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ABSTRACT

The research detailed in this dissertation focuses primarily on analyzing the

electronic structure and bonding interactions of phosphines and pentadienyl ligands with

transition metal center using valence photoelectron spectroscopy (PES) and

computational methodologies.  Valence photoelectron spectroscopy is the most direct

experimental probe of electronic structure and bonding.  The ionization features provide

information on orbital interactions and characters separate from other effects, charge

distributions, electron richness, electron configurations and molecular symmetry. 

The electronic and bonding factors of the pentadienyl ligands have been explored

in the first series of  high-valent pentadienyl transition metal molecules, Cp(6,6-

2dmch)ZrX  (Cp = 0 -cyclopentadienyl, X = Cl, Br, I; 6,6-dmch = 0 -6,6-5 5

2 2dimethylcyclohexadienyl).  Unlike the well known Cp ZrX  analogues, these Cp(6,6-

2dmch)ZrX  molecules are intensely colored, and reflect a dramatic reversal in the

favorability of the bonding depending on the metal oxidation state.  The results indicate

2that the color of the Cp(6,6-dmch)ZrX  complexes is due to a 6,6-dmch ligand-to-metal

2 2 2charge transfer band.  Compared to the Cp ZrX  analogs, the Cp(6,6-dmch)ZrX

molecules have a considerably less stable HOMO that is pentadienyl-based, and an

essentially unchanged metal-based LUMO.  The lowest unoccupied orbital of pentadienyl

is stabilized relative to cyclopentadienyl and becomes a better potential * electron

acceptor, thus contributing to the differences in structure and reactivity of the low-valent

and high-valent metal complexes.
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The key electronic and bonding differences between simple pentadienyl,

heterodienyl and cyclopentadienyl ligands in Cp*Ru(L) systems are also probed.  The

Cp*Ru(heteropentadienyl) molecules have extensively delocalized electronic structures

and show unique electronic features compared to their simple pentadienyl counterparts. 

The ionization features for these systems are reassigned in this work according to

experimental observations. 

The F and B bonding effects of a fluorinated phosphine chelate ligand, dfepe, in

4Mo(CO) (dfepe) and CpMn(CO)(dfepe) molecules are investigated.  The PES studies

reveal that the dfepe ligand is similar and slightly less effective in stabilizing the metal-

based orbitals by backbonding, and the amount of stabilization is dependent on the

electron richness at the metal center.  The theoretical calculations do not agree well with

the experimental results.
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CHAPTER 1

INTRODUCTION

 An insight into metal-ligand interactions and electronic structure is necessary to

understand the chemical reactivity and the potential uses of transition metal compounds. 

The chemical modification and tunability of transition metal catalysts for improved

activity is a main goal in academic and industrial research.  Minute changes in the

ligand/metal environment can affect the activity of a catalyst to a great extent and it is

these changes that lead to many great discoveries.    

The primary focus in this research is to investigate the electronic structure and

bonding interactions of pentadienyls and phosphines as ligands bonded to transition metal

systems using photoelectron spectroscopy and theoretical methods.  Although the

electronic ligand effects have been studied previously, the area still needs to be explored

extensively due to the inconsistencies among common spectroscopic methods in

assigning relative bonding capabilities.  The systematic study of the gas-phase

photoelectron spectra of organometallic systems offers the opportunity to quantify and

assess the ligand electronic effects independent of molecular environment. 
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1.1. Pentadienyl Chemistry

Unique Properties of Pentadienyl Ligands. 

Metal-pentadienyl compounds have attracted significant interest during the past

decade, in large part due to the versatility and unique properties displayed by pentadienyl

ligands.  Pentadienyl ligands have been found to possess many unique and potentially

useful properties, such as the ability to adopt a wide range of h , h , and h  bonding1 3 5

modes, an extreme tendency to bond to transition metals in low oxidation states due to

high delta acidities, and their quite substantial steric demands (greater than Cp*), which

contribute to the formation of a large number of stable, electron deficient complexes.

One of the key aspects of pentadienyl ligands which contribute to their uniqueness

is their ability to bond to metals in a variety of bonding modes.  Several of these bonding

modes are illustrated in Figure 1.1.  There are two well-defined bonding modes each for

the 0 , 0 , and 0  coordinations, in which the dienyl fragment may adopt S (sickle) or U1 3 5

geometries.  The U shape is the most common in 0  co-ordination mode.  In this mode,5

the five carbon atoms lie in a planar arrangement.   However, deviations from the

planarity are observed for substituted 0 - pentadienyl molecules.  5 1

Pentadienyl ligands are known as open counterparts of cyclopentadienyl ligands,

but one of the dramatic differences between these two ligand types is the larger degree of

steric crowding found in the pentadienyl ligands.  The origin of this effect is a result of

the long separation between the terminal carbon atoms of the pentadienyl ligand as

compared to the cyclopentadienyl fragment, 3.0 vs. 1.4 D as seen in diagram I.   The 2
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longer separation between terminal carbons makes the open dienyl plane approach to the

metal center closer to maintain comparable bond distances.  A severe degree of steric

crowding can be found in a variety of pentadienyl complexes.3-6

           

 I

Donor/acceptor properties of pentadienyl ligands in comparison to

cyclopentadienyl ligands have been studied and recent IR and ESR spectral studies show

that the pentadienyl ligand is a better acceptor than the cyclopentadienyl ligand.   A7-10

comparison of the B molecular orbitals of the pentadienyl and cyclopentadienyl groups

shows that the highest occupied molecular orbital of the pentadienyl lies above those of

cyclopentadienyl making the pentadienyl ligand a better donor.  Additionally, the lowest

unoccupied molecular orbital of the pentadienyl group lies below that of

cyclopentadienyl, hence the pentadienyl ligand is a better acceptor.  This is illustrated in

Figure 1.2.  
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Figure 1.1.  Different bonding modes observed for pentadienyl ligands.
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      The greater electron acceptor property of pentadienyl is due to the enhanced *

backbonding interaction between the pentadienyl ligand and the metal fragment. 

Diagram II shows a schematic picture of a * interaction between a filled metal orbital and

an empty pentadienyl ligand orbital viewed from the top.  Such * backbonding

interactions are usually negligible for the cyclopentadienyl group.   The enhanced11

backbonding interaction in the pentadienyl could be due to both energetic and geometric

factors.  

II

The most striking difference between cyclopentadienyl and pentadienyl ligands is that the

latter prefers bonding to metals in low oxidation states.  This extraordinary preference for

the low oxidation state is surprising, given the fact that the analogous cyclopentadienyl

ligand is known to form stable complexes with even heptavalent metals.   One of the12

possible explanations for this behavior is the high * acidity of pentadienyl ligands.  The *

backbonding interactions are very weak or negligible for metals in higher oxidation

states, hence bonding to metals in low oxidation states would generally be favored.  



24

Figure 1.2.  Comparison of the B- molecular orbitals of the cyclopentadienyl and

pentadienyl groups



25

However, geometric reasons, such as the larger separation between terminal carbons and

the larger girth of the pentadienyl ligand, could restrict achieving an effective overlap

with contracted valence orbitals present in metals in higher oxidation states.

All the factors discussed above can be related to the binding and reactivity

features exhibited by metal-pentadienyl complexes.  It can be expected that the

pentadienyl ligands could be both more strongly bound and more reactive than the

cyclopentadienyl ligand on the basis of the B molecular orbitals illustrated in the Figure

1.2.  The better donor and acceptor ability of pentadienyl ligand clearly indicates that it

could be more strongly bound to metal centers compared to cyclopentadienyl ligand.  1,13,14

The higher reactivity can be correlated with the much lower loss of resonance

stabilization energy for the interconversion, 0  W0 W0  in the pentadienyl in comparison5 3 1

to the cyclopentadienyl ligand.  These isomerizations between different configurations are

very useful chemically and catalytically by allowing open coordination sites for additional

ligands or expelling ligands during a reaction.  As an illustration, the  Ti(Cp)(2,4-

7 11 3C H )PEt  molecule has much shorter Ti-C bonds for the open dienyl ligand than those

for the cyclopentadienyl ligand (2.24 vs 2.35 D) and reacts readily with a wide variety of

organic molecules such as nitriles, ketones, alkynes etc.   Thus, the pentadienyl ligand15

bonds to the metal center more strongly and at the same time is more reactive than the

analogous cyclopentadienyl ligand.   The high reactivity observed for many metal-7,16-19

pentadienyl complexes has extended their applications to a wide variety of interesting and

useful reactions.
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Edge-bridged Pentadienyl Ligands.

The tremendous versatility of the simple pentadienyl ligands leads to another

important member of that class, edge-bridge complexes.  Among several edge-bridged

pentadienyl ligands, the most widely studied are 6,6-dimethylcyclohexadienyl (6,6-dmch,

8 11 7 9 8 11(C H ) ), cycloheptadienyl(c-C H ), and cyclooctadienyl (c-C H ).  

8 11 7 9 8 11(C H ) (c-C H ) (c-C H )

III

6 7 3 6 7 3The edge-bridged pentadienyl molecules such as Fe(C H )(CO)  and Mn(C H )(CO)+ 20,21

5 7 3have been prepared years before the first simple pentadienyl complex, Fe(C H )(CO) .  + 22

Even though edge-bridged complexes have been prepared years before the simple

pentadienyl species, they were given much less attention until recently.  A wide variety of

edge-bridged complexes are now available allowing us to gain an insight into their23

properties and reactivities.

The research in this dissertation focuses on 6,6-dimethylcyclohexadienyl ligand

(6,6,-dmch).  The 6,6-dmch ligand has gained a lot of attention recently, mainly due to the

fact  that this ligand appears to be filling the gap between cyclopentadienyl (Cp) and

5 7simple acyclic pentadienyl ligands (C H ).  This ligand was first used in the synthesis of
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bis(6,6-dmch) complexes of Fe, Ti, Cr and V by Wolczanski and co-workers.   These23-25

studies show that the substitution at the ends of the pentadienyl to form a closed ring

make the C1 and C5 positions inert to further reactions.  This reduces the number of

reaction pathways that are otherwise available to the open dienyl ligands.  This feature

bridges the reactivity gap between Cp and open pentadienyl ligands.  It has been

recognized that the 6,6-dmch ligand is capable of imparting kinetic stability to many

transition metal complexes.   The C-O stretching frequencies for several molecules26

suggest that 6,6-dmch ligand has electronic properties intermediate between Cp and

5 7(C H ).   In addition, the colors of many 6,6-dmch transition metal complexes closely9,27

resemble those of Cp analogs rather than pentadienyl complexes.   The structural studies2

show that the open edge separation C1---C5 for 6,6-dmch is shorter than that for open

5 7C H .   However, both edge-bridged and non-bridged pentadienyl ligands possess much26

shorter M-C distances, particularly with titanium and zirconium as compared to the

cyclopentadienyl analogs.  All the above factors are interrelated and contribute to the

unique nature of 6,6-dmch ligand.  

The 6,6-dmch ligand displays applications in polymerization catalysis.  A very

active polymerization catalyst, shown in diagram IV has been reported.   Furthermore, it28

is an example of a higher oxidation state metal dienyl complex.  The higher oxidation

state metal-dienyl complexes are very rare.   
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IV

The reaction chemistry of metal-pentadienyl molecules uncovered thus far has

been promising in many different areas, such as materials syntheses,29,30

polymerizations,  and the incorporation of metals into semiconductors.     31 32-34

Given the versatility of metal-pentadienyl chemistry and the lack of knowledge in

the area of high-valent metal pentadienyl complexes, a detailed study of electronic

structure and bonding in higher oxidation analogues in comparison to their lower

oxidation molecules is a necessity.  Chapter 3 details the gas phase photoelectron and

theoretical investigations of high-valent zirconium complexes with an edge-bridged

pentadienyl ligand, specifically 6,6-dmch.  This work is in collaboration with Professor

R. D. Ernst from the University of Utah.  Professor Ernst is well known in the area of

pentadienyl chemistry for his unique contributions, and has initiated a broad range of

studies in this area, beginning with bis(pentadienyl)metal compounds, the open
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metallocenes.   His collaboration together with the photoelectron spectroscopic studies2,13

and theoretical modeling enabled the exploration of the first high-valent pentadienyl

complexes and hence study of the reversal of metal-ligand bonding affinity with metal

oxidation state.

The main purpose of this study is to address the differences observed in color and

2 2 2bonding capabilities of Cp ZrX  versus CpZr(6,6-dmch)X .  Unlike the well known

2 2 2Cp ZrX  analogues, these Cp(6,6-dmch)ZrX  molecules are intensely colored, indicating

significantly different relative energies of the frontier orbitals.  The results of this study

2indicate that the color of the Cp(6,6-dmch)ZrX   complexes is due to a 6,6-dmch ligand-

2 2to-metal charge transfer band. Compared to the Cp ZrX  analogues, the Cp(6,6-

2dmch)ZrX  molecules have a considerably less stable HOMO that is pentadienyl-based,

and an essentially unchanged metal-based LUMO.  Also, the lowest unoccupied orbital of

pentadienyl is stabilized relative to cyclopentadienyl and becomes a better potential *

electron acceptor, thus contributing to the differences in structure and reactivity of the

low-valent and high-valent metal complexes.

Heterodienyl Ligands.

The chemistry of pentadienyl ligands is still a developing area compared to that of

the well known cyclopentadienyl ligand.  A wide variety of pentadienyl ligands have been

synthesized and studied and it has been shown that the intrinsic nature of the pentadienyl

ligand is greatly influenced by various substitutions on the carbon skeleton.   One such35-37



30

2analog is the popular acac ligand, in which both terminal CH  groups are replaced by

oxygen and these ligands bond through oxygen lone pairs.  The common 0  coordination5

2is observed for some modified pentadienyl ligands in which only one terminal CH  group

of a pentadienyl ligand is replaced by O, S or NR groups as seen in diagram IV.  35,36,38-42

X= O, S V

Such modifications are known to be important in the area of catalysis.  For

instance, some chromium pyrollyl complexes catalyze selective trimerization of ethylene

to 1-hexene.  43

Half-open metallocenes.

One of the goals of this research has been to gain an understanding of the

relationship between pentadienyl and cyclopentadienyl ligands.  While the

bis(pentadienyl)metal systems seem to be a good candidate to compare to metallocenes,

the differences observed in steric, symmetry, and spin environments between these two

systems complicate such efforts.  These differences can be minimized by studying half-
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open metallocenes.  A series of half open metallocenes have been reported in the

literature.  A schematic representation of a metallocene, an open metallocene and a44-51

half-open metallocene is shown in Figure 1.3. 

Half-open ruthenocene complexes are known to support a rich variety of

3substituted pentadienyl ligands, including alkyl, aryl, CF , and siloxy groups.   The35,38,52,53

research detailed in the Chapter 4 concentrates on half-open ruthenocenes and the

molecules of interest are illustrated in the Figure 1.4.   

This work is in collaboration with Dr. Angeles Paz-Sandoval in Centro de

Investigación y de Estudios Avanzados del IPN in Mexico. 

The reaction chemistry displayed by these molecules is interesting.  A

comparative study of the reactivities of compounds Figure 1.4(a) and (b) gave evidence of

the higher reactivity of the oxo dienyl analogue toward oxidative additions and in simple

ligand addition reactions.  This feature can be correlated to the expected weaker54

coordination by the hard oxygen to the metal center as compared to the softer carbon

centers.  The azadienyl complexes Figure 1.4(c) have also been found to display behavior

sometimes similar to that of oxodienyl and pentadienyl reaction chemistry, but at other

times different.  Further studies are under way to reach a better understanding in that54

area. 
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  (A)               (B)                (C)

Figure 1.3.  A schematic representation of (A) metallocene, (B) half-open

metallocene, and (C) open metallocene.
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The bonding characteristics of heterodienyl molecules are different from their

simple dienyl analogues.  Open pentadienyl ligands usually seem to function as better

acceptor ligands relative to their counterpart, the cyclopentadienyl ligand.  However, a

simple analysis of bonding parameters for several half-open ruthenocenes reveals that the

acceptor ability of heterodienyl ligands is weaker than that of corresponding simple dienyl

ligands.  In fact, an enhancement of the Ru-(Cp*) bonding has been observed

accompanying weakening of the metal-pdl bonding as the pentadienyl ligand becomes

more electronegative.   35,40

The electronic structures of representative molecules in this class pictured in the

Figure 1.4 are studied to investigate the effect of heteroatom substitution on simple dienyl

complexes.  Results are compared to previous studies of analogous molecules, and the55

ionizations of (Cp)Ru(2,4-dimethylpentadienyl) from a previous study are reassigned. 

Comparison of the ionization features of these hetero dienyl molecules with their simple

dienyl analog shows that all of the Cp* and pentadienyl based ionizations are stabilized

relative to the metal-based ionizations with the heteroatom incorporation into the

pentadienyl, indicating a strong mixing between the Cp* and pentadienyl orbitals and

suggesting significant influences of delocalized electronic structure on the reactivity and

properties of these ligands. 
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Figure 1 .4. A schematic representation of half-open ruthenocenes studied in this

research.
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1.2. Phosphine Chemistry

Electronic Effects of Phosphines.

Transition metal interactions with 2 e- donor molecules such as phosphines,

carbonyls, alkenes, amines, etc. comprise a large and an important area of study in

3inorganic and organometallic chemistry.  Among these ligands, phosphines (PR ) have

become one of the most largely studied and used molecules in chemical systems.  A

prominent focus in the research involving phosphines has been the evaluation of

electronic and steric properties.  The classification of phosphine ligands interms of

electronic and steric effects was described by Tolman.   However, a great deal of56

controversy remains concerning the electronic effects (F- and -B effects) of phosphines.    

     

Various spectroscopic methods such as vibrational spectroscopy and nuclear

magnetic resonance spectroscopy  as well as electrochemistry  and molecular orbital57-67 68,69

theory  have been used previously to study the B-acceptor/donor ability of phosphine70

ligands.  Additionally, many studies have been involved in measuring and quantifying

different ligand effects. One such example is Quantitative Analysis of Ligand Effects

(QALE). .  The QALE analysis provides information on a vast array of phosphine71-74

ligands, but data for chelate phosphines are scarce.   Each of these methods and their

information has contributed to the overall understanding of the metal-phosphine

interactions.  Among other spectroscopic techniques, IR stretching frequency data are

widely used to interpret the electronic properties of various ligands.  However,  the
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stretching frequencies are influenced by many factors including electron richness at the

metal, orbital overlap competition and sigma bonding effects.   NMR shifts and75

coupling constants involve a sum of numerous contributions including those from excited

states.  Nevertheless, none of these methods are able to provide a strict separation of B

bonding effects from F  bonding and other features of the electronic structure. 

