.05891 -0.45446 
H 1.84514 -3.98725 0.00910 
H 2.12968 -2.60387 0.76214 
C 2.82823 0.89651 -1.63875 



c 2.25553 2.80244 0.95949 
H 2.29714 2.03061 1.56271 
H 1.89617 3.57549 1.44221 
H 3.15642 3.01031 0.63400 

C 1.07236 -3.07010 -2.40527 
H 0.63300 -2.48049 -3.05340 
H 0.52753 -3.87379 -2.27356 
H 1.95549 -3.32579 -2.74236 
C 3.69474 -1.25441 -2.73721 
H 3.23407 -1.48150 -3.57226 
H 3.93774 -2.07789 -2.26556 
H 4.50458 -0.74259 -2.93973 
C 1.24537 3.61851 -1.23284 
H 2.14355 3.94463 -1.45187 
H 0.71787 4.34871 -0.84598 
H 0.80757 3.29516 -2.04693 
C 3.79506 1.90103 -2.15384 
H 4.57159 1.44147 -2.53672 
H 4.08820 2.47998 -1.41932 
H 3.36353 2.44567 -2.84581 
C -2.42090 1.10865 0.91689 
C -2.25988 -0.57761 -0.66225 
C -2.42578 2.46624 1.56248 
H -3.34920 2.76879 1.68086 

H -1.94433 3.10109 0.99155 
H -1.98451 2.41441 2.43596 
C -2.50322 -1.16357 0.63304 
C -2.21911 0.84775 -0.48891 
C -2.60474 -2.64170 0.90855 
H -2.36553 -2.81735 1.84305 
H -1.99251 -3.12704 0.31799 
H -3.52289 -2.94248 0.74504 
C -2.65543 -0.13188 1.59237 
C -2.18626 -1.30144 -1.96690 
H -3.05974 -1.26764 -2.40902 
H -1.93502 -2.23525 -1.80893 
H -1.51390 -0.87494 -2.53861 
C -2.08453 1.86371 -1.58832 
H -1.47765 1.52130 -2.27656 
H -1.72459 2.69744 -1.22112 
H -2.96466 2.03383 -1.98509 
C -2.93789 -0.31218 3.05548 
H -3.87666 -0.56265 3.17777 

H -2.75907 0.52701 3.52826 
H -2.36095 -1.01889 3.41420 
XX -2.41171 0.01667 0.39823 

end 

end input 
eor 



SP Calc 
dll l/grabbs/cph2imes/h2imes.in 
coordinates from crystal structure 

#! /bin/ksh 

$ADFBlN/adf« eor 
title cp*ru(cl)h2imes from xtl structure 

XC 
LDA VWN 
GGAPW91 

End 

charge 0 0 

restricted 

basis 
type TZ2P 
end 

relativistic ZORA 

atoms 
Ru 0.608276 0.546234 -0.032410 
CI 2.428452-0.056488 1.370148 
C 0.158722 1.621811 -1.835464 
C -0.364609 2.400711 0.276810 
N -0.132202-2.321396-1.058426 
C -0.816589-1.520721 2.348480 
N -0.569244-2.066742 1.049377 
C 1.711914-2.142563-2.658691 
C 0.340973 -2.162567-2.398422 
C 1.218369-2.043106-5.041122 
C -0.104858-1.417664-0.040009 
C 1.361100 2.142731 -1.214859 
C -0.135681 -2.088837 -4.741470 
H -0.765167-2.084854-5.453445 
C -2.373900 1.618484 -1.239044 
H -2.659607 2.291748-1.891434 
H -2.903549 1.712326-0.419189 
H -2.509598 0.722687-1.613785 
C 2.725159-2.201614-1.546448 
H 2.766022 -1.332367-1.095383 
H 3.605576-2.418732-1.917816 
H 2.462570-2.891876-0.902664 
C -0.247879-1.405823 4.661972 
H 0.333817 -1.624954 5.379395 
C -1.977890-0.805664 2.584564 
C -1.376862-0.644775 4.926834 
C -2.079971 -2.152328 -3.147583 