Photoelectron spectroscopy is the most direct method for investigating electronic

structure of free and co-ordinated ligands.   At present, it is the only method able to76,77

measure ligand B orbital interactions strictly separate from other ligand effects.  It enables

the symmetry separation of  B interactions  and even in molecules without high78-80

geometric symmetry, there can be sufficient electronic symmetry to provide a useful

separation. 

 

Fluoroalkylphosphines.

One of the principal goals in the area of catalysis is to control metal reactivity

3through systematic variation of ligand properties.  Phosphine ligands (PR ) offer a great

opportunity to tune the steric and electronic properties by varying the R group.  The

additive ligand electronic effect studied previously for metal-phosphine complexes

clearly indicate the phosphine induces charge effects in metal-based ionizations.   A81-87

vast majority of research has focused on structure/reactivity relationships involving F-

and B-donor aspects of phosphines, but such studies in the area of B-acceptor ligand

modification remain largely unexplored.  Despite the important role B-acceptor ligands
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play particularly in the chemistry of low valent metal complexes, the strong acceptor

phosphine ligands are essentially limited to the sterically undemanding fluorophosphine,

3PF .            

Strong acceptor ligands such as CO , CNR and NO  have been utilized+

extensively, but are limited in the inability to tune their acceptor ability and steric

properties by chemical modification and by their susceptibility to participate directly in

many chemical transformations.  Because of these considerations, research in the acceptor

3ligand design has focused on modifying the basic PF  framework.  In such attempts,

x 3-x 3numerous examples of substituted fluorophosphines including, R PF  ,( R = CF ),88,89

3 3 2 2 2 2 2 2 2 2 2OCH ,  , (CF ) CHO)  as well as chelates F PCH CH PF , F PCF CF PF  and88,90 91,92

2 6 10 2F PC H PF  have been reported in order to establish systems that mimic the69,93

electronic characteristics of metal carbonyl chemistry.  

Another class of ligands that has potential applications as B-acceptors is

f 3-xfluorocarbon-substituted phosphines, (R )xPR .  (Fluoroalkyl)phosphines are a94

potentially useful class of ligands that provide a wide range of steric and electronic

properties.95

3The replacement of inductively similar fluorocarbon groups in place of fluorine in PF

maintains a large degree of acceptor ability and at the same time providing the

opportunity for steric manipulations in the coordination sphere.  The main advantage of

(fluoroalkyl)phosphines over fluorophosphines is that the P-C and C-F bonds are
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relatively more inert for chemical reactions than P-F bonds.  This feature is important in96

applications where highly reactive metal centers are involved.

 Another area covered in this dissertation is study of the electronic properties of

metal-ligand interactions of (fluoroalkyl)phosphine ligand, 1,2-bis(di(penta-

fluoroethyl)phosphino)ethane) or (dfepe).  The dfepe ligand is effective at withdrawing

electron density from the metal center and making it electron poor. 

dfepe VI

Roddick et al. have developed an efficient synthetic route to this dfepe ligand

making use of readily available dichlorophosphine.  An alternative synthetic procedure97

has also been reported.  The dfepe ligand is known to mimic electronic properties of the98

classic B acceptor CO while possessing greater steric demands and chemical inertness.  In

addition, transition metal complexes incorporating the dfepe ligand generally exhibit

enhanced oxidative and thermal stabilities relative to donor phosphine ligands.  The99

interesting properties displayed by the fluorinated chelate, dfepe have lead to numerous
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applications in the fields of polymerization catalysis and H-H and C-H activation99

reactions.  The remarkable resistance of dfepe-containing transition metal complexes,96,100

specially Pt and Pd analogs to protonolysis has lead to an essentially unexplored are of

chemistry, organometallic superacids.  Most conventional organometallic systems are

intrinsically incapable with the acidic media due to the susceptibility to further reactions. 

2 3The synthesis of (dfepe)Pt(Me)(OSO CF ), a complex that is remarkably stable in one of

the strongest molecular superacids (trifluoromethanesulfonic acid), is particularly

significant.  Furthermore, the cationic methyl carbonyl complex, (dfepe)Pt(Me)(CO)99,101 +

5 3found to be stable in neat SbF /SFO H known as “magic acid”.  Such complexes provide

an important bridge between purely inorganic superacids and true organometallic systems

and facilitates the study of metal-mediated hydrocarbon conversions in extreme

conditions.  The resistance of these molecules to protonolysis is attributed to their102

extremely electron poor nature of (dfepe)Pt center, which in turn related to the

backbonding stabilization by dfepe ligand.   101

There have been several reports on the steric and electronic properties of dfepe

ligand.  In 1992, Brookhart et al. studied the B acceptor capability of dfepe by calculating

2 3the ligand effect constant and placed this ligand between PCl Ph and PCl  in acceptor

ability.   A comparison of <(CO) IR data and cone angle estimates for several cis-103

3 2 4(R P) Mo(CO)  complexes indicates that the electronic properties of dfepe is similar to

that of fluorophosphines and is significantly larger than other ligands possessing high
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degree of B acceptor ability.   The crystallographic data obtained for several Fe(0) 0 -97 2

2ethylene complexes reveal that (CO) (dfepe)Fe(0 -ethylene ) molecule posses a2

3remarkably shorter C-C bond length relative to that of (CO) Fe(0 -ethylene) for the2

coordinated ethylene ligand (1.362 versus 1.460 D) .   This distance is one of the shortest98

known for the coordinated ethylene ligand and indicates that the dfepe in fact has a

stronger B acid character compared to the CO ligand.  The acceptor capability of dfepe is

also evident from the reactivity studies where dfepe ligand allows the synthesis of a wide

range of highly stabilized electrophilic transition metal complexes with unique chemical

properties.   However, the inherent problems associated with many physical99,100,104,105

methods (vide supra) used to determine the electronic effects and the inconsistencies in

the results demonstrate the need of an extensive electronic structure investigations of this

ligand.      

In this chapter, the fluoro-alkyl phosphine complexes VII and VIII are studied in

order to understand the F- donor/B- acceptor properties of dfepe ligand in different metal

systems.   This project is in collaboration with Dr. D. M. Roddick in the University of

Wyoming.  The photoelectron spectroscopy and computational studies indicate that ,the

fluoroalkylphosphine chelate, dfepe is weaker B-acceptor compared to the conventional

CO ligand, and it is calculated to be about 2/3 that of CO in the Mo complexes.  The

stabilization of metal-based orbitals by backbonding is dependent on several factors

including the electron richness at the metal center and steric influences from the fluorines

that are in close contact with the metal center.     
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VII VIII

One of the important challenges in the field of organometallic chemistry is to

understand how the specific choice of ligand effects the reactivity, selectivity, thermal

stability, solubility, and other properties of the catalyst.  The information gathered on the

electronic structure and properties of a molecule, especially quantification of the separate

ligand electronic effects, is an important step to understanding the chemical reactivity. 

The research detailed in this dissertation addresses several unanswered problems on

electronic structure properties of some organometallic complexes which have potential

applications in the catalysis area. The results garnered in this study will help improve and

develop new catalyst systems in the future.        
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CHAPTER 2

EXPERIMENTAL

The sources of all samples, general synthetic procedures, gas-phase photoelectron

spectroscopy experiments, and computational methods are described in this chapter.  Data

reduction and analysis methods are also addressed in this chapter.  The synthetic origin of

the molecules studied in this research are given with appropriate references and

experimental details in Table 2.1.  The data collected for the compounds under study are

organized in terms of sublimation temperature, energy region, file name, and note book

pages are presented in Table 2.2. 

Preparation of compounds

  General Methods.  All compounds discussed in this dissertation were either

synthesized as part of this work, received from collaborators, or purchased. 

Collaborations were with the R. D. Ernst research group, The University of Utah, D. M.

Roddick research group, The University of Wyoming, Paz-Sandoval research group,

Centro de Investigación y de Estudios Avanzados in Mexico and Steven P. Nolan

research group, The University of New Orleans.   The synthetic procedures performed in

this lab were carried out under a nitrogen atmosphere using standard Schlenk techniques

and the details are given in the following chapters with reference to the published

synthesis.
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Physical Measurements.  H NMR spectra were recorded on a Bruker AM-2501

NMR spectrometer using solvent peaks to reference chemical shifts.  UV/ Vis spectra

were recorded on a modified Cary 14 with OLIS interface. 

Photoelectron Spectroscopy.  

The  gas-phase photoelectron spectroscopy procedures used for this

research were developed and documented by John Hubbard,  Glen Kellogg,  Mark106 107

Jatcko  and Nadine Gruhn.   Photoelectron spectra were recorded using an instrument108 109

that features a 36-cm hemispherical analyzer and custom designed photon source,110

sample cells and detection and control electronics.  The excitation source is a quartz111

capillary discharge lamp with the ability, depending on operating conditions, to produce

HeI  (21.218 eV), or HeII (40.814 eV) photons.  

3/2Calibration.  The ionization energy scale was calibrated using the P  ionization2

1/2 3/2of argon (15.759 eV) and the E  ionization of methyl iodide (9.538 eV).  The argon P2 2

ionization also was used as an internal calibration lock of the absolute ionization energy

to control spectrometer drift throughout data collection.  During HeI and HeII data

collection, the instrument resolution was measured using the full-width-at-half-maximum

3/2of the argon P  ionization. 2

Sample Handling. Sublimation of solid samples was achieved under vacuum by

heating the sample cell via a cartridge heater attached directly to the cell.  Temperatures



44

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

attached directly to the ionization cell.  The solid samples, depending on the sublimation

temperature, were run using either a custom designed aluminum cell (sublimation range

up to 220 C) or a stainless steel cell (sublimation range up to 500 C) .0 0

Solid Samples.  All the solid samples studied in this work sublimed at

temperatures under 220 C, therefore the aluminum cell was used throughout.  Prior to0

each data collection, the aluminum cell was dissembled, cleaned, and sonicated with 2-

propanol.  After the cleaning, a graphite based coating (DAG® 154, Acheson) was used

to coat the cell. Then the cell was baked in the photoelectron spectroscopy instrument up

to 220 C.  The samples were loaded after cooling the cell to room temperature.  Air0

sensitive samples were handled with special care.   They were loaded into the sample cell

inside a glove box and transferred to the instrument in double-layered Ziploc® bags. 

Then the sample cell was loaded to the instrument under a positive pressure of nitrogen. 

Liquid Samples.  The liquid samples such as MeI calibrant and the free ligand

dfepe were run from a Young’s tube™ attached to the instrument via a t-connection

Swage-Lock™ valve.  The Young’s tube was connected to the stainless-steel Swage-

Lock™ using Teflon ferrules and a ring of ApezionQ® sealing compound to ensure tight

vacuum.  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.-5
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Data Analysis.  Data analysis was done using the computer program WinFp

(version 0.15) written by Dr. D. L. Lichtenberger.  All of the spectra were corrected for

the presence of ionizations caused by other emission lines from the discharge source.112

The HeI spectra were corrected for the HeI$ line (1.866 eV higher in energy and 3% the

intensity of the HeI" line), and the HeII spectra were corrected for the HeII$ line (7.568

eV higher in energy and 12% the intensity of the HeII" line).  All data also were 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.  In the figures of the data, the

vertical length of each data mark represents the experimental variance of that point.  113

 The valence ionization bands are represented analytically with the best fit of

asymmetric Gaussian peaks, as described in more detail elsewhere.   The Gaussians are113

defined with the position, amplitude, half-width for the high binding energy side of the

peak, and the half-width for the low binding energy side of the peak.  The peak positions

and half-widths are reproducible to about ± 0.02 eV (.3F level).  The parameters

describing an individual ionization are less certain when two or more peaks are close in

energy and are overlapping.  If the combined band contour does not contain sufficient

information for independent determination of the individual peak parameters, the number

of peaks and/or independent parameters in the analytical representation are appropriately

reduced.  These situations are evident in the tables, where half-widths for similar peaks

are occasionally constrained to be the same.  When a region of broad ionization intensity
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spans numerous overlapping ionization bands, the individual parameters of the Gaussian

peaks used to model the total ionization intensity are not characteristic of individual

ionization states.  In order to avoid misinterpretation, only the total analytical fit is

displayed in these regions and the individual peak parameters are not listed in the tables

or displayed in the figures.

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

primary source of uncertainty being the determination of the baseline under the peaks. 

The baseline is caused by electron scattering and taken to be linear over the small energy

range of these spectra.  The total area under a series of overlapping peaks is known with

the same confidence, but the individual peak areas corresponding to a particular

ionization event are less certain.

Computational Methods.

Computations were performed using the ADF 2003.01,   Fenske-Hall,  and114 75

Gaussian 03  computational packages.  The specific details pertinent to each compound115

can be found in the corresponding chapters.  Crystal structure geometries, when available,

were used as the starting point for the geometry optimization calculations.  The

Molekel  visualization program was used to generate the orbital plots from the output of116

the calculation.  Input files for selected ADF calculations along with the location of the

output file are included in Appendix B.      
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Table 2.1.  List of compounds studied.

Molecule Synthetic Origin (Reference)

2Cp(dmch)ZrCl Univ. Utah, Utah117

2Cp(dmch)ZrBr Univ. Utah, Utah117

2Cp(dmch)ZrI Univ. Utah, Utah117

2 2Cp ZrCl Aldrich

2 2Cp ZrBr This work118

2 2Cp ZrI This work118

Cp*Ru(2,4-dimethylpentadienyl) Centro de Investigación y de

Estudios Avanzados  119

Cp*Ru(2,4-dimethyloxopentadienyl) Centro de Investigación y de

Estudios Avanzados  119

Cp*Ru(3,5-di-t-butyl-oxopentadienyl) Centro de Investigación y de

Estudios Avanzados  119

Cp*Ru(N-t-butyl-3,5-dimethyl)azapentadienyl) Centro de Investigación y de

Estudios Avanzados120

dfepe Univ. Wyoming, Wyoming96

4Mo(CO) (dfepe) Univ. Wyoming, Wyoming

CpMn(CO)(dfepe) Univ. Wyoming, Wyoming

3CpMn(CO) Aldrich

1,3-di-tert-butylimidazol-ylidene (I Bu) t Univ. New Orleans, New Orleans

1,3-diadamantyl-imidazol-2-ylidene. (IAd) Univ. New Orleans, New Orleans

2(I Bu)Ni(CO) Univ. New Orleans, New Orleanst
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Molecule Synthetic Origin (Reference)

3Ni(IMes)(CO) Univ. New Orleans, New Orleans

3Ni(S Pr)(CO) Univ. New Orleans, New Orleans i

2 3Ni(H IMes)(CO) Univ. New Orleans, New Orleans
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Table 2.2.  Photoelectron Spectroscopic experimental details for the compounds studied in this dissertation.

Molecule Temp( C0

)

Photon

source

Working

Resolution (eV)

Energy

Range(eV)

File Name Notebook

Page #

2 2Cp ZrCl 104-140 He I 22-25 5-15, 7.3-12.5 A07.f*; .c*,

.rgn

21-22

2 2Cp ZrBr 106-135 He I 20-22 5-15, 7.3-12.5 A19.f*; .c*,

.rgn

60-61

2 2Cp ZrI 105-140 He I

He II

20-23 5-15, 7.3-12.5

5-20,7.3-12.5

A20.f*; .c*,

.rgn

A20.x*; .y*

62-64

2Cp(6,6-dmch)ZrCl 50-110 He I

He II

24-30

17-25

5-15, 6.7-12.2

6.7-9.5

5-20, 6.7-12.2

A11.f*; .c*;

.cc*

.rgn

A13.f*; .x*; .y*

33-37

44-46
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Molecule Temp( C0

)

Photon

source

Working

Resolution (eV)

Energy

Range(eV)

File Name Notebook

Page #

2Cp(6,6-dmch)ZrBr 86-110 He I

He II

20-21

20-25

5-15, 6.7-12.2

6.7-10

5-20, 6.7-12.2

A12.f*; .c*;

.cc*

.rgn

A12.x*, .y*

38-43

2Cp(6,6-dmch)ZrI 91-140 He I

He II

26-38 5-15, 6.4-10.5

5-20, 6.4-10.5

A10.f*; .c*

.rgn

A10.x*; .y*

29-32

Cp*Ru(2,4-

dimethylpentadienyl)

Refer to Dr. Nadine Gruhn’s note book(Gruhn 02)



51

Molecule Temp( C0

)

Photon

source

Working

Resolution (eV)

Energy

Range(eV)

File Name Notebook

Page #

Cp*Ru(2,4-

dimethyloxopentadieny

l)

Refer to Dr. Nadine Gruhn’s note book(Gruhn 02)

Cp*Ru(3,5-di-t-butyl-

oxopentadienyl

Refer to Dr. Nadine Gruhn’s note book(Gruhn 02)

Cp*Ru(N-t-butyl-3,5-

dimethyl)azapentadieny

l)

Refer to Dr. Nadine Gruhn’s note book(Gruhn 02)

3CpMn(CO) 15-20 He I 20-30 5- 15, 6.5- 11.5

7.1- 9.5

A01.f*; .c*; rgn 3-4
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Molecule Temp( C0

)

Photon

source

Working

Resolution (eV)

Energy

Range(eV)

File Name Notebook

Page #

dfepe R.T He I

He II

35-60

25-53

5- 15, 9.6- 13.2

9.6- 11.5

5- 20, 9.6- 13.2

A02.f*; .c*;.cc*

;. rgn

A02.x*; y*

5-6

11-12

4Mo(CO) (dfepe) 35-48 He I

He II

21-33

38-41

5- 15; 7.2- 9

6.5-12

5-20

A03.f*; .c*;

.cc*

.rgn

A02.x*; .y*

7-9

CpMn(CO)(dfepe) 48-65 He I 20-25 5-15, 6.7-11.2 A04.f*; .c*,

.rgn

10-11

3Ni(IMes)(CO) 164-128 He I

He II

18-29 5-15, 5.3-10.6

5-20, 5.3-10.6

A14.f*; .c*,

.rgn

A14.x*; .y*

47-49
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Molecule Temp( C0

)

Photon

source

Working

Resolution (eV)

Energy

Range(eV)

File Name Notebook

Page #

2 3Ni(H Pr)(CO) 156-170 He Ii

He II

20-25 5-15, 5.3-10.6

5-20, 5.3-10.6

A15.f*; .c*,

.rgn

A15.x*; .y*

50-53

3 2CpZr(dmch)(PMe ) 40-107 He I

He II

20-55 5-15, 6.8-10.0

5-20

A17.f*; .c*,

.rgn

A17.x*; .y*

54-56

2 3Ni(H IMes)(CO) 123-170 He I 28-70 5-15, 5.3-9.6 A16.f*; .c*,

.rgn

52-53
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CHAPTER 3

ELECTRONIC STRUCTURES OF HIGH-VALENT ZIRCONIUM PENTADIENYL

COMPLEXES: REVERSAL OF METAL-LIGAND BONDING AFFINITY WITH

2 2 2METAL OXIDATION STATE. Cp ZrX  and CpZr(6,6-dmch)X , 

X= Cl, Br, I.  6,6-dmch= 6,6-dimethylcyclohexadienyl

Introduction

Recent developments in metal-pentadienyl chemistry have led to an increased

opportunity to understand the chemical and the electronic nature of simple pentadienyl

ligands and various modified pentadienyl analogs.  Many efforts have been taken to study

syntheses and reaction characteristics of pentadienyl-containing transition metal

complexes.  A large area of interesting chemistry exists wherein a pentadienyl2,7,15,121

5 7 5 5ligand (C H ) replaces its counterpart, the cyclopentadienyl ligand (Cp  or (C H ).  -

5 5 5 7C H           C H

I
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Pentadienyl ligands display several unique properties, such as the ability to adopt

a wide range of bonding modes, high delta acidities and substantial steric demands. 

These properties  contribute to the binding and reactivity features exhibited by transition

metal pentadienyl compounds and they have been successfully applied in several areas,

including coupling reactions,  "naked" metal chemistry,  metal and metal oxide122-124 5,125,126

film depositions,  materials syntheses,  polymerizations,  and the incorporation of127-129 29,30 31

metals into semiconductors.          32-34

A major difference between cyclopentadienyl and pentadienyl ligands is that the

latter prefers bonding to metals in low oxidation states  (# +2).  The pentadienyl

complexes of transition metals in the +4 oxidation state is very rare and there are

relatively few pentadienyl complexes even in the +3 oxidation state.  Given that

cyclopentadienyl ligands can form stable complexes with at least heptavalent metals,12

5 5 2 2and considering the enormous fundamental and practical impacts of (h -C H ) MX5

complexes,  gaining an understanding of the fundamental properties, reactivities, and130-132

applications of h -pentadienyl ligands in higher ($ +3) oxidation state complexes can be5

considered to be an important goal; in fact, this has been identified as the greatest

remaining challenge in this field.  Clearly, the isolation of such species is a necessary2

prerequisite to any realistic attempts to gain an understanding of their nature. 
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The First Stable High-Valent Zirconium Pentadienyl Complexes

Recent results have indicated that zirconium is capable of providing stable

tetravalent h -pentadienyl complexes,   The larger size of zirconium should5 123,124,133,134

enhance the overlap and bonding with the large dienyl ligands and the more

electropositive nature should also lead to higher reactivity.  The 6,6-dmch ligand shown

in diagram II displays the key pentadienyl features such as a high delta acidity and a

favorability for bonding to metals in lower oxidation states.  This open edge-bridged

pentadienyl ligand, in which the terminal carbons of a simple pentadienyl are bridged by

an additional carbon atom allowing 0  coordination, exhibits properties intermediate5

between the ubiquitous cyclopentadienyl ligand and a simple pentadienyl ligand.  23

    II

This chapter details the spectroscopic and structural data for the first general

2series of higher valent metal pentadienyl complexes, Cp(6,6-dmch)ZrX  (X= Cl, Br, I). 

These bent half-open metallocenes shown in diagram III provide the opportunity to

investigate both the chemical and physical nature of pentadienyl ligands in high oxidation

states vs. low oxidation states.   
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III

2The intense deep orange to red colors of these Cp(6,6-dmch)ZrX  complexes, and

2 2 2 2of their (6,6-dmch) ZrX  analogues,  as opposed to the white or pale Cp ZrX135

complexes reveal some dramatic differences between the open and closed dienyl ligands. 

This observation is directly related to the differences in relative energies of the frontier

orbitals of the two ligand types.  The theoretical and bonding studies of the Cp(6,6-

2dmch)ZrX  series should provide the heretofore missing insight into the major differences

between the two ligand types for higher valent metal complexes. 

 Work on this Chapter explores the electronic structures of the first general series

2 2 2of higher valent metal pentadienyl complexes, Cp(6,6-dmch)ZrX  in relation to Cp ZrX

molecules.  The questions pertinent to color variations of these molecules, bonding

capabilities of 6,6-dmch ligand, and orbital characters are addressed using gas-phase

photoelectron spectroscopy and theoretical computations.  These studies will now also

allow for the investigation of the chemistry and applications of higher oxidation state

2 2pentadienyl analogues of the ubiquitous Cp MX  types of complexes.
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Experimental 

General Synthetic Considerations.

2Cp(6,6-dmch)ZrX  molecules, where X=Cl, Br, I were synthesized in the

laboratories of Professor Richard Ernst at the University of Utah.  The synthetic

2 2 2 2procedures are published in detail.   The Cp ZrBr  and Cp ZrI  molecules were117

synthesized here according to modified published procedures  and will be discussed in118

detail.  All manipulations were carried out using a combination of glovebox, high

vacuum, and Schlenk techniques under nitrogen or argon atmosphere.  Solvents used

were dried either purchased or dried according to standard procedures. Commercially

2 2available Cp ZrCl  was used as is.  H NMR spectra were measured on a Varian 2501

spectrometer.  UV/vis spectra were taken on a modified Cary 14 with OLIS interface

(200-700 nm).

2 2Synthesis and characterization of Cp ZrBr :

Boron tribromide (2.5 ml, 0.01 mol) in dichloromethane (2 ml) was slowly added

with stirring to bis(cyclopentadienyl) zirconium dichloride (0.56 g, 0.002mol) in the same

solvent ( 15 ml).  The color changes from colorless to orange-yellow forming a white

solid. Bis(cyclopentadienyl) zirconium dichloride was vacuum dried prior to use.   The

mixture was stirred for 2 hours and the solvent was removed under vacuum to give off-
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white shiny crystalline bis(cyclopentadienyl) zirconium dibromide (0.549 g,99%) H1

3NMR (CDCl ): * 6.54 (s, 10H, 2Cp)

2 2Synthesis and characterization of Cp ZrI :

Boron tri-iodide (0.74g, 3 mmol) in dichloromethane (2 ml) was slowly added

with stirring to bis(cyclopentadienyl) zirconium dichloride (0.88 g, 4mmol) in the same

solvent ( 30 ml).  The color of the resultant solution changes from colorless to a bright

yellow forming a yellow solid.  Bis(cyclopentadienyl) zirconium dichloride was vacuum

dried prior to use.   The mixture was stirred for 2 hours and the solvent was removed

under vacuum to give yellow shiny crystalline bis(cyclopentadienyl) zirconium dibromide

3(0.72 g, 96%) H NMR (CDCl ): * 6.62 (s, 10H, 2Cp)1

Photoelectron Spectroscopy  During HeI and HeII data collection the instrument

3/2resolution was measured using the full-width-at-half-maximum of the argon P2

ionization.  Resolution of data presented here range from 0.020  to 0.038 eV.  Ionization

2energies measured have an experimental error of ±0.02 eV.  Cp(6,6-dmch)ZrX

molecules sublimed cleanly without decomposition.  The sublimation temperatures were

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

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

conditions for the molecules studied in this chapter can be found in Chapter 2. 
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Attempts to obtain the photoelectron spectra of a series of

2 2bis(pentadienyl)zirconium dihalide molecules, (6,6-dmch) Zr(X) , where X= Cl, and Br

were unsuccessful due to the decomposition that occurred while attempting to obtain

suitable vapor pressures of the samples in the instrument.  Decomposition was indicated

by the lack of discrete ionization bands in valence region. 

Data analysis.  Data analysis was done using the computer program WinFp

(version 0.15).  A discussion of the fitting procedures in more detail can be found

elsewhere.113

When a region of broad ionization intensity spans numerous overlapping

ionization bands, the individual parameters of the Gaussian peaks used to model the total

ionization intensity are not characteristic of individual ionization states.  In order to avoid

misinterpretation, only the total analytical fit is displayed in these regions and the

individual peak parameters are not listed in the tables or displayed in the figures.

Electronic Absorption Spectroscopy.  UV/vis spectra were taken on a modified

2Cary 14 with OLIS interface.  Cp(6,6-dmch)ZrX  X=Cl, Br, I samples were handled in a

2dry box.  Cp(6,6-dmch)ZrX , where X=Cl, Br and I complexes were dissolved in dry

2 2hexane to give 1.5x10 , 0.5x10  and 1.3x10  M solutions respectively.  Cp ZrX  where-4 -4 -4

X=Cl, Br and I molecules were dissolved in dry acetonitrile to give 1.4x10 , 2.3x10  and-3 -4
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3.7x10  M solutions respectively.  The solutions were loaded into cuvettes that are-4

specialized to handle air sensitive samples.  Spectra were taken in the range 200-700 nm.  

Computational Studies. ADF 2003.01.  

Electronic structure calculations were carried out to compare the energies and

characters of the orbitals with the results of the photoelectron experiments and to

investigate the colors of the molecules.  Initial geometries of the pentadienyl molecules

were taken from the crystal structures  and were optimized by density functional theory117

using the package ADF 2003.01.   These calculations were carried out at the GGA114

(generalized gradient approximation) level with BLYP (Becke exchange   and LYP136

correlation function  ).  The TZP (valence triple zeta with a polarization function)137

Slater-type basis set was used.  Kohn-Sham orbital surface plots were generated using the

program Molekel with a cutoff value of ±0.05.   The first vertical ionization energies of116

all molecules were calculated as the difference between the total energy of the positive

SCFion and the neutral molecule at the optimized neutral molecule geometry ()E ).

Time-dependent density functional calculations (TD-DFT  ) of the electronic138,139

2 2 2excitations of Cp ZrX  and Cp(6,6-dmch)ZrX  were performed at the geometries obtained

above but with GRACLB   (the gradient-regulated asymptotic correction, which in the140

outer region closely resembles the LB94 ) potential as the XC functional.  The dipole-141

allowed singlet excitation energies were studied using the TZP basis set.  Further
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experiments on varying the error tolerance in the square of the excitation energies and the

dependency revealed that the results are independent of those variables.  A dependency

check showed no numerical problems associated with the linear dependencies in the basis

set.

Bonding Capabilities of Pentadienyl Ligands

 It is well recognized that the higher reactivity observed for pentadienyl

complexes is correlated to special bonding characteristics displayed by these ligands.  As

discussed in Chapter 1, the B molecular orbitals of both the cyclopentadienyl and

pentadienyl fragment indicate that the pentadienyl ligand has better donor/acceptor

properties and bonds more strongly than Cp to metal centers.  However, energy and- 

overlap factors must also be taken into account in determining such properties.

Most pentadienyl molecules that have been studied are of lower oxidation state

metal complexes in which there are metal d electrons to back bond and high valent

(formally without metal d electrons) metal pentadienyl complexes are rare.  The structural

parameters available for low valent metal complexes indicate that the pentadienyl ligands

bond to metal centers more stronger than cyclopentadienyl.  For example.  Zr-C distances

are shorter for 2,6,6-tmch ligand than for the Cp ligand for the Zr(II) complex, Cp(2,6,6-

3 2tmch)Zr(PMe )  (tmch = 0 -2,6,6-trimethylcyclohexadienyl) (2.529 vs 2.466 D).   This5 123

is despite the fact that the larger size of pentadienyl compared to Cp leads to  stronger
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ligand-ligand repulsion and poorer overlap with the metal.  Therefore, any weakening

effects coming from steric and overlap factors seem to be compensated by the energetic

favorability of metal-pentadienyl bonding.  The carbonyl stretching frequencies for

several metal pentadienyl carbonyl complexes suggest that pentadienyl is a better

acceptor.  The main interaction responsible for their acceptor properties is the *7,9,121,142

type interaction with the metal center.  The larger size of the pentadienyl ligands and the

closer approach of their planes to the metal center play an important role in such *

interactions.  Their favorability to bond to metals in low oxidation states is attributed to

the high * acidity of these ligands.  121

2 The synthesis of the first stable series of Cp(6,6-dmch)ZrX  where X=Cl, Br, I

allow one to compare bonding between pentadienyl and cyclopentadienyl ligands in high

and low valent metal complexes.  The solid state structures of the dihalide complexes

determined by X-ray diffraction show that a bent sandwich arrangement is observed,

2 2similar to that of related metallocene dihalides.  In the prototypical Cp ZrCl , one143,144

observes a Cp(centroid)-Zr-Cp(centroid) angle of 129° and a Cl-Zr-Cl angle of 97° in

2comparison to the corresponding values of 126° and 96° for the Cp(6,6-dmch)ZrCl

complex indicating similar steric environments.  In each of the structures reported, the

two halides are positioned by one of the external dienyl C-C bonds (C4-C5), leading to a

significant lengthening of these Zr-C bonds relative to their C1 and C2 counterparts. 

Even more notable, however, is the substantial lengthening in Zr-C bonds as one proceeds

from C3 to the terminal carbon atoms (C1,C5).  Some of the Zr-C5 distances are more
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than 0.3 D longer than the Zr-C3 distances, seeming to reflect difficulties for the

contracted Zr(IV) center in maintaining overlap with the entire dienyl ligand.  This then

provides a fairly clear depiction of the unfavorability of  h  pentadienyl coordination for a5

high oxidation state metal center.  Indeed, the distortion of the bonding in these cases

likely presents a picture of an intermediate in the spontaneous reduction process which

takes place on the general attempted preparations of higher valent metal pentadienyl

complexes, resulting in the expulsion of the pentadienyl fragment.   As noted above, the2

addition of a strongly binding ligand such as dmpe (1,2-(dimethylphosphino)ethane) can

complete the dienyl expulsion process. 

Of most interest, however, is the comparison of the relative bonding of the two

dienyl ligand types.  The Zr-C(pentadienyl) distances for these Zr(IV) complexes are on

average ca. 0.1 D longer than the Zr-C(Cp) distances in the same molecules (Table 3.1). 

The opposite trend is observed for Zr(II) molecules.   This rather drastic reversal of133,134

bonding favorability provides a dramatic confirmation of the long recognized preference

of the electronically open dienyl ligands for metals in lower oxidation states.  This issue

will be discussed in greater detail after consideration of the electronic structures of the

complexes.
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Results and Discussion

Photoelectron Spectroscopy

2The He I photoelectron spectra for Cp(6,6-dmch)ZrCl ,

2 2Cp(6,6-dmch)ZrBr  and Cp(6,6-dmch)ZrI  in the region from 7 to 12 eV are shown in

Figure 3.1.  The spectra are modeled analytically with asymmetric Gaussian peaks for

quantitative comparison of the ionizations (Table 3.2), but the ionization features that

provide the information and comparisons on these molecules are visually apparent in the

spectra without this data analysis.  Based on previous photoelectron studies of related

cyclopentadienyl and pentadienyl metal halides, the ionizations expected in this region

derive from the first two B ionizations of the 6,6-dmch ligand, the first two B ionizations

of Cp, four pB ionizations of the halogens, and two Zr-halogen sigma bond

ionizations.   Valence ionizations at  higher energy are from the C-C and C-H55,145-148

sigma bonds and the most stable B bond orbitals of 6,6-dmch and Cp.  A description of

the ionizations of each molecule is followed by a discussion of the trends in ionization

energies.

22CpZr(6,6-dmch)Cl .  The assignment of the Cp(6,6-dmch)ZrCl  spectrum is aided by the

2 2photoelectron spectrum of Cp ZrCl , which is well understood from previous

work.  The valence ionizations of these two molecules are compared in Figure 3.2. 145-147,149
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Table 3.1.  Comparison of pertinent experimental structural values117

5 5 2[calculated]  for the Zr(C H )(6,6-dmch)X  complexes.a

  X =   Cl Br I

Distances (D)

Zr-X1 2.4649(9) [2.515] 2.6316(9)[2.704] 2.8673(5) [2.999]

Zr-X2 2.4463(8) [2.507] 2.6079(9) [2.689] 2.8491(5) [2.958]

Zr-C1 2.620(5) [2.801] 2.657(7) [2.812] 2.579(5) [2.729]

Zr-C2 2.519(4) [2.631] 2.518(7) [2.635] 2.502(5) [2.610]

Zr-C3 2.472(5) [2.571] 2.458(7) [2.567] 2.464(5) [2.582]

Zr-C4 2.570(4) [2.692] 2.577(7) [2.690] 2.563(5) [2.692]

Zr-C5 2.786(3) [2.936] 2.786(7) [2.943] 2.753(6) [2.919]

Zr-C (dmch , avg) 2.593 [2.726] 2.599 [2.729] 2.572 [2.706]b

Zr-C (Cp, avg.) 2.501(3) [2.620] 2.505(7) [2.619] 2.502(8) [2.612]

Zr--Cp plane 2.199 [2.322] 2.199 [2.321] 2.201 [2.312]

Zr–dmch  plane 2.210 [2.355] 2.213 [2.359]b 2.191 [2.332]

Angles (Deg.)

X-Zr-X 95.95(4), 96.95(3) [99.29] 95.05(2) [98.06]

97.13(5) [99.97]

dmch-Zr-Cp 54.0, 55.0 [50.74] 54.5 [51.22] 54.7 [49.84]

2The structural values for CpZr(6,6-dmch)X  calculated from ADF.  a

1 5C  to C  atoms of 6,6-dmch.b
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Table 3.2.  Fit parameters  and general assignments anda

labels of ionizations.