H -2.378983 -3.074310-3.007935 
H -2.563721 -1.763519 -3.907074 
H -2.259979 -1.623856 -2.341629 
C 0.061630 -1.856323 3.391006 
C 2.128265 -2.069885 -3.983673 
H 3.058075-2.039246-4.173157 
C -0.596603 -2.141281 -3.436722 
C 1.278137-2.702698 3.157806 
H 1.017593-3.647034 3.123047 
H 1.915466-2.567000 3.891006 
H 1.696060-2.447327 2.309479 
C -0.479935 -3.692871 -0.615280 
H 0.321136 -4.272675 -0.571045 
H -1.150970-4.107056-1.214432 
C 0.040237 1.164398 -3.251800 
H -0.781204 0.641357-3.357971 
H 0.814072 0.608627 -3.481247 
H 0.010712 1.944458-3.844894 
C 2.708633 2.124893 -1.865997 
H 2.772964 2.866241 -2.504395 
H 2.832825 1.275345 -2.338608 
H 3.403137 2.221970-1.181625 
C -0.914734 1.814743 -0.920746 
C 1.035889 2.671112 0.054871 
C -2.232925 -0.356644 3.879166 
H -3.013000 0.159119 4.045792 
C -1.054962-3.433258 0.767029 
H -2.045242 -3.469803 0.759064 
H -0.710663 -4.082596 1.429611 
C -1.130569 2.771988 1.510391 
H -1.516418 3.665833 1.398773 
H -0.527023 2.771088 2.282578 
H -1.849655 2.121964 1.656906 
C -2.971283 -0.574661 1.466278 
H -2.494659 -0.292908 0.657990 
H -3.605591 0.123917 1.731689 
H -3.458420-1.406281 1.285828 
C -1.655731 -0.142868 6.327682 
H -1.150681 0.683000 6.485382 
H -1.382431 -0.821609 6.979263 
H -2.613693 0.036880 6.425644 
C 1.692139-1.974243-6.473541 
H 2.614609-1.645691 -6.497681 
H 1.115280-1.364059-6.979263 
H 1.653244-2.867325-6.873917 
C 1.969803 3.309891 1.033157 
H 2.861221 2.915588 0.938644 
H 1.640442 3.160156 1.944092 
H 2.018616 4.272690 0.857315 
end 

end input 
eor 



237 

SP calc 
dlll/grubbs/rupcy3/pcy3.in 
from xtl. coord 

#! /bin/ksh 

$ADFBIN/adf« eor 
title cp*ru(cl)pipr3 from xtl structure 

XC 
LDA VWN 
GGA PW9I 

End 

charge 0 0 

restricted 

basis 
type TZ2P 
end 

relativistic ZORA 

atoms 
Ru -1.08940 -0.16703 0.92670 

P 0.80430 0.04136 -0.50344 
CI 0.30879 -0.28369 2.84675 
C -2.96956 0.27140 1.91388 
C -2.88165 -1.12332 1.64985 
C -2.73842 -1.31481 0.21681 
C -2.80690 -0.02340 -0.41064 
C -2.87194 0.95777 0.63387 
C -3.08899 0.92779 3.25241 
c -2.89758 -2.21235 2.67457 
c -2.70199 -2.63851 -0.48264 
c -2.99835 0.23924 -1.87271 
c -2.95093 2.44681 0.45153 
c 1.81237 -1.51104 -0.66851 
c 0.91939 -2.66257 -1.14441 
c 1.74121 -3.93732 -1.38796 
c 2.53718 -4.33288 -0.15192 
c 3.39952 -3.18094 0.32158 
c 2.56998 -1.92687 0.59940 

c 2.00492 1.24517 0.24211 
c 3.32758 1.49394 -0.49568 
c 4.29105 2.26819 0.41222 
c 3.67416 3.57884 0.89752 
c 2.31825 3.35804 1.57659 
c 1.36206 2,57875 0.67209 
c 0.48920 0.48804 -2.28480 
c 0.09816 1.96960 -2.43192 
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c -0.39969 2.26862 -3.84678 
c 0.66596 1.91479 -4.88051 
c 1.07837 0.45413 -4.74067 
c 1.56988 0.13330 -3.32027 
H -3.92325 0.97191 3.50323 
H -2.66696 1.83211 3.22319 
H -2.69403 0.48201 3.91293 
H -2.70908 -1.95663 3.54247 
H -3,73248 -2.65243 2.67139 
H -2.36616 -2.87027 2.44477 
H -2.22449 -3.30718 0.06974 
H -2.27902 -2.61051 -1.32508 

H -3.59444 -2.95138 -0.60468 
H -3.91340 0.25951 -2.10447 
H -2.59045 -0.37756 -2.42167 
H -2.65915 1.11644 -2.12993 
H -2.68039 2.67394 -0.35181 
H -2.44674 2.93586 1.12884 
H -3.83416 2.78027 0.45694 
H 2.48610 -1.33395 -1.33234 
H 0.21519 -2.85108 -0.44328 
H 0.50103 -2.40939 -1.94205 
H 1.14737 -4.55866 -1.71998 
H 2.34235 -3.77912 -2.19750 
H 1.98738 -4.59243 0.54664 
H 3.13200 -5.12278 -0.41175 
H 4.04710 -2.97746 -0.39619 
H 3.91468 -3.39647 1.14291 
H 1.91758 -2.10557 1.31081 
H 3.20704 -1.13258 0.93616 
H 2.15483 0.79467 1.07068 
H 3.76617 0.64502 -0.74774 