Position 
Halfwidth Relative Areab

Label
High, Low He I HeII/HeI

2Cp(6,6-dmch)ZrCl
7.63 0.56, 0.36 1 1 dmch1
8.83 0.42, 0.34 1.59 0.66 Cp1
9.16 0.42, 0.34 1.02 0.55 Cp2
9.78 0.46, 0.46 1.27 0.48 dmch2

10.20-12.00 Cl

2Cp(6,6-dmch)ZrBr
7.66 0.53, 0.36 1 1 dmch1
8.68 0.34, 0.26 1.48 0.55 Cp1
8.95 0.34, 0.26 1.00 0.54 Cp2
9.47 0.38, 0.35 1.37 0.37 dmch2

9.80-11.00 Br

2Cp(6,6-dmch)ZrI
7.59 0.41, 0.38 1 1 dmch1
8.14 0.27, 0.19 1.18 0.61 I(1)
8.39 0.26, 0.14 1.00 0.62 I(2)
8.80 0.27, 0.27 1.11 0.84 I(3)
9.20 0.28, 0.24 1.15 0.99 I(4)
9.52 0.23, 0.21 1.40 1.39 dmch2

All energies in eV.a

Relative to peak assigned area = 1.b
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Figure 3.1. Valence photoelectron spectra of

2(A) Cp(6,6-dmch)ZrCl , (B) Cp(6,6-

2 2dmch)ZrBr , and (C) Cp(6,6-dmch)ZrI .
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Figure 3.2.  HeI photoelectron spectra of (A)

2 2 2Cp ZrCl  and (B) Cp(6,6-dmch)ZrCl .
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2 2The first three bands in the low ionization energy region of the spectrum of Cp ZrCl

from about 8.5 to 10 eV are predominantly Cp(B) ionizations, while the ionizations from

about 10 to 12 eV relate to molecular orbitals of primarily Cl 3p nature.  The most

2 2striking difference between the ionizations of Cp ZrCl  and the ionizations of

2Cp(6,6-dmch)ZrCl  is the first ionization band at 7.60 eV in the spectrum of

2Cp(6,6-dmch)ZrCl .  This ionization is much lower in energy than the first ionization of

2 2Cp ZrCl  and must correspond to ionization from a molecular orbital with dominant 6,6-

dmch B character.  The next two ionizations at 8.79 and 9.12 eV can be assigned as

predominantly cyclopentadienyl B ionizations based on comparison with the spectrum of

2 2Cp ZrCl .  However, as will be shown below, these Cp orbitals are admixed with some

halide character and may also contain some 6,6-dmch character.  The ionization intensity

2around 12 eV in the spectrum of Cp(6,6-dmch)ZrCl  that is not seen in the spectrum of

2 2Cp ZrCl  is due to the initial C-H F ionizations of the methyl groups of

2Cp(6,6-dmch)ZrCl . 

He II spectra are useful to gain insight into the atomic character associated with

each ionization band.   As seen in Table 3.3, ionizations arising from primarily halogen-150

based orbitals are expected to decrease in relative intensity compared to the ionizations

arising from carbon-based orbitals when the photon source is switched from HeI to HeII. 

2The HeI and HeII close-up spectra of Cp(6,6-dmch)ZrCl  are compared in Figure 3.3. 

The intensity of ionization bands in the region above 10 eV decreases relative to the

bands below 10 eV, supporting the assignment of the bands above 10 eV to ionizations
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containing more chlorine character.  The ionization at 9.80 eV might be due primarily to

the second B ionization of 6,6-dmch as supported by HeII data, because there is an

increase in the intensity of the band at 9.80 eV in the HeII spectrum relative to the bands

corresponding to chlorine 3p orbitals.

Although individual Cp-based and Cl-based ionizations show some changes in

2 2 2splitting and shifts in energies between Cp ZrCl  and Cp(6,6-dmch)ZrCl , it is not evident

that there has been any significant change in the charge potential or electron richness at

the metal center when 6,6-dmch replaces Cp in these molecules.  This contrasts with the

situation for lower valent complexes, in which the * acidities of the pentadienyl ligands

exert a large influence.   Overall, the Cp-based and Cl-based ionizations are in the9,142,152

same general energy positions and the charge potential at the metal appears to be much

the same for the two molecules.
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Table 3.3.  Theoretical atomic photoionization cross

sections per valence electron.151 

atom

(orbital)

Photoionization cross

section (Mbarn)

He II/He I ratio in

relation to C

He I He II

Zr (4d) 12.19 1.74 0.46

C (2p) 6.12 1.89 1

Cl (3p) 13.88 0.64 0.15

Br (4p) 15.57 0.97 0.20

I (5p) 7.99 0.78 0.32



73

Figure 3.3.  He I and He II photoelectron

2spectra of Cp(6,6-dmch)ZrCl .
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22Cp(6,6-dmch)ZrBr .  The HeI and HeII photoelectron spectra of Cp(6,6-dmch)ZrBr

from 7 to 12 eV are shown in Figure 3.4.  The assignments of the ionization bands are

2similar to those of Cp(6,6-dmch)ZrCl .  The first ionization at 7.64 eV arises from the

pentadienyl ligand, while the next two at 8.65 and 8.91 eV are from predominantly Cp B

ionizations.  Bromine pB ionizations occur at lower ionization energies (starting from

9.47 eV) than chlorine ionizations, following the electronegativity trend.  The intensity of

the ionizations in the region from 8 to 10 eV does not increase as dramatically as

observed for the Cl case when the photon source is switched from HeI to HeII and

identification of the second 6,6-dmch ionization in particular is less clear.  This

observation suggests that there is a greater mixing of Br character with ligand B character

in the ionizations, as might be expected from their closer energy proximity.

2The assignment of ionizations for the Cp(6,6-dmch)ZrBr  molecule is in

2 2accordance with the features observed for the Cp ZrBr .  Figure 3.5 compares the valence

2 2 2ionization features of Cp ZrBr  and Cp(6,6-dmch)ZrBr .  The key differences between

2 2these two molecules are very similar to those observed for Cp ZrCl  vs Cp(6,6-

2dmch)ZrCl . 
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Figure 3.4. He I and He II photoelectron

2spectra of Cp(6,6-dmch)ZrBr .
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2 2Figure 3.5.  He I spectra of (A) Cp ZrBr  and

2(B) Cp(6,6-dmch)Br . 
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22 Cp(6,6-dmch)ZrI .  The photoelectron spectrum of Cp(6,6-dmch)ZrI  reveals that the

2ionizations from Cp(6,6-dmch)ZrI  occur at lower energy compared to Cp(6,6-

2 2dmch)ZrCl  and Cp(6,6-dmch)ZrBr .  The first ionization is similar in appearance to the

first ionization of the chloride and bromide complexes, and again is assigned to an

ionization that is primarily 6,6-dmch in character.  Following the first ionization, the

spectrum shows four relatively sharper bands in the low ionization region which are

characteristic of iodine-based ionizations.  Part of the splitting between the ionizations is

the result of spin-orbit coupling in the positive ion states by the heavy iodine.  For

3comparison, the iodine B ionizations of CH I are split by 0.62 eV  by spin-orbit153

2coupling.  Unlike the Cp-based and halogen-based ionizations of Cp(6,6-dmch)ZrCl  and

2Cp(6,6-dmch)ZrBr , these four iodine-based ionizations appear prior to the predominantly

2Cp B ionizations in the spectrum of Cp(6,6-dmch)ZrI .  This ordering of ionization bands

is verified by HeII data, as shown in Figure 3.6.  The relative intensities of the four

ionization bands in the region 8.14 eV to 9.20 eV decrease compared to the ionization

band at 7.58 eV and the bands above 9.20 eV, which supports the assignment of those

four bands as originating primarily from iodine.

2 2This pattern is similar to the photoelectron spectrum of Cp ZrI , which also

showed the first iodine pB ionizations appearing prior to the cyclopentadienyl B

2 2 2ionizations.  He I spectra of Cp ZrI  and Cp(6,6-dmch)ZrI  are compared in Figure 3.7. 

2 2Cp ZrI  is unique among all of these molecules in that it is the only one for which the first 
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2 2 ionization is primarily halogen based.   The first iodine pB ionization of Cp ZrI is at 8.13

2eV, and the first iodine pB ionization of Cp(6,6-dmch)ZrI  is found here at 8.14 eV.  The

similarity of these energies indicates that, as for the chlorine-containing molecules

discussed earlier, the charge potential at the metal center and throughout the molecule

does not change much when 6,6-dmch replaces Cp in these higher valent molecules.

The energy separation between the two 6,6-dmch B ionizations in both

2 2Cp(6,6-dmch)ZrCl and Cp(6,6-dmch)ZrBr  is approximately 2 eV.  Similarly, the

2ionization band at 9.52 eV in Cp(6,6-dmch)ZrI  is separated 2.07 eV from the first 6,6-

dmch B ionization.  Based on this observation, the band at 9.52 eV is assigned as

predominantly the second 6,6-dmch B ionization.  

2 2 2To summarize, the key difference between Cp ZrI  and Cp(6,6-dmch)ZrI  is that

in the former the first ionization is predominantly iodine in character whereas in the latter

the first ionization is predominantly 6,6-dmch B in character and significantly lower in

energy.
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Figure 3.6. He I and He II photoelectron

2spectra of Cp(6,6-dmch)ZrI .
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2 2Figure 3.7.  He I spectra of Cp ZrI  and

2Cp(6,6-dmch)ZrI  
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Electronic Absorption Spectroscopy

2 2 2The UV/vis spectra of Cp(6,6-dmch)ZrX and Cp ZrX  were recorded in the range

200-700 nm.  The most striking difference between these two species is, as opposed to

2 2 2the pale-colored Cp ZrX  analogues, Cp(6,6-dmch)ZrX  complexes are highly colored,

varying from orange (X = Cl) to red-orange (X = Br) to red (X = I).  Clearly, there are

substantial electronic differences in the M-Cp and M-pentadienyl electronic structures

and bonding, which will be addressed extensively in this chapter.

2 2The UV/vis spectra of Cp ZrX  molecules in the range 200-700 nm are shown in

the Figure 3.8. The absorption primarily occur in UV region as expected from the color of

these complexes.  In contrast to this observation, the absorption bands are more into the

2visible region for the Cp(6,6-dmch)ZrX  series as can be seen in Figure 3.9.  An account

for these differences will be given in terms of their electronic structure features later in

this chapter. 
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2 2Figure 3.8. UV/VIS absorption spectra of Cp ZrX  where X= Cl, Br, and I.
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2Figure 3.9. UV/VIS absorption spectra of Cp(6,6-dmch)ZrX  where X= Cl, Br,
and I.
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Computational Results.  The bond lengths and angles calculated using ADF for

2optimized geometries for the Cp(6,6-dmch)ZrX  are presented in Table 3.1.  The

calculated Zr-C distances and angles are slightly too long compared to crystallographic

data but they agree well with the basic trends observed for these molecules.  Given the

substantial lengthening for the Zr-C(1,2,4,5) distances, one can expect that there would be

a rather flat potential surface involving these Zr-C(dmch) distances, so that these

differences likely represent small energies.  The Zr-(6,6-dmch) and Zr-Cp distances

2calculated for Cp(6,6-dmch)ZrCl  averaged to be 2.73 D and 2.62 D, respectively,

indicating 0.11 D longer Zr-C bonds for the 6,6-dmch ligand in this Zr(IV) complex.  The

3 2 calculated Zr-C distances to the pentadienyl ligand in Cp(2,6,6-tmch)Zr(PMe ) is 2.55 D

which is 0.13 D shorter than the calculated average value of 2.68 D for the accompanying

Cp ligand in this Zr(II) complex.  The calculations are thus seen to reproduce reasonably

well the observed reversal in dienyl bonding preference.

Orbital surface plots and Kohn-Sham orbital energies for the ten highest occupied

2molecular orbitals and the lowest unoccupied molecular orbital of Cp(6,6-dmch)ZrCl  are

2shown in Figure 3.10.  Cp(6,6-dmch)ZrBr  yields very similar results.  The computational

results agree with the primary features in the experimental photoelectron spectra, with

only slight differences occurring in the deeper energy region.  Most significantly, the

calculations are in agreement with the observation that the first ionization is from an

orbital that is predominantly 6,6-dmch in character and is well separated in energy from 
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the second ionization.  The first ionization is followed in general by the two Cp-based

ionizations and then by predominantly Cl-based B and F ionizations.  The fourth

ionization band at 9.80 eV is tentatively assigned to the second 6,6-dmch B ionization on

the basis of intensity differences in the HeI and HeII experiments.  

The calculation shows that the fourth Kohn-Sham orbital is primarily chlorine pB

character and the fifth has substantial 6,6-dmch character with mixing from the Cp and

the Cl’s.  This difference between experiment and computational results is not very

significant when considering the amount of mixing in the molecular orbitals, the

approximations in the calculations, the assumptions in relating Kohn-Sham orbital

energies to ionization energies, and the closeness of these two orbital energies.  The

calculated energies of these orbitals are within 0.3 eV and beyond the confidence level for

ordering these ionizations by these calculations.
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Figure 3.10.  Orbital surfaces (value=±0.05) and energies (eV) for frontier orbitals of

2Cp(6,6-dmch)ZrCl .
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2The orbital ordering calculated for Cp(6,6-dmch)ZrI  is different from that of

2 2Cp(6,6-dmch)ZrCl  and  Cp(6,6-dmch)ZrBr  but in agreement with the experimental

assignment.  Orbital surface plots for the ten highest occupied molecular orbitals of

2Cp(6,6-dmch)ZrI  are shown in Figure 3.11.  The highest occupied molecular orbital

again is of predominantly 6,6-dmch B character with some halogen character.  The four

iodine pB orbitals and Zr-I sigma orbitals appear prior to the Cp B orbitals in Cp(6,6-

2 2 dmch)ZrI  unlike the halogen-based orbitals of both Cp(6,6-dmch)ZrCl and Cp(6,6-

2dmch)ZrBr .  There is also less mixing with the Cp and 6,6-dmch B orbitals, which occur

at higher energies and are depicted by orbitals HOMO-7 through HOMO-9.  The second

6,6-dmch B orbital in the calculation appears at higher energy (more stable) than those of

the Zr-I sigma and Cp B orbitals.  However, the experimental observations suggest that

the second 6,6-dmch B ionization appears prior to the Cp B and Zr-I sigma ionizations

and it is separated by ca. 2 eV from the first 6,6-dmch B ionization. 

TD-DFT results.

Time-dependent density functional theory provides a basic method for the calculation of

excitation energies and many related response properties on different chemical

2 2 2systems.   Calculations using TD-DFT on both Cp ZrX  and Cp(6,6-dmch)ZrX154-156

(X=Cl, Br, I) molecules were performed in order to compare the trends in excitation

energies.  The calculated and experimental ionization energies and the primary character

for the HOMO are given in Table 3.4.
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Figure 3.11.  Orbital surfaces (value=±0.05) and energies (eV) for frontier orbitals of

2Cp(6,6-dmch)ZrI .
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2 2 2 2The HOMO is primarily Cp in character for Cp ZrCl  and Cp ZrBr  and it is primarily

26,6-dmch in character for the Cp(6,6-dmch)ZrX  molecules.  Table 3.5 compares the

2 2 2calculated and experimental excitation energies for Cp ZrX  and Cp(6,6-dmch)ZrX

2 2molecules.  The Cp ZrI  molecule is unique in this set in that the HOMO is iodine in

character and the HOMO-LUMO transition has very low oscillator strength.  The

2 2observed excitation energy reported for Cp ZrI  likely involves the HOMO-2 to LUMO

transition, instead of  HOMO to LUMO, because the HOMO-2 to LUMO transition is the

first  that has appreciable oscillator strength.  The lowering of excitation energy upon

changing the halogen from Cl to Br to I is observed for both types of systems.  The

2calculated excitation energies of the Cp(6,6-dmch)ZrX  molecules are all seen to be

2 2substantially lower than any of those obtained for the Cp ZrX  molecules, directly leading

2 2to the intense colors of the pentadienyl species compared to the Cp ZrX  molecules.

These are the same trends observed in the experimental excitation energies of the

2 2 2Cp ZrX  and Cp(6,6-dmch)ZrX  molecules.  The calculated excitation energies are all

about half an eV lower than the experimental measures from the absorption spectra. 
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Table 3.4.  Experimental and calculated first ionization

energies  and (primary character).a

X
2 2 2Cp ZrX  Cp(6,6-dmch)ZrX 

Exp. Calc. Exp Calc.

Cl 8.62 (Cp) 8.03 7.63 (6,6-dmch) 7.17

Br 8.53 (Cp) 7.85 7.66 (6,6-dmch) 7.13

I 8.13 (I) 7.61 7.59 (6,6-dmch) 7.07 

All energies in eV.a
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Table 3.5.  The HOMO-LUMO separation (from DFT), dipole-allowed singlet
excitation energies (from TD-DFT), and experimental excitation energies for the

2 2HOMO-LUMO transition except for Cp ZrI .a

Molecule HOMO-
LUMO

Separation(eV)

Excitation Energy

 (eV)

Oscillator
Strength(*10 ) -2

Primary
Character

    Calc.           

2 2Cp ZrCl 2.92 3.15 [3.62] 0.59 Cp 6 Zr

2 2Cp ZrBr 2.63 2.83 [3.31] 0.33 Cp 6 Zr

2 2Cp ZrI 2.22 2.68 [3.08] 6.00 I  6 Zrb

2Cp(6,6-dmch)ZrCl 2.04 2.34 [2.82] 0.80 dmch 6 Zr

2Cp(6,6-dmch)ZrBr 1.95 2.23 [2.67] 0.69 dmch 6 Zr

2Cp(6,6-dmch)ZrI 1.82 2.06 [2.54] 0.90 dmch 6 Zr
See text for explanation.a
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Discussion

The synthesis of a general series of stable high-valent metal pentadienyl

complexes represents the achievement of a long sought goal in this area, given the

extreme favorability for pentadienyl ligands to bond to metals in low oxidation states. 

The electropositive nature, large size, and great favorability of the tetravalent state may

all contribute to the stability of this general class of Zr compounds.  Indeed, while a few

isolated examples of higher oxidation state complexes have been reported,28,133,134,157-160

the presence of strong B-donor ligands seems to have been a key to their stability,

although complexes with the larger, more ionic U(IV) center are known.   The Cp(6,6-161

2dmch)ZrX  series of  complexes actually allows us to gain some understanding of the

structural and bonding differences between the pentadienyl Zr(IV) and Zr(II) species and

importantly, for the first time provides for a direct comparison of the bonding of the two

dienyl ligand types, pentadienyl and cyclopentadienyl, in high oxidation state species.

 X-ray diffraction data reveal that, as in the other recently reported Zr(IV)

pentadienyl complexes,  each of these species possesses a particularly short Zr-123,124,133,134

C3 distance (Table 2) which, together with the expected differences in C-C bond lengths,

reflect a significant contribution from the resonance hybrid shown below IV. 

The substantial interaction with C3 in these Zr(IV) complexes is consistent with

early MO studies which revealed substantial localization of negative charge on this

position,  and also with the structural result of a highly ionic Nd(III) pentadienyl162,163
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complex, for which the Nd-C3 bonds were also the shortest.   The ADF calculations164

performed in this study agree that the Zr-C3 distance is shorter than the other Zr-C

distances and that the negative charge on C3 is greater than on the other carbons, although

the difference of about 0.02 electron in charge is relatively small.165,166

IV

2 2 2 2The HOMO is primarily Cp in character for Cp ZrCl  and Cp ZrBr  and it is

2primarily 6,6-dmch in character for the Cp(6,6-dmch)ZrX  molecules.  

The Zr-C distances for the 6,6-dmch ligand in these Zr(IV) complexes are 0.1 D longer on

average than the Zr-C distances to the Cp ligand (Table 3.1).  The opposite trend is

observed for similar Zr(II) complexes, as well as for Ti(II),  V(II), and even15,122-124 9,142,152

Cr(II)  analogues.  The calculations reproduce this trend.  Although the asymmetry of167,168

the Zr-C(6,6-dmch) distances distorts the comparison somewhat, the fact that in the

Zr(IV) complex not even the (short) Zr-C3 distance is 0.1 D shorter than any of those for

the Cp ligand carbon atoms clearly demonstrates a remarkable reversal in the relative

favorability of the Zr-(dienyl) bonding. 
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The very clear preference for pentadienyl ligands to bond to transition metals in

low (#+2) oxidation states has long been evident,  and may be traced both to the low2

orbital overlap that would be expected between the wide pentadienyl ligand and the rather

contracted orbitals of the higher valent metal center, and to the high * acidities of

pentadienyl ligands.  The latter factor can be attributed in part to the lower energy of one

of the pentadienyl p* molecular orbitals, but may also derive from the wide geometric

nature of the pentadienyl ligand, which leads to a M-ligand plane separation that can be

0.5 D or more shorter than that for the Cp ligand.  Naturally, the fact that this Zr(IV)

complex has a d  configuration would also preclude * backbonding, in accord with the0

MO results.

The molecular orbital surface picture (value = ±0.05) for the HOMO of

3 2CpZr(2,6,6-tmch)(PMe )  seen below V shows a prominent * bonding interaction

between the pentadienyl fragment and Zr center, in which the occupied, predominantly

metal d orbital of the formally Zr(II) metal center backbonds to the low-lying empty pB

orbital of the pentadienyl ligand.  Such an interaction between Cp and the metal is much

less significant and not visible in the orbital plot.  This is also evident in the calculated

higher percent (2,6,6-tmch) ligand character compared to Cp ligand character, 67 vs 10 %

in this particular orbital from the HFRM  fragmentation analysis.  In addition, the same

analysis shows that the total acceptor ability of (2,6,6-tmch) ligand is as twice as much as

the Cp ligand (0.25 vs 0.12 electrons) and it is also a better donor.    
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V

 As noted above, the high * acidities of pentadienyl ligands as opposed to

cyclopentadienyl ligands play a large role in the reversal in bond length comparisons

between the metal and 6,6-dmch and Cp ligands in these Zr(II) and Zr(IV) molecules.

2The photoelectron spectra of Cp(6,6-dmch)ZrX  complexes (for which X = Cl, Br,

I) reveal interesting features in their electronic structure in comparison to the more

2 2familiar Cp ZrX  molecules.  The first ionization energies and characters of these

molecules are compared in Table 3.4.  The first ionization is predominantly 6,6-dmch B

in character in all three 6,6-dmch-containing molecules regardless of the halogen, and is

considerably lower in energy than the first 

ionization of the bis-Cp molecules.  In the bis-Cp series of molecules, the first ionization

is predominantly Cp in character for the chloride and bromide molecules but changes to
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predominantly halogen character for the iodide.  The experimental first ionization

energies are similar for the chloride and bromide molecules in the bis-Cp series, but the

first ionization energy of the iodide molecule is much less due to the change of the first

ionization to predominantly halogen character.  In contrast, all three dmch-containing

molecules have approximately the same first ionization energies regardless of the halogen

because the HOMO remains 6,6-dmch-based.  These are the same basic trends observed

2 2 2in the calculated first ionization energies for both Cp ZrX and Cp(6,6-dmch)ZrX

molecules, although the calculated first ionization energies underestimate the

experimental values by about half an eV

Figure 3.12 illustrates why the ionization due to the 6,6-dmch ring appears at

lower ionization energy than that of the Cp ring.  On the left of Figure 3.12 are the

1orbitals and energies of the degenerate e " orbitals of the cyclopentadienyl anion

calculated by density functional theory.  The middle of Figure 3.12 shows the orbitals and

energies that result when the carbon and hydrogen atoms of the cyclopentadienyl ring are

moved to the locations of the corresponding atoms of 6,6-dmch.  The low ionization

energy of the 6,6-dmch HOMO follows from the increased C1@@@C5 separation in 6,6-

dmch compared to Cp.  In Cp one of the degenerate B orbitals is bonding between C1 and

C5 and the other is antibonding.  Increasing the C1@@@C5 distance decreases the bonding

stabilization in the first orbital and decreases the antibonding destabilization in the

second.  Adding the bridging carbon atom with its two methyl groups to the pentadienyl
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to complete the structure of the 6,6-dmch ligand only slightly perturbs the orbitals and

their energies, as shown on the right of Figure 3.12.

The LUMO of these molecules is primarily metal in character, lying in the plane

of the metal-halogen bonds as shown in Figures 3.10 and 3.11.  It corresponds to the

1lower a  type metal-based orbital of bent metallocenes described by Hoffmann.   It has169

the correct symmetry to interact with the in plane pB orbitals of the halogens.  The orbital

energy of the LUMO changes very little with a change in halogen from Cl to Br to I and

most importantly, the substitution of 6,6-dmch in place of Cp has a small effect on the

energy of the LUMO (less than 0.1 eV according to the calculations).  This small shift in

the LUMO energy is consistent with the observation from the photoelectron spectra that

there is very little change in the charge potential at the metal when 6,6-dmch replaces Cp

in these molecules.



98

Figure 3.12.  Correlation between molecular orbital energies (eV)

1 5of Cp , “open Cp ” (at C  to C  coordinates of 6,6-dmch ), and 6,6-- - -

dmch  ligands (orbital surface value = ±0.05).-
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The intense colors of these molecules compared to the

bis(cyclopentadienyl)zirconium analogues follows from the trends in the HOMO-LUMO

2gap.  Table 3.5 lists the calculated HOMO-LUMO gaps for the Cp(6,6-dmch)ZrX  and

2 2 Cp ZrX molecules.  As these are d  molecules, the origin of color is most likely due to0

2ligand-to-metal charge transfer bands.  All three Cp(6,6-dmch)ZrX  molecules have

approximately 2 eV HOMO-LUMO separations resulting in absorption in the visible

2 2region.  On the other hand, the Cp ZrX  molecules have a larger HOMO-LUMO

separation of about 3 eV which corresponds to the absorption in the near UV region.  The

reason for the smaller HOMO-LUMO gap in the molecules containing 6,6-dmch follows

directly from the lower ionization energy of the 6,6-dmch-based HOMO, while the metal-

based LUMO remains essentially unchanged.

5 7 2Previous studies on the open pentadienyl complex Fe(0 -C H )  and ferrocene also5

5 7 2show that Fe(0 -C H )  has a smaller HOMO-LUMO gap compared to ferrocene.   In5 121,148

this case the first ionization is metal-based for each molecule, and the LUMO is ligand-

based, but the reason for the smaller gap is similar.  The increase in the C1@@@C5 distance

2from Cp to pentadienyl splits the degenerate virtual e " orbitals of Cp to create a

pentadienyl-based LUMO that is lower in energy.  The stabilization of the pentadienyl-

based LUMO contributes to the smaller HOMO-LUMO gap and the *-acidity of the

pentadienyl ligand.
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Conclusions

2The isolation of the Cp(6,6-dmch)ZrX  complexes has allowed for the first direct

comparisons to be made between metal-pentadienyl and metal-Cp bonding for a high

oxidation state metal center.  The experimental results together with calculations

presented here show that there is a marked reversal in the relative bonding capabilities of

cyclopentadienyl and open pentadienyl ligands as compared to the lower valent

analogues.  This reversal can readily be explained by a loss in * bonding and metal-

pentadienyl overlap for higher oxidation state metal centers.  The substantial *

backbonding ability of the pentadienyl ligands as compared to Cp has been confirmed

through the calculations and spectroscopic data.  

The gas phase photoelectron spectroscopic studies reveal that the highest occupied

2molecular orbital for the Cp(6,6-dmch)ZrX  molecules is primarily 6,6-dmch in character,

which leads to a significantly lower ionization energy for these molecules compared to

2 2 2the Cp-only analogues.  In corresponding Cp(6,6-dmch)ZrX  and Cp ZrX  molecules, the

charge potential at the metal and the energy of the metal-based lowest unoccupied

molecular orbital remain essentially unchanged, resulting in a smaller HOMO-LUMO

2separation that gives an intense color to the Cp(6,6-dmch)ZrX  molecules.  

These altered electronic features can be expected to enhance the reactivity

properties observed for higher valent metal-pentadienyl molecules, as has already been

found for lower valent species.  The access to the first pentadienyl analogues of the
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2 2ubiquitous Cp MX  complexes also offers an opportunity to explore an entirely new

flavor of metal-pentadienyl chemistry, not just for zirconium, but in all likelihood for

other early second and third row transition metals as well.  Already it is clear that the

reactivities of these complexes differ dramatically from that of the more normal, lower

valent species.135
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CHAPTER 4

HETERO-ATOM CONTAINING PENTADIENYL MOLECULES STUDIED BY

PHOTOELECTRON SPECTROSCOPY AND DENSITY FUNCTIONAL

CALCULATIONS. Cp*Ru(L), where L= (2,4-dimethylpentadienyl), (2,4-

dimethyloxopentadienyl), (N-t-butyl-3,5-dimethyl)azapentadienyl) and

(3,5-di-t-butyl-oxopentadienyl)

Introduction

The primary goal in research involving pentadienyl ligands has been to gain an

understanding of the similarities and differences between pentadienyls and their cyclic

counterparts.  An extensive discussion on edge-bridged pentadienyl ligands and their

properties in relation to the cyclopentadienyl ligand has been presented in Chapter 1 and

3.  Among other possible candidates for such comparisons include

bis(pentadienyl)metal(open metallocene) compounds.  However, differences regarding

steric, symmetry and spin environments between metallocenes and open metallocenes

complicate such comparisons.  The open metallocenes are sterically crowded molecules

with substantial non-bonded interligand interactions which affect the nature of bonding. 

Furthermore, they have lower symmetries relative to the metallocenes which might enable

additional mixing between ligand and metal orbital interactions.  These differences can be
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minimized by studying half-open metallocenes illustrated in diagram I, in which one open

and one closed ligand are present.  

A half-open metallocene (I)

The chemistry of pentadienyl ligands is still a developing area compared to the

well known cyclopentadienyl ligand.  A wide variety of pentadienyl ligands have been

synthesized and studied.   Trakarnpruk et al. have studied the substituent effect on half-121

open ruthenocenes and concluded the metal-pentadienyl bonding is greatly influenced by

the presence and location of the pentadienyl substituents and /or framework

heteroatoms.  Half-open metallocenes with various substituted pentadienyl ligands,36,37,170

3including alkyl, aryl, CF , and siloxy groups are known to be quite versatile.  38,52,53,170
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Another important  way of modifying the ligand environment is by replacing the terminal

carbon atoms by heteroatoms such as oxygen, nitrogen and sulfur.  Compounds of this

class were commonly obtained as unexpected products from various chemical reactions.  36

Later it was found that such alterations have led to very profound effects in

cyclopentadienyl chemistry  and to many applications.   Hence, improved synthetic2 171

routes to half-open metallocenes with heterodienyl ligands have been developed and54,120

special attention has been given to their reactivity properties.  The interesting chemistry

displayed by these heterodienyl complexes, and particularly the differences compared to

the simple dienyl complexes, initiated further studies in this area.  Among many other

half-open metallocene systems, the Ru(Cp or Cp*)(pdl) class of compounds support a

rich variety of pentadienyl ligands including several heterodienyl ligands.  The54,120

interesting reaction chemistry displayed by these Ru(Cp*)(heterodienyl) relative to their

simple dienyl complexes indicate their differences in electronic structure.  Therefore, a

much greater understanding of electronic structure-reactivity relationships is a necessity

that remains to be addressed.

Photoelectron spectroscopy provides a unique opportunity to investigate the

electronic structures of molecules, especially the ligand electronic effects independent of

molecular environment.  This chapter describes the electronic effects of several

heteropentadienyl ligands in Cp*Ru(L) systems, which are illustrated in diagram II.   The

electronic structures of these molecules are discussed in relation to a simple dienyl
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molecule.  The molecules a, b and c are referred to as pentadienyl, oxopentadienyl and

azapentadienyl molecules for the purpose of discussion.  In addition to the electronic

structure, the charge effects caused by alkyl substitution are studied by comparing the

oxopentadienyl with tert-butyl-substituted oxopentadienyl molecule.  The assignments of

photoelectron spectra are obtained by comparing the band intensities of the He I and He II

spectra, making use of the observation that the photoelectron cross sections of metal d

orbitals and ligand MO’s differ significantly.  Theoretical calculations also aided in the

assignment of the ionizations features.     
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II
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Bonding considerations: Half open ruthenocenes.

The bonding aspects of metal-pentadienyl chemistry have been subjected to

extensive investigations and more details can be found in Chapter 3.  The open

pentadienyl ligands generally seem to function as good acceptors, which is evident from

the bond length data.  The Ru-C bonds for the open ligand average 2.153 D, somewhat

shorter than the 2.193 D average for the Cp* ligand in Ru(Cp*)(3-methylpentadienyl)

molecule.  The shorter bond lengths to the open ligand can be correlated to the higher170

“* acidity” of open ligands compared to the closed dienyl ligand and this has been

discussed extensively in Chapter3.

The structural parameters for the azapentadienyl and oxopentadienyl molecule are

chosen to provide a representative picture of bonding in heterodienyl complexes.  The

Ru-C bond distances for the open and closed ligand in oxopentadienyl complexes are

2.167 versus 2.168 D.  The difference between those two values is insignificant. 170

However,  longer average Ru-C distances for the (N-tert-butyl-3,5-

dimethyl)azapentadienyl ligand is observed compared to those for the Cp* ligand (2.192

versus 2.178 D).  This might be due to the steric hindrance of the tert-butyl group

substituent on the nitrogen atom, because the Ru-C bond distances for the acyclic and

cyclic ligands in many other azapentadienyl molecules are quite similar.   The average120

bond lengths of Ru-C(Cp*) and Ru-C(heteropentadienyl) ligands compared to those of

simple pentadienyl molecules suggest an enhancement of  the Ru-C(closed ligand)



108

bonding , with accompanying weakening of the Ru-heterodienyl bonding as the

pentadienyl ligand becomes more electronegative.

Previous Studies on (Cyclopentadienyl) (2,4-dimethylpentadienyl)ruthenium,

5 5 7 11Ru(C H )(2,4-C H ) by Rolf Gleiter et al.  172

Rolf Gleiter et al. have studied a series of metallocenes and half-open

metallocenes using photoelectron spectroscopy and INDO calculations, in order to

demonstrate the applications of perturbation theory to the electronic structure.  The172

electronic structure of ferrocene, half-open ferrocene and open ferrocene  have been

investigated and the correlation diagram between the highest occupied molecular orbitals

of these molecules are shown in Figure 4.1.   A major problem seen in this Figure is that,

the order of calculated valence energy levels for ferrocene is almost completely the

reverse of the assignment derived from the photoelectron spectrum.  From multiple

ionization source photoelectron studies, it has been found that the two lowest ionization

2g x y xy 1genergies of ferrocene are due to the E  (primarily d 2- 2 and d  orbitals) and A2 2

z(primarily d  orbital) ion states and the third and fourth ionizations are ascribed to2

1u 1g predominantly cp-based E  and E states.  Hence, the sequence of orbital energies for2 2

1g 1u 1g 2gferrocene is e  <  e  <  a  <  e .  The disagreement between orbital ordering of2 2 2 2 173

ferrocene, obtained from experimental and theoretical calculations reported by Gleiter,

might be due to the inherent problems associated with the semi-empirical method used by
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the authors.  Nevertheless, a good correspondence between experimental and theoretical

results are reported with a more sophisticated method, such as  )SCF.  The reader is174

referred to an extensive discussion on the comparison of experimental and theoretical

results of ferrocene made by Lichtenberger et al.          173

According to Gleiter’s analysis, the MO’s localized on the metal below the MO’s

localized on ligands.  Such misinterpretation of relative ordering of molecular orbitals

becomes a problem when correlating the ion states of half-open ferrocene to ferrocene. 

2gFor example, according to the Figure 4.1, the e  set of orbitals in ferrocene has split into

1g 2g15a’ and 10 a” in the half-open ferrocene and a   remains higher in energy than the e

set.  The authors have assigned an orbital sequence, based on the above correlation and

5 5 7 11photoelectron spectroscopic results,  for the Ru(C H )(2,4-C H ) molecule (III).  The172

2gfirst two bands seen in the spectrum are attributed to the E  state and the third ionization2

1gto the A  state.  The assignment of the ionization features based on He I and He II2

results are also ambiguous due to the poor resolution of the photoelectron spectra

reported.
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III

The results obtained from the recent photoelectron spectroscopy experiments and

ADF calculations performed on similar Ru-pentadienyl molecules in this research

disagree with the above assignment made by Gleiter et al.  A detailed analysis of the

reassignment of the ionization features of half-open ruthenocenes is presented in this

chapter. 
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Figure 4.1. A correlation diagram showing molecular orbitals of open
ferrocene, half-open ferrocene and ferrocene.  Full bars indicate MO’s
localized on ligands; empty bars indicate MO’s localized on metal.
(Adapted from Ref.{Gleiter1989}
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Experimental

General considerations. All compounds studies in this chapter were contributions

from Dr. Angeles Paz-Sandoval’s research lab at the Department of Chemistry, Centro de

Investigacion y de Estudios del in Mexico.  Synthetic procedures have been published

previously.   The photoelectron experiments were done by Dr. Nadine Gruhn,120,170

University of Arizona.