H 3.16885 2.04743 -1.33430 
H 4.49707 1.71725 1.12300 
H 5.16416 2.39651 -0.06891 
H 4.30309 4.03715 1.49391 
H 3.57984 4.22213 0.10406 
H 1.91287 4.25939 1.82383 
H 2.43945 2.88109 2.35842 
H 0.50614 2.42980 1.15635 
H 1.20807 3.12338 -0.16689 
H -0.32162 -0.03677 -2.51294 
H 0.89758 2.52408 -2.26350 
H -0.60172 2.22357 -1.77793 
H -1.22617 1.72896 -4.01649 
H -0.65999 3.23250 -3.88276 
H 0.33873 2.08365 -5.75073 
H 1.44723 2.51238 -4.71683 
H 1.76750 0.24623 -5.40524 
H 0.29572 -0.10185 -4.92071 
H 2.42447 0.61261 -3.14043 
H 1.76121 -0.81436 -3.29682 

H 0.29572 -0.10185 -4.92071 



239 

H 2.42447 
H 1.76121 
XX -2.85370 

end 

0.61261 
-0.81436 

-0.24647 

-3.14043 
-3.29682 

0.80076 

end input 
eor 

SP calc. 
dll l/grubbs/rupipr3/pipr3.in 
from xtl. struc. 

#! /bin/ksh 

$ADFBIN/adf« eor 
title cp*ru(cl)pipr3 from xtl structure 

XC 
LDA VWN 
GGA PW91 

End 

charge 0 0 

restricted 

basis 
type TZ2P 
end 

relativistic ZORA 

atoms 
Ru 7.21800 0.15400 1.83700 

P 6.80700 1.33000 3.88300 
CI 9.11100 -0.91900 2.76400 
c 7.62200 0.03200 -0.25800 
c 6.91500 -1.14300 0.13200 
c 5.66700 -0.73800 0.67000 
c 5.56500 0.67300 0.55100 
c 6.78400 1.14700 0.01600 
c 9.00200 0.08800 -0.86100 
c 7.46700 -2.55900 0.05200 
c 4.57900 -1.67100 1.13900 
c 4.31600 1.47300 0.76400 
c 7.07600 2.57200 -0.36500 
c 6.15200 0.22800 5.22100 
c 4.87900 -0.42300 4.73300 
c 7.16700 -0.79900 5.70800 



c 8.41300 1.96600 4.56000 
c 8.37200 2.70800 5.85900 
c 9.24300 2.71800 3.50500 
c 5.55700 2.72500 3.87600 
c 6.07300 3.92400 3.11100 
c 4.97400 3.16800 5.19500 
H 9.22500 1.00900 -1.01800 
H 9.00800 -0.39000 -1.69300 
H 9.64700 -0.29800 -0.26400 
H 8.33500 -2.59100 -0.35500 
H 6.84400 -3.05700 -0.48300 
H 7.50900 -2.94100 0.93200 
H 3.83600 -1.16300 1.47000 
H 4.92400 -2.22900 1.83900 
H 4.29100 -2.21800 0.40500 
H 4.49300 2.40300 0.60900 
H 4.02500 1.34800 1.67200 
H 3.62900 1.17300 0.16400 
H 7.97500 2.63400 -0.69500 
H 6.97500 3.14500 0.39700 
H 6.46400 2.84400 -1.05300 
H 5.95700 0.73500 6.01400 
H 4.27000 0.26600 4.45700 

H 4.48000 -0.93900 5.43900 
H 5.07300 -0.99700 3.98800 
H 7.94800 -0.32700 6.00700 
H 7.40400 -1.37900 4.97900 
H 6.81100 -1.32100 6.42900 
H 8.90200 1.17900 4.81500 
H 7.87300 2.20000 6.50300 
H 7.94000 3.55400 5.71700 
H 9.26200 2.85500 6.18500 
H 9.24800 2.18800 2.70300 
H 10.14600 2.86200 3.79700 
H 8.82500 3.56200 3.32700 
H 4.81500 2.32200 3.42100 
H 6.43400 3.64000 2.26800 
H 6.75700 4.36400 3.62100 
H 5.34700 4.53400 2.95800 
H 4.65700 2.40000 5.67200 
H 4.24600 3.77700 5.04700 
H 5.65700 3.60600 5.71000 

end 

end input 
eor 