Photoelectron Spectroscopy During HeI and HeII data collection the instrument

3/2resolution was measured using the full-width-at-half-maximum of the argon P2

ionization.  Resolution of data presented here range from 0.024  to 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

measured have an experimental error of ±0.02 eV.  All the molecules presented in this

chapter sublimed cleanly.   The sublimation temperatures were monitored using a "K"

type thermocouple passed through a vacuum feedthrough and attached directly to the

ionization cell.  The sublimation temperatures and experimental conditions for the

molecules studied in this chapter can be found in Chapter 2.

Data analysis.   Data was analyzed using the computer program WinFp (version

0.15).  A more detailed discussion of the fitting procedures can be found elsewhere.113



113

Computational Studies: ADF 2003.01 program.  The BLYP method (Becke

exchange  and LYP correlation function ) at the GGA (generalized gradient136 137

approximation) level was used for all calculations.  The atomic orbitals on all centers

were described by the TZP (valence triple zeta with a polarization function) Slater-type

basis set that is readily available with the ADF package.  The starting x, y, z coordinates

for the geometry optimization were from X-ray diffraction experiments.   The orbital120,170

plots were generated using the program Molekel.116

The wave functions obtained from the ADF calculations were interpreted with the

aid of the program HFRM to help  understand the interactions of the pentadienyl-based

orbitals with those of the Cp*Ru fragment. 

Results and Discussion

Photoelectron Spectroscopy

5 5The general features of the valence photoelectron spectra of (0 C Me )(0 -2,4-5- 5

5 5dimethylpentadienyl)ruthenium(II-a), (0 -C Me )(0 -2,4-5 5

5 5dimethyloxopentadienyl)ruthenium(II-b), (0 -C Me )(0 -(N-tert-5 5

5 5butyl-3,5-dimethyl)azapentadienyl))ruthenium (II-c), and (0 -C Me )(0 -3,5-tert-5 5

butyloxopentadienyl)ruthenium (II-d) will be introduced followed by a detailed analysis

of the ionization features and trends.  The vertical ionization energies and relative areas

for the molecules under study are given in Table 4.1.
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Table 4.1.  Fit parameters  and general assignments and labels of ionizations.a

Position 
Halfwidth Relative Areab

Label
High, Low He I HeII/HeI

0 -Cp*(0 -2,4-dimethylpentadienyl)Ru5 5

6.63 0.39, 0.37 1 1 M1
6.84 0.29, 0.16 0.62 1.29 M2
7.44 0.43, 0.37 1.27 0.80 M3
7.73 0.37, 0.25 0.75 0.64 Ligand B
8.01 0.44, 0.31 0.79 0.65 Ligand B
8.92 0.42, 0.25 0.84 0.86 Ligand B
9.24 0.43, 0.31 0.58 0.65 Ligand B
10.08 0.62, 0.20 0.85 0.73 Ligand B

0 -Cp*(0 -2,4-dimethyloxopentadienyl)Ru5 5

6.63 0.43, 0.31 1 1 M1
7.07 0.23, 0.16 0.55 1.47 M2
7.42 0.43, 0.41 1.11 1.07 M3
7.93 0.35, 0.31 0.90 0.71 Ligand B
8.41 0.36, 0.34 1.10 0.72

 }Ligand and O Lone Pairc

8.75 0.43, 0.25 0.99 0.71
9.46 0.45, 0.37 0.81 0.72 Ligand B
10.04 0.57, 0.40 0.98 0.60 Ligand B

0 -Cp*(0 -2,4-di-tert-butyloxopentadienyl)Ru5 5

6.47 0.45, 0.35 1 M1
6.87 0.23, 0.19 0.50 M2
7.11 0.51, 0.32 1.04 M3
7.75 0.44, 0.34 0.96 Ligand B
8.22 0.32, 0.29 0.91

 }Ligand and O Lone Pairc

8.55 0.48, 0.30 1.17
9.26 0.41, 0.41 0.85 Ligand B
9.74 0.61, 0.47 1.20 Ligand B

0 -Cp*((0 -N-tert-butyl-3,5-dimethyl)azapentadienyl)Ru5 5

6.08 0.46, 0.33 1 1 M1
6.86 0.27, 0.2 0.70 1.73 M2
7.12 0.27, 0.26 0.66 1.35 M3
7.48 0.41, 0.34 1.10 1.03 Ligand B
8.04 0.36, 0.31 1.20 0.83

 }Ligand and N Lone Pairc

8.34 0.45, 0.30 0.90 0.78
8.94 0.47, 0.37 0.90 0.82 Ligand B
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9.63 0.79, 0.66 1.33 0.62 Ligand B

All energies in eV.a

Relative to peak assigned area = 1.b

Specific assignment of the lone pair to one of the ionizations andc

ligand to the other is not certain.

The He I photoelectron spectra for heteropentadienyl half-open metallocenes in

5 5 2the region from 5.5 to 12.5 eV are compared to that of (0 -C Me ) Ru  in Figure 4.2. 5 175

Based on previous photoelectron studies of related pentadienyl metal complexes and

ruthenocenes, the ionizations expected in the lowest energy region derive from three Ru

4d ionizations for the low spin d  metal configurations, two B ionizations of the6

5 5 5 5 2(pentadienyl) ligand, and two B ionizations of (C Me ).   In (0 -C Me ) Ru, the172 5

1g 2u 1g 1uoccupied B orbitals of the two Cp* anion ligands combine to form the a , a , e , and e

5d 1gsymmetry combinations assuming D  symmetry.  The e  combination is the correct

symmetry to interact with the metal d orbitals, and the metal-ligand mixing stabilizes the

1g 1uE  ion state by about 1.5 eV relative to the E  ion state derived from ionization of the2 2

1uligand e  symmetry combination.  These states will be further split due to the lower

symmetry of the pentadienyl ligands for these molecules.  In addition to these ionizations,

the heteropentadienyl complexes also contain an ionization in this region that derives

from the oxygen/nitrogen p orbital that is in the plane of the ligand.  This will be referred

to as the in-plane lone pair or simply the lone pair.  Valence ionizations at  higher energy
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are from the C-C and C-H sigma bonds and the most stable B bond orbitals of

pentadienyl and Cp*. 

5 5(0 -C Me )(0 -2,4-dimethylpentadienyl)ruthenium. The He I and He II close up5 5

spectra of the pentadienyl molecule are shown in Figure 4.3.  The ionizations from

primarily Ru 4d orbitals appear from 6 to 7.5 eV.  The metal-based ionizations of

 x - y xy zruthenocene correlate with the removal of electrons from the metal d 2 2, d  and d 2

orbitals.  The metal-based ionizations of a related

5 5(0 C H )(0 2,4-dimethylpentadienyl)ruthenium have been assigned previously by5- 5-

Gleiter, et al.  similar to ferrocene, with the first two bands seen in the spectrum172

2g x y xyattributed to the E  state (d 2- 2 and d  orbitals) and the third ionization band appearing2

1gin  the higher energy ascribed to the A  state. A similar assignment is expected for the2

pentadienyl molecule.  However, the ionizations are reassigned in this work according to

the experimental evidence.
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Figure 4.2. He I  photoelectron spectra of

2(A)(0 -Cp*) Ru, (B)(0 -Cp*)(0 -2,4-5 5 5

dimethylpentadienyl)Ru, (C) (0 -Cp*)(0 -5 5

N-t-butyl-3,5-dimethyl)azapentadienyl)Ru
and (D)(0 -Cp*)(0 -2,4-5 5

dimethyloxopentadienyl) ruthenium.
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Figure 4.3.  He I and He II photoelectron
spectra of (0 -Cp*)(0 -2,4-5 5

dimethylpentadienyl)Ru.
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Assignment of the ionization bands is aided by the comparison between He I and He II

spectra and by theoretical calculations.  The comparison of He I and He II spectra is

useful to gain insight into the atomic character associated with each ionization band.150  

The photoelectron spectra obtained with a He II source differ from He I only in the

relative intensities of the ionization bands after the data is adjusted for analyzer sensitivity

and higher energy photons in the data analysis process. The relative intensities change

when the photon source varies from He I to He II due to the different inherent

photoionization cross-sections of the atomic orbitals.  The theoretical photoionization

cross-section of Ru 4d atomic orbitals decreases by a factor of 1.25 for He II excitation

compared to He I excitation,  while the photoionization cross-section for C 2p orbitals151

decreases by a factor of 3.  As a result, the ionization bands arising from predominantly

metal character should increase relative to the bands with ligand (carbon) character.  The

amount of the metal-ligand mixing modifies the relative intensity changes according to

the character of the molecular orbital.

 The He I and He II close up spectra of the pentadienyl molecule are shown in

Figure 4.3.  Metal bands are labeled as M1, M2, and M3 for the purpose of discussion. 

The metal bands M1, M2 and M3 increase in relative area compared to the rest when He

II photons are used instead of He I photons.  The dramatic increase in the relative

intensity of the band at 6.85 eV (M2) leads to the assignment of that band to the non-

z 1gbonding metal d 2 ( similar to A  state in ferrocene).  The M1 and M3  bands are2

 x - y xy 2gattributed to the ionizations from d 2 2 and d  orbitals that are derived from the e  type
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2gMO of ferrocene.  The splitting of the e  band is due to the lowered symmetry of the176

pentadienyl molecule.  The intensity of the M1 and M3  ionizations do not increase as

dramatically as observed for the M2  when the photon source is switched from HeI to

HeII.  This observation suggests that there is a greater mixing of metal character with

ligand B character in these ionizations.

The intensity of ionization bands in the region above 7.5 eV decreases relative to

the bands below 7.5 eV, supporting the assignment of the bands above 7.5 eV to

ionizations containing more ligand character.  Two ionization shoulders are observed in

addition to the ionization labeled M3 in the band around 8 eV.  The band at 9 eV requires

two peaks to model the contour, and the band near 10 eV requires only one peak.  Based

on the spectrum of decamethylruthenocene, it can be anticipated that the ionization bands

at 8 and 9 eV each contain two ionizations of admixed Cp* and 2,4-dimethylpentadienyl

character.  The exact assignment of these bands to their corresponding molecular orbitals

is difficult because these orbitals are further admixed with orbitals on the metal.  The

description of these ionizations is assisted by the ADF calculations performed on this

molecule which will be described later. 

5 5(0 -C Me )(0 -2,4-dimethyloxopentadienyl)ruthenium. The HeI and HeII5 5

photoelectron spectra of the oxopentadienyl molecule from 6 to 11 eV are shown in

Figure 4.4.  The assignments of the ionization bands are similar to the pentadienyl analog,
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but in this case there is a much more clear separation of the individual ionization peaks. 

The first three bands are predominantly Ru 4d in character and the ionizations above 7.8

eV are ligand based.  The similar character of the M1 and M3 ionizations and the relative

intensity changes from He I to He II excitation are more apparent.  The substitution of the

2oxygen atom for a CH  group in the pentadienyl ligand is expected to stabilize all of the

ionizations with pentadienyl character.  The He I spectrum of this oxopentadienyl

molecule is compared with that of the pentadienyl molecule in Figure 4.5.  All of the

ligand-based ionizations are stabilized relative to the metal-based ionizations.  This is an

indication that there is a strong mixing between the Cp* and 2,4-dimethyloxopentadienyl

orbitals. 
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Figure 4.4. He I and He II photoelectron
spectra of (0 -Cp*)(0 -2,4-5 5

dimethyloxopentadienyl)Ru.
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Figure 4.5. He I close-up of (0 -Cp*)(0 -2,4-5 5

dimethylpentadienyl)Ru and (0 -Cp*)(0 -5 5

2,4-dimethyloxopentadienyl)Ru.
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5 5(0 -C Me )(0 -3,5-di-tert-butyloxopentadienyl)ruthenium.  The effect of alkyl group5 5

5 5substitution on the pentadienyl ring is studied using (0 -C Me )(0 -3,5-di-tert-5 5

butyloxopentadienyl)Ru (II-d) as a comparison to oxopentadienyl molecule.  The relative

shifts of the valence metal- and pentadienyl ligand-based ionizations give an indication of

the overall electronic effects of methyl- and t-butyl- substitution on the oxopentadienyl

ligand.  The ionizations corresponding to the  oxopentadienyl ligand are expected to

destabilize the most upon t-butyl substitution compared to methyl substitution.  The He I

spectra of t-butyloxopentadienyl molecule is compared with that of the oxopentadienyl

molecule in Figure 4.6.   The metal- and ligand-based ionizations of the t-

butyloxopentadienyl have been shifted to the lower ionization energy relative to those of

the oxopentadienyl molecule.  This is another indication that there is an extensive mixing

of metal and ligand-based orbitals (both Cp* and pentadienyl ligand) in these molecules.  

5 5(0 -C Me )(0 -(N-tert-butyl-3,5-dimethyl)azapentadienyl))ruthenium.  The He I and5 5

5 5He II close-up spectra of (0 -C Me )(0 -(N-t-5 5

butyl-3,5-dimethyl)azapentadienyl))ruthenium (II-c) are shown in Figure 4.7.  The

spectra are very similar to those of the oxopentadienyl molecule.  The presence of

electronegative nitrogen in the pentadienyl ligand is expected to stabilize the metal-based

ionizations relative to those of the pentadienyl molecule and destabilize relative to the

oxopentadienyl ionizations due to charge effects.  However, all the ionizations are
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destabilized compared to the pentadienyl and the oxopentadienyl molecules.  The metal-

based first ionization is affected the most, by about 0.55 eV indicating considerable

energy differences in the HOMO’s.  This will be discussed in more detail in the following

section.    

Computational Results.  Orbital surface plots and Kohn-Sham orbital energies

for the eight highest occupied molecular orbitals and corresponding photoelectron

ionization bands for the pentadienyl molecule are shown in Figure 4.8.  The results for the

oxopentadienyl and the azapentadienyl molecules are shown in Figure 4.9 and 4.10

respectively.  The computational results agree with the primary features in the

experimental photoelectron spectra.  Most significantly, the calculations are in agreement

with the general order of the ionizations predicted from the experimental results.  The

first three ionizations ( M1-M3) are assigned as Ru 4d in character, M2 being non-

bonding on the basis of intensity differences in the He I and He II experiments.  The

calculations for the pentadienyl molecule show that the M1 and M3 Kohn-Sham orbitals

are metal-based in character and have substantial mixing from the ligand orbitals, and

clearly show that M2 is primarily localized on the metal and non-bonding.  The next four

orbitals from the calculations show that they are primarily Cp* and (2,4-pentadienyl)

ligand-based and have a significant amount of mixing in their molecular orbitals with

each other and with metal-based orbitals.  The last MO shown in the Figure 4.8 is a

representation of the symmetric B combination of the pentadienyl ligand fragment. 
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Figure 4.6. He I close-up of (0 -Cp*)(0 -2,4-5 5

dimethyloxopentadienyl)Ru and (0 -5

Cp*)(0 -2,4-di-tert-butyl-5

oxopentadienyl)Ru.
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Figure 4.7.  He I and He II spectra of (0 -5

Cp*)(0 -(N-tert-       5

butyl-3,5-dimethyl)azapentadienyl))Ru.



128

 For the oxopentadienyl complex, the first three orbitals are primarily Ru 4d in

character with non-bonding M2.  The fourth MO is de-localized over the Cp*,

oxopentadienyl ligand and metal orbitals.  The fifth MO is primarily oxygen (in plane

lone pair) in character.  In the figure this MO is correlated with the fifth ionization band

in the photoelectron spectrum of the oxopentadienyl molecule, but it is not possible to

make a definitive assignment of this ionization in this region by the He I and He II

comparison because all of the ligand-based MO’s have substantial oxygen character in

them.  The sixth and seventh MO’s have both Cp* and oxopentadienyl ligand character

with some metal character.  The eighth MO shown in the Figure 4.9 is predominantly

oxopentadienyl in character.  The most stable B combination of the oxopentadienyl ligand

ionizes at higher energy and is not shown in the valence ionization region in Figure 4.9. 

The calculated energy of this orbital is -8.94 eV, almost one eV more stable than the

eighth MO.

The azapentadienyl molecule shows primary features similar to those of the

oxopentadienyl complex.  The fifth MO is primarily nitrogen (lone pair) in character

which correlates with the fifth ionization band in Figure 4.10.  However, the mixing of

nitrogen character with all the ligand orbitals makes it difficult to assign this ionization

precisely in the spectrum based on He I and He II comparisons.  The most stable B

combination of the azapentadienyl ligand is shown on the left in this Figure and the

calculated ionization energy of this orbital is -7.07 eV.
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The calculated ionization energies follow a similar trend observed in the

experimental ionization energies.  For example, the first ionization energies of

pentadienyl and oxopentadienyl molecules are calculated to be approximately the same

and that of the azapentadienyl molecule is considerably destabilized compared to the

other two molecules.  The shifts in the first ionization bands can be explained by

analyzing the orbital interactions using HFRM fragmentation analysis.        
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Figure 4.8. The comparison of ionization bands with molecular orbital surfaces
(±0.05) and energies (eV) for the frontier orbitals of (0 -Cp*)(0 -2,4-5 5

dimethylpentadienyl)Ru.
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Figure 4.9.  The comparison of ionization bands with molecular orbital surfaces (±0.05)
and energies (eV) for the frontier orbitals of (0 -Cp*)(0 -2,4-dimethyloxopentadienyl)Ru.5 5
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Figure 4.10.  The comparison of ionization bands with molecular orbital surfaces (±0.05)
and energies (eV) for the frontier orbitals of (0 -Cp*)(0 -(N- tert -butyl-3,5-5 5

dimethyl)azapentadienyl) ruthenium. 
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Fragment Analyses. 

Fragment analyses were performed on the [(Cp*)Ru] fragment and the ligand

fragments pentadienyl, oxopentadienyl and azapentadienyl.  The shift of the first

ionization energies of these half-open ruthenocenes can be explained by comparing their

molecular orbital interactions.  

The overall shifts in the metal-based ionization energies upon substitution of one ligand

for another are influenced by the net charge potential felt by the metal center and the

orbital overlap interactions with the ligands.  

The ionizations of the oxopentadienyl molecule should be stabilized compared to

the  pentadienyl molecule as a result of more positive charge potential caused by the

electronegative oxygen.  However, the experimental first (M1) and third (M3) ionization

energies are approximately the same for the pentadienyl and oxopentadienyl molecules

and the calculations also reproduce this trend.  The second (M2) ionization of the

1goxopentadienyl molecule, which corresponds to the non-bonding A  orbital, is stabilized2

by about 0.2 eV relative to the pentadienyl molecule as expected  from the electronegative

oxygen.  To explain this behavior, a simple molecular orbital diagram showing the orbital

interactions of pentadienyl ligand and the [(Cp*)Ru] fragment is illustrated in Figure

4.11.  A similar diagram for the oxopentadienyl and azapentadienyl molecule are shown

in Figure 4.12 and 4.13.   On the left of the Figure 4.11 are the molecular orbitals and

energies of the [(Cp*)Ru] fragment and those for the pentadienyl ligand fragment are
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illustrated on the right.  These are the energies of these fragment orbitals in the full

molecule, defined as the diagonal Fock matrix elements in the fragment orbital basis. 

The middle of Figure 4.11 shows the molecular orbital energies for the full molecule. 

The arrows represent the HOMO of the system and only the major interactions are shown. 

An important interaction is the filled-filled orbital interaction between HOMO’s of the

Cp*Ru fragment and the pentadienyl ligand fragment.  In the pentadienyl molecule, the

HOMO has 5% pentadienyl character compared to the 15% oxopentadienyl character in

the oxopentadienyl molecule.  The oxygen in-plane lone pair orbital has about 1%

interaction with the HOMO of the molecule.  Therefore, the stabilization of metal-based

ionization caused by the electronegative oxygen is compensated by the filled-filled

interaction with the ligand HOMO .  The subtle interplay between the stabilization of

metal-based ionization caused by the electronegative oxygen and the filled-filled

interaction with the ligand HOMO result in an approximately similar first ionization

energies for the pentadienyl and azapentadienyl molecules.  The higher mixing observed

for the HOMO’s of Cp*Ru fragment and oxopentadienyl fragment might be due to the

overlap or energy proximity reasons.    

The destabilization of the first ionization band in the azapentadienyl molecule can

also be explained by the same type of filled-filled interaction with the HOMO of

azapentadienyl ligand, which amounts to be 21% and with the nitrogen lone pair orbital

(3%).  Thus, in the case of azapentadienyl molecule, the destabilization resulted from the

filled-filled interaction over weighs the stabilization from the charge effects.  The
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presence of t-butyl group in the nitrogen atom does not effectively contribute to an

increase in the charge density at the ruthenium center.  This is evident in the calculated

ionization energies for tert-butyl- and H- substituted azapentadienyl molecules, as the

ionization energies are not affected by the t-butyl substitution.   

                   

Donor/acceptor ability of pentadienyl ligands.   The crystallographic data suggest

an enhancement of the Ru-Cp* bonding, with accompanying weakening of the Ru-pdl

bonding, as the pentadienyl ligand becomes more electronegative.  The total donor and

acceptor ability of pentadienyl, azapentadienyl and oxopentadienyl ligand are tabulated in

Table 4.2.   The calculated values agree with the basic trends observed for these

molecules.  Both the acceptor and the donor ability are lower for the heteropentadienyl

ligands as compared to the pentadienyl analog.  The acceptor and the donor ability of Cp*

increases going from pentadienyl to heteropentadienyl molecules indicating a significant

enhancement of Ru-Cp* bonding at the expense of Ru-pentadienyl bonding.  The

calculations are thus seen to reproduce reasonably well the experimentally observed

enhancement of Ru-cyclopentadienyl bonding accompanying a weakening of Ru-

pentadienyl bonding, as the pentadienyl ligand becomes more electronegative.    
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Figure 4.11.  Molecular orbital diagram for the (0 -Cp*)(0 -2,4-5 5

dimethylpentadienyl)Ru. (Surface value =± 0.05) HOMO’s are abbreviated as H.
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Figure 4.12. Molecular orbital diagram for the (0 -Cp*)(0 -2,4-        5 5

dimethyloxopentadienyl)Ru. (Surface value =± 0.05) HOMO’s are abbreviated as H. 
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Figure 4.13.  Molecular orbital diagram for the (0 -Cp*)(0 -(N-tert-butyl-3,5-         5 5

dimethyl)azapentadienyl)Ru. (Surface value =± 0.05) HOMO’s are abbreviated as H.
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Table 4.2.  Total donor and acceptor ability calculated by fragment analysis

Cp*(pdl)Ru Cp*(pdlN)Ru Cp*(pdloxo)Ru

(Cp*) pdl (Cp*) pdlN (Cp*) pdloxo- - - - - -

Total donor ability 0.20 0.28 0.29 0.10 0.32 0.03

Total acceptor ability 0.38 0.62 0.47 0.46 0.46 0.51
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Discussion.  The photoelectron spectra of these heteropentadienyl molecules show

interesting features in their electronic structure.  The first three ionizations are

predominantly Ru 4d in character and are labeled M1, M2 and M3 in Figure 4.14.  The

separations between the M1 and M3 bands for the pentadienyl and oxopentadienyl

molecules are approximately 0.8 eV and a larger separation (1 eV) is observed for the

azapentadienyl molecule.  The spin orbit splitting observed for Ru 4d ionizations in the

5 5 2 2g(0 -C Me ) Ru is 0.26 eV,  thus the splitting observed for the E  state in these5 175 2

molecules is primarily due to the pure orbital splitting in that state, which is in turn

caused by the lower symmetry of the pentadienyl ligands compared to the 

cyclopentadienyls.  

1gThe ionization band M2, which originates from the A  state, appears at higher 2

ionization energy (7.07 eV) in the oxopentadienyl complex compared to the pentadienyl

1gmolecule (6.85 eV).  This 0.2 eV stabilization of non-bonding A  in the oxopentadienyl2

complex is an indication of the lower charge potential at the Ru center resulting from the

electronegative oxygen.  However, the ionization energies of M1 and M3 do not change

upon substitution with 2,4-dimethyloxopentadienyl ligand in place of 2,4-

dimethylpentadienyl.  The ionizations in the azapentadienyl molecule are destabilized

relative to those of other two molecules, indicating a higher charge density at the Ru

center.  In the azapentadienyl molecule, the two methyl groups are in 3,5 positions, and in

addition, there is a tert-butyl substituent on the nitrogen atom.  However, the tert-butyl 
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substituent on the nitrogen atom has almost no effect on such destabilization of ionization

energies, because the calculated ionization energies do not differ significantly for the

hydrogen- substituted versus tert-butyl-substituted azapentadienyl molecules.  This

destabilization of the first ionization energy of the oxopentadienyl and the azapentadienyl

molecule is a result of its filled-filled interaction with the ligand orbitals. 

Figure 4.15 shows the correlation between Cp*, (2,4-dimethylpentadienyl) and

(2,4-dimethyloxopentadienyl) ligand molecular orbitals energies based on density

1functional theory calculations.  On the left of Figure 4.15 are the degenerate e ”orbitals of

the Cp* anion.  The second from the left of Figure 4.15 shows the corresponding orbitals

of the (2,4-dimethylpentadienyl) ligand split in energy as a result of the increased

C1....C5 separation in the pentadienyl ligand. The destabilization of the HOMO of (2,4-

dimethylpentadienyl) due to the increased separation of C1....C5 is counter balanced by

the fewer methyl groups in comparison to Cp*.  Therefore the energy difference between

the HOMO of Cp* and (2,4-dimethylpentadienyl) is small.  The orbitals and energies of 

(2,4-dimethyloxopentadienyl) shown on the right of Figure 4.15 illustrates an additional

MO primarily oxygen in character appears in between the non-degenerate e” orbitals of

(2,4-dimethyloxopentadienyl) orbitals. 
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Figure 4.14.  He I close-up spectra of (A)
(0 -Cp*)(0 -2,4-dimethylpentadienyl)Ru,5 5

(B) (0 -Cp*)(0 -N-tert-butyl-3,5-5 5

dimethyl)azapentadienyl)Ru, and (C) (0 -5

Cp*)(0 -2,4-dimethyloxopentadienyl)Ru,   5
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This is also evident from the calculations on the oxopentadienyl molecule, in which the

oxygen in plane lone pair ionization appears in the low energy region. The assignment of

a specific ionization in the spectrum of oxopentadienyl molecule to the oxygen in-plane

lone pair ionization is not possible based on the He I/He II comparison because of  the

extensive mixing of oxygen character in all the MO’s.  Based on the observation that the

oxygen lone pair ionization in acetone appears at 9.70 e V,  the fifth or sixth ionization153

band in the photoelectron spectrum is most likely due to the oxygen lone pair ionization. 

All the ligand-based ionizations are stabilized relative to the metal-based ionizations in

this molecule indicating a strong mixing between Cp* and 2,4-dimethyloxopentadienyl

ligand orbitals.  

The orbitals and calculated energies of (N-t-butyl-3,5-dimethyl)azapentadienyl)

ligand are shown second from the right in  Figure 4.15.  Similar to 2,4-

dimethyloxopentadienyl, an additional MO primarily nitrogen in character appears in

between the non-degenerate e” set of orbitals of N-t-butyl-3,5-dimethyl)azapentadienyl

which corresponds to the nitrogen lone pair ionization.  The assignment of this orbital to

a corresponding ionization band in the spectrum is again not possible due to the extensive

mixing of nitrogen character in all MO’s.  The energies of the azapentadienyl ligand

orbitals are slightly destabilized compared to those of oxopentadienyl ligand, except the

lone pair orbital.  The molecular orbital corresponding to the nitrogen lone pair is

stabilized by about half an eV relative to the oxygen lone pair orbital.  The reason for this
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stabilization is probably due to the bonding character delocalized over the carbon

adjacent to the N atom, N atom and the t-butyl group as seen in the MO picture.   
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Figure 4.15.  Correlation between molecular orbital energies (eV) of  Cp*,
(2,4-dimethylpentadienyl), (N-tert-butyl-3,5-dimethyl)azapentadienyl) and
(2,4-dimethyloxopentadienyl) ligands.
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Conclusions

A correlation diagram showing the shifts of the ionizations upon ligand

substitution is shown in Figure 4.16.  Several important points are evident from this

diagram.  The breakdown of degeneracy of Cp*B orbitals is apparent upon substitution of

2a pentadienyl ligand in place of a Cp*.  Substitution of the oxygen atom for a CH  group

in the pentadienyl ligand is causing all the ligand-based ionizations to be stabilized

relative to the metal-based ionizations, indicating a greater mixing between Cp* and 2,4-

dimethyloxopentadienyl ligand orbitals.  The fifth or sixth band in the oxopentadienyl

molecule is most likely due to oxygen lone pair ionization.  The symmetric combination

of oxopentadienyl ligand appears at  higher energy  compared to the pentadienyl

molecule.  Non-bonding M2 stabilizes in the oxopentadienyl  molecule as expected and

M1 and M3 are affected the least by oxopentadienyl substitution.  Because of a balance of

electronic charge and filled-filled orbital overlap factors, there is very little difference in

the first ionization energies of the pentadienyl and the oxopentadienyl molecules. 

However, the energy of M1is greatly influenced by the substitution of nitrogen in place of

2CH  group.  The destabilization of this ionization in the azapentadienyl molecule is a

result from the  increased filled-filled orbital interactions with the azapentadienyl ligand

orbitals as evident from the fragment interaction. 

Both the experimental and computational results suggest that these molecules

have extremely de-localized electronic structure.  The heteropentadienyl ligand
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substitution has an effect on both the metal- and the ligand-based ionizations.  The

calculated donor and acceptor abilities of heteropentadienyl ligands compared to those of 

the Cp* ligand in these complexes follow a similar trend observed in the strength of

bonding with electronegativity..  A comparative study of the reactivities of pentadienyl

and oxopentadienyl complexes gave evidence of the higher reactivity of the oxo dienyl

analogue toward oxidative additions and in simple ligand addition reactions.  It has been54

stated that, the azadienyl complexes also display behavior sometimes similar to that of

oxodienyl and pentadienyl reaction chemistry, but at other times different.  Further54

studies are under way to reach a better understanding in that area. 

The information gathered on the electronic structure of these heteropentadienyl

molecules, especially their delocalized electronic environment and the unexpected trends

in the electron richness at the metal center is a first step toward a better understanding the

reactivity chemistry displayed by these complexes.  
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Figure 4.16.  Correlation diagram illustrating the shifts observed upon
substitution of Cp* with 2,4-dimethylpentadienyl (N-tert-butyl-3,5-
dimethyl)azapentadienyl and 2,4-diemthyloxopentadienyl ligand.
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 CHAPTER 5

ELECTRONIC DISTRIBUTION AND BONDING CAPABILITIES OF FLUORO-

4 2 2ALKYL PHOSPHINE LIGANDS: Mo(CO) (L)  and CpMn(CO)(L)  WHERE L = dfepe,

dmpe

Introduction

The principles governing the nature of F and B bonding for small

molecules such as phosphines, carbonyls, and halides have attracted a tremendous amount

of attention in academic as well as  industrial research.  The primary reason is that, even a

minute change in the electronic bonding factors can have large effects on the chemical

reactivity of transition metal systems.  

In light of the important role B acceptor ligands play in both inorganic and

organometallic chemistry, many efforts have been focused on the development of B

acceptor ligand design.  Strong acceptor ligands such as CO and NO  have been utilized+

extensively, but are limited in the ability to tune their acceptor and steric properties by

chemical modification and by their susceptibility to participate directly in many chemical

transformations.  (Fluoroalkyl)phosphines are a potentially useful class of ligands

providing a wide range of steric and electronic properties.  Fluoroalkyl groups are useful95

to tune the donor/acceptor ability of the phosphine, the Lewis acidity of the metal center
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and subsequently effect the reactivity of the catalytic systems.  Fluoroalkyl substituted

complexes generally exhibit increased air stability, unusually high volatilities and

enhanced electrophilic chemical properties.  Additionally, the transition metal systems96

incorporating (fluoroalkyl)phosphines are shown to catalyze various coupling reactions in

the fluorous solvents.  The solubility characteristics of the fluorinated ligands in177

flourous and organic solvents enabled these systems to be used in Fluorous Biphase

Catalysis. 

3 3The prototypical (fluoroalkyl)phosphine, P(CF )  and many substituted phosphine

chelates have been reported to demonstrate B acceptor ability comparable to CO ligand.  96

The practical difficulties associated with the syntheses of those ligands have slowed the

further development of (trifluoromethyl)phosphine chemistry.  Nevertheless, an efficient

synthetic route to a (fluoroalkyl)phosphine chelate, dfepe, shown in diagram I has been

developed in the research laboratories of Professor D. M. Roddick in the University of

Wyoming.  Several studies, including carbonyl stretching frequencies,,  bond length97 97

data,  and ligand effect analysis,  indicate that dfepe is a good acceptor.98 103

   I
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However, the inherent problems associated with many physical methods used to

determine and quantify the electronic effects and the inconsistencies in the results

demonstrate the need for a complete analysis of electronic structure interactions of dfepe

with transition metal centers.

The research reported in this chapter focuses on exploring and quantifying the

nature of donor/acceptor properties of the dfepe ligand in transition metal systems

pictured in diagram II using valence photoelectron spectroscopy and computational

6 4 3methods.  The results are compared to Mo(CO) , Mo(CO) (dmpe), CpMn(CO) , and

CpMn(CO)(dmpe). 

II
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Why Photoelectron Spectroscopy ?

The primary bonding model for the transition-metal systems that describes F and

B bonding was first proposed by Dewar, Chatt, and Duncanson.   The relative bonding178

contributions from each of these components span over a wide range and many physical

methods have been used to evaluate the bonding factors.  Unfortunately, most methods

are limited by their inability to separate or distinguish between F and B effects.  For

example, vibrational spectroscopic results (stretching frequencies) are affected by both F

and B influences, hence a complete separation of these two components cannot be

achieved.   Bond length data obtained from crystallographic studies are complicated by75

other factors such as ionic contributions.  Furthermore, electrochemistry,

thermodynamics, and reactivity studies do not allow effective separation of F and B

contributions. 

Among all the techniques, PES is the only method that enables complete

separation of F and B bonding.  This is because PES probes each positive ion state of the

molecule from the ground state.  If the molecule has high symmetry, so that the F and B

states do not mix with each other, a complete separation of F and B bonding is achieved. 

However, a good separation is also achievable in the case of lower symmetry molecules

with sufficient local electronic symmetry around the bonds.
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Measures of Metal-Ligand Bonding by Photoelectron Spectroscopy. 

 The photoelectron spectra of  molecules containing ligands with various bonding 

capabilities show different ionization energies/features.  The relative ligand bonding

effects can be correlated to the shifts of ionization energies, especially the shifts of the

ionizations that arise from the formal d- electron count at the metal.  The overall shifts in

the metal-based ionizations upon different ligand substitution are influenced by charge

potential and orbital overlap interactions with the ligand.  A comparison of the ionization

energies of the metal-based orbital for a series of related molecules allows a meaningful

separation of the B-bonding capabilities of different ligands.  Several review articles on

the use of photoelectron spectroscopy to compare different ligands and to compare the

different charge potential and B orbital effects may be consulted for more details.

76,77,81,179,180

4The molecules discussed in this chapter are of the general form Mo(CO) (L{L)

and CpMn(CO)(L{L), where L is the ligand of interest and the metal center is of d6

electronic configuration. Particularly, L is a chelate diphosphine ligand.  An example of

4the type Mo(CO) (L{L) is used to explain the energy separation and splitting between

6metal orbitals.  Consider the familiar Mo(CO)  molecule in the octahedral symmetry.  The

g 2gfive metal d orbitals split in to e  and t  set of orbitals in the octahedral environment. 

2g xy xz yzThe t  set, represented by the d , d , d  orbitals, is fully occupied in the d  arrangement6

and each of these three orbitals are stabilized by backbonding to four carbonyls and

6remain degenerate.  When two carbonyls of the Mo(CO)  are replaced by a chelate



154

diphosphine, the metal-based ionizations shift according to the change in charge potential

at the metal center.  If the substitution causes more negative charge potential the metal

center, the metal-based ionizations will shift to lower ionization energy, and the opposite

trend will be seen for a more positive potential at the metal center.  Additionally, the

2Voctahedral symmetry is broken and the symmetry descends to C .   As a consequence,

2g xy xz yzthe t  set of orbitals split into two sets, (d ) and  (d  and d ) as seen in Figure 5.1.  The

xz yz(d  and d ) set not truly of e symmetry, due to the inter-ligand interactions and any

deviations from the 90  angle.  However, the calculations show the splitting between0

these two orbitals is about 0.05, which is less than a width of a vibrational band. 

xz yzTherefore, d  and d  orbitals are treated as an “e” set composed of near degeneracy.   The

xyd  orbital is backbonding with two carbonyls and two L ligands, while the e set is

stabilized by backbonding to three CO’s and one L.  If CO is a better acceptor than the

ligand L, the e set will appear at higher ionization energy than the b ionization.  Thus the

energy separation between these two sets of orbitals is a direct measure of the different

abilities of CO and the ligand L to stabilize the metal d orbitals by means of B interaction. 

This can be interpreted as an energy measure of backbonding ability of various ligands. 

In addition, the shift of the metal ionization energy is a measure of the change in the

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

ability of the ligand, the more destabilized the metal ionizations will be.

For example, consider the photoelectron experiment data reported on cis-

4 3 2 6 2gMo(CO) (PMe )  in comparison to Mo(CO) .   The triply degenerate t  ionization occurs82
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6 4 3 2at 8.36 eV for the Mo(CO)  molecule and the first ionization of Mo(CO) (PMe )  is at

36.80 eV.  For the PMe  molecule, the energy separation between b/e is 0.31 eV, and this

3additional shift of the e ionization illustrates the poorer B-acceptor ability of PMe

3relative to CO.  The PMe  ligand is less effective than CO at stabilizing the metal-based d

orbitals by backbonding interactions.  The destabilization of the metal-based ionizations

4 3 2 6in the Mo(CO) (PMe )  molecule relative to Mo(CO)  indicates a higher donor ability of

3PMe  ligand compared to CO.
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h 6 2vFigure 5.1. Splitting of metal orbitals in O  symmetry for Mo(CO)  to C

4 2Mo(CO) (L)  upon replacement of two carbonyls with ligand L.
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4A similar type of analysis can be carried out for the Mo(CO) (L{L) molecule,

where L{L is the dfepe or dmpe ligand.  The gas-phase photoelectron spectroscopy

technique allows the separation of F -donor and B-acceptor of chelate diphosphines by

evaluating and comparing the splitting pattern of the metal d orbitals.  The labels M1 and

M2 are used to label the singly degenerate and doubly degenerate metal orbitals

respectively.  The overall shifts and the splitting pattern of the metal-based ionizations are

able to indicate the ligand influences on the electron richness at the metal center and the

B-acceptor ability of the ligand.

IR Data.  Infrared spectroscopy is widely used to discuss the metal-ligand bonding in

organometallic molecules, especially the bonding interactions of a metal and B acceptor

ligands such as CO with ligand substitutions.  The donor/acceptor properties of a ligand

directly affect the electron richness at the metal center, which in turn affects the stretching

COfrequencies of the carbonyl ligands (< ).  The weaker the donor ability of the ligand, the

COless electron rich the metal is, and the higher the < .  Table 5.1 gives the IR stretching

4 2frequencies for carbonyl for several isostructural cis- Mo(CO) (L)  complexes, where L is

3 2 3 2 3 3 2 2 2 3 2 6 5 2 2 2 6 5P(CF )F , P(CF ) F, PF , dfepe, (CF ) PCH CH P(CF )  and (C F ) PCH CH P(C F ). 

6 5 2 2 2 6 5These data suggest that the (C F ) PCH CH P(C F ) ligand has the highest donor ability,

COthe lowest < , among all the ligands shown in the table.  The stretching frequencies

3 2 2 2 3 2where L is dfepe, or (CF ) PCH CH P(CF )  are similar, indicating that the substitution of
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3 2 5CF  by C F  does not affect the net donor/acceptor properties of the phosphorus center. 

Thus, the electronic properties should remain essentially invariable for the full steric

x 3-x 3 2 5 n mrange of fluoroalkylphosphines, (Rf) PF (R = CF , C F , C F ).  Additionally, the lower

CO 3<  for the dfepe relative to PF  suggest that dfepe is a better charge donor, not as

3effective an  acceptor as PF .  A ligand effect study of dfepe by Brookhart rank this ligand

2 3between PCl Ph and PCl  in acceptor ability.    However, the discrepancy between the103

results obtained from various methods and other inherent problems associated with those

methods demonstrate the need for further investigation into the donor/acceptor properties

of the dfepe ligand.

Experimental

General synthetic considerations.  All compounds studied were synthesized at

Professor Dean M. Roddick’s research laboratories at the University of Wyoming.  The

synthetic procedures for dfepe,  Mo(CO)4(dfepe)  and CpMn(CO)(dfepe)  have been97 97 181

published.       

Photoelectron Spectroscopy  During HeI and HeII data collection the instrument

3/2resolution was measured using the full-width-at-half-maximum of the argon P2

ionization.  Resolution of data presented here ranged from 0.020  to 0.050 eV.  Ionization

energies rported here have an experimental uncertainity of ±0.02 eV.  Both the

4Mo(CO) (dfepe) and CpMn(CO)(dfepe) samples sublimed cleanly without

decomposition.  The sublimation temperatures were monitored using a "K" type
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thermocouple passed through a vacuum feedthrough and attached directly to the

ionization cell.  The sublimation temperatures and experimental conditions for the

molecules studied in this chapter can be found in Chapter 2.   

The free ligand dfepe was run from a Young’s tube™ attached to the instrument

via a t-connection Swage-Lock™ valve.  The Young’s tube was connected to the

stainless-steel Swage-Lock™ using Teflon ferrules and a ring of ApezionQ® sealing

compound to ensure tight vacuum.  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.-5

Data analysis.  Data was analyzed using the computer program WinFp (version

0.15).  A more detailed discussion of the fitting procedures can be found elsewhere.113

Computational Studies. ADF 2003. 01.  Ab Initio calculations were performed on

the free dfepe ligand to compare the energies and characters of different possible

conformations using Gaussian03  package.  The HF method was used with 6-31G basis115

set.  Three different initial geometries including, one trans arrangement between two P

centers, one cis arrangement and one with an intermediate between cis and trans

arrangement of the ligand were taken from a conformational analysis carried out by

Maestro. 
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3 2 4Table 5.1.  Infrared data for cis-(R P) Mo(CO)  complexes96

phosphine <(CO), cm-1

3 22P(CF )F 2094

3 22P(CF ) F 2093

32PF 2091

3 32P(CF ) 2086

2 3 2 2 2 2 3 2(C F ) PCH CH P(C F )  or

dfepe 

2064

3 2 2 2 3 2(CF ) PCH CH P(CF )  2063

6 5 2 2 2 6 5(C F ) PCH CH P(C F ) 2041
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The energies and characters of different conformations of dfepe will help to understand

any communication present (spatial or through bond, if present) between two lone pairs

of chelate phosphine. 

Fragment Analysis.  Fragment analysis is based on the Hatree-Fock-Roothaan

4molecular orbital formalism.   Initial geometries of the Mo(CO) dfepe and182

CpMn(CO)(dfepe) molecule were built from the Spartan molecular package.  The183

molecular geometries were optimized by density functional theory using the package

ADF 2003.01.  The wave functions obtained from the ADF calculations were114

interpreted with the aid of the program HFRM in order to gain an understanding on the

donor and acceptor properties of (fluoroalkyl)phosphine ligands.

Results and Discussion

Photoelectron Spectroscopy.

Free Ligand: dfepe and dmpe.  The general features of the dfepe spectrum are

similar to those of dmpe reported previously except for a significant stabilization of all

ionization bands.   The He I photoelectron spectra of dfepe and dmpe from 7 to 14 eV184

are presented in Figure 5.2.  The most obvious comparison is the stabilization by more

than 2 eV of the first ionization of dfepe which corresponds to the ionization from the

phosphorous lone pair electrons.  This can be attributed to the overall electronic effects of
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the electronegative fluorine.  The second group of ionizations in the low energy region

2corresponds to P-CF  F-bonding orbitals.  The ionizations located above 13 eV in the

spectrum of dfepe arise from the removal of electrons from orbitals primarily associated

with the C-C and C-H F-bonding orbitals of the dfepe and other ligand based orbitals. 

The large number of individual ionizations and the overlapping nature of these bands

make it exceedingly difficult to unambiguously assign any feature in this region to a

particular ionization.  The initial ionization energies of the free ligand are important as

they represent the starting ionization energy of the phosphine lone pair before interaction

with the metal to form metal-phosphine bonds. 

In the spectrum of dfepe, the ionization located at about 10.6 eV arises from each

of phosphorus lone pair electrons.  There are many conformations that can be envisioned

for the diphosphine ligands and each has different orientations of the phosphine lone pairs

with different through-space and through-bond interactions.  The spectra for the free

ligands, dmpe and dfepe, reveal one band corresponding to ionizations from each of the

phosphine lone pairs, suggesting  little or no interaction between the lone pairs.  The

width of the ionization bands is a good indication of such interactions, because the

degenerate lone pair ionizations split due to the filled-filled interaction.  Comparison of

3 3the band shapes of free ligands PMe , PPh  and dfepe shows that the lone pair ionization

of monophosphines are narrower by about 0.1 to 0.2 eV compared to that of dfepe,

indicating about amount of through-space and through-bond contributions to the lone pair

ionization in dfepe ligand.  The fit parameters and the assignment of ionizations are



163

shown in Table 5.2.  The broadening of the ionization band may also occur due to an

increase in activated vibrational states upon ionization of the lone pair in the less

symmetrical diphosphines.  The results from a conformational analysis for free dfepe

ligand using Ab Initio method are described in a following section.
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Table 5.2. Fit parameters  and assignments of ionizationsa

Position 
Halfwidth

Label
High, Low

dfepe
10.60 0.74, 0.74 dfepe lp

211.83 0.89, 0.47 P-CF

212.35 0.74, 0.74 P-CF
dmpeb

8.47 0.74, 0.65 dmpe lp

210.21 0.55, 0.55 P-CH

211.25 0.95, 0.95 P-CH

6                                    Mo(CO)
8.36 0.63, 0.28 Mo 4d 

4Mo(CO)  (dfepe)
8.07 0.62, 0.38 Mo 4d 

4Mo(CO)  (dmpe)b

6.81 0.22, 0.22 Mo 4d
7.09 0.60, 0.26 Mo 4d

CpMn(CO)(dfepe)
7.45 0.57, 0.38 Mn 3d
7.70 0.57, 0.38 Mn 3d
7.99 0.57, 0.38 Mn 3d
9.54 0.59, 0.39 Cp B
9.95 0.59, 0.39 Cp B

CpMn(CO)(dmpe)c

5.99 0.64, 0.36 Mn 3d
6.33 0.64, 0.36 Mn 3d
6.62 0.64, 0.36 Mn 3d
8.51 0.52, 0.38 Cp B
8.94 0.52, 0.38 Cp B

3CpMn(CO)
8.03 0.67, 0.38 Mn 3d
8.39 0.66, 0.37 Mn 3d
9.91 0.57, 0.35 Cp B
10.32 0.53, 0.33 Cp B

3PMe b

8.57 0.62, 0.54 P lp

3PPh b

7.83 0.56, 0.50 P lp

All energies in eV.b Ref  c Ref.   22 21
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Figure 5.2.  He I photoelectron spectra of
(A) dfepe and (B) dmpe ligands
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44Valence Ionizations of Mo(CO) (L{L) Molecules.  The He I spectra of Mo(CO) (dmpe)

4and Mo(CO) (dfepe) in the region of 6-14 eV are compared with the spectrum of

6Mo(CO)  in Figure 5.3.   The ionizations of interest to this study are those located at

energies less than 11 eV.  The band labeled M arises from the ionization of electrons

from Mo 4d orbitals.  In these Mo(0) d  complexes, the three orbitals that derive from the6

2gt  set of octahedral symmetry are fully occupied.  The single band at 8.36 eV in the

6 2gMo(CO)  spectrum results from the t  ionizations in perfectly octahedral environment. 

4 2vThe same band in Mo(CO) (dmpe) is split due to the reduction of symmetry to C .  In

these systems the splitting pattern can be related to the number of CO ligands versus

phosphine ligands backbonding with each filled metal d orbital.  Two of the occupied

metal d orbitals are stabilized by backbonding to three CO’s and one phosphine, while the

remaining occupied d orbital is stabilized by backbonding to only two CO’s and two

phosphines.  Thus the splitting between these ionizations is the difference in backbonding

stabilization between CO and each phosphine and a 1:2 intensity pattern is expected. 

With the expectation that the backbonding stabilization by CO is greater than the

backbonding stabilization by an alkylphosphine, the first ionization should correspond to

the orbital stabilized by two CO ligands and the second ionization should be the two

degenerate orbitals stabilized by backbonding to three CO ligands.  This pattern is

4observed for the ionizations of Mo(CO) (dmpe).  The splitting for dmpe is 0.29 eV.  Even

4though, the same 1:2 splitting pattern should be observed for Mo(CO) (dfepe) according



167

to molecular symmetry, the spectrum does not show that pattern.  Instead, the metal band

6is very similar to that of Mo(CO) , which is a single band.  Figure 5.4 shows the He I

close-up spectra of Mo 4d ionizations for these molecules to more clearly illustrate the

4band structure.  Since the Mo 4d ionization in Mo(CO) (dfepe) is a single band similar to

6that in Mo(CO) , the average widths were taken into consideration to account for the B

backbonding stabilization by the ligands as a measure on any unresolved metal band

4splitting for Mo(CO) (dfepe).  The average widths of the first ionization bands of

6 4Mo(CO)  and Mo(CO) (dfepe) are 0.48 and 0.52 eV respectively.  This broadening of the

4 6metal ionization band in the Mo(CO) (dfepe) molecule compared to the Mo(CO)  is

barely significant.  The observation of a single band structure for the ionizations from the

metal d orbitals indicates a near electronic degeneracy at the Mo center in the

4Mo(CO) (dfepe).  

The effects of the charge potential on the ionization energy of the metal band

depend upon the negative charge potential felt by the metal center and it can be either due

to the contributions from the electron density on that atom, negative charge on the

4neighboring bound atoms or both.   The metal-based ionization in Mo(CO) (dfepe) is

6 4destabilized by 0.29 eV compared to Mo(CO) .  Mo(CO) (dmpe) is destabilized by

another 1.1 eV.  These relative shifts in the first ionization energy indicate that the dmpe

6. complex has more electron density at the metal center compared to Mo(CO)   The 0.29

4eV destabilization in the Mo(CO) (dfepe) complex implies that the negative charge 
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4 6potential at the Mo center in Mo(CO) (dfepe) complex is more than that of the Mo(CO)

complex and dfepe is essentially a better donor.  

Valence Ionizations of CpMn(CO)(L{L) Molecules.  

3The electron richness at the metal center in the CpMnL  molecules is more than

2that of the Mo systems.  The carbonyl in the CpMn(CO)L  molecule has stronger

4 2backbonding ability than the carbonyls of Mo(CO) (L ) systems mainly due to fewer

number of CO ligands available for backbonding.   The electronic structure of the186,187

3parent molecule CpMn(CO)  is described in terms of pseudo-octahedral geometry.188

Manganese is in the +1 oxidation state and is in the d  electronic configuration.  Although6

3vthe highest symmetry of these molecules is Cs, the e symmetry orbitals of the C

3 5vMn(CO)  portion of the molecule align with the e symmetry orbitals of the C  CpMn

1portion of the molecule, and the metal orbitals primarily reflect the e and a  symmetry

3combinations.  He I spectra of CpMn(CO)dfepe and CpMn(CO)  are shown in Figure 5.5. 

3In the CpMn(CO)  spectrum, the first ionization band occurs between 8 and 8.5 eV and is

1assigned as representing removal of electrons from primarily metal a  and e-type orbitals. 

1The splitting of the e and a  symmetry ionizations is barely discernable under the

vibrational manifold of the ionization.  An adequate representation of the ionization

profile is obtained with two Gaussian peaks with 2:1 relative intensities.  
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6Figure 5.3.  He I spectra of (A) Mo(CO) ,

4 4(B) Mo(CO) dfepe and (C) Mo(CO) dmpe.
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Figure 5.4.  Mo 4d ionizations of

6 4(A)Mo(CO) , (B)Mo(CO) (dfepe) (C)

4 4 3 2Mo(CO) (dmpm) and (D) Mo(CO) (PMe ) .

3 2 2 3 2dmpm= (CH ) PCH P(CH )
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The second set of ionizations has been assigned as ionizations from Cp B

3orbitals.   In comparison to CpMn(CO) , the metal band in CpMn(CO)(dfepe) is187,188

destabilized by 0.5 eV.  This destabilization is about 0.2 eV greater than that observed for

the Mo systems.  This additional shift of ionization to the lower energy indicates the

poorer B-acceptor ability of the dfepe ligand as compared to CO in the Mn systems.  The

3ionization is also broadened and flattened compared to the first ionization of CpMn(CO) . 

This is most evident by looking at the intensities of the ionizations relative to the Cp B

ionization around 10 eV.  

The widths of the metal bands are used as a measure of B interaction of the

phosphine ligand with the metal and the B backbonding stabilization provided by CO,

because both the CpMn(CO)(dfepe) and CpMn(CO)(dmpe) molecules exhibit three metal

ionizations under one envelope and the position of the middle band is uncertain.  Kellogg

et al.  have studied the di co-ordinated bis phosphines in terms of ligand additivity82,184

effect in detail and the 1:1:1 splitting pattern in CpMn(CO)(dmpe) is accounted for by

geometric distortion in the chelating phosphine.  This is primarily a result of the smaller

P-M-P angle (~ 75 ) observed for dmpe in several complexes than the ideal L-M-L angle0

3of 90  for a piano-stool CpML  complex.   The P-M-P bite angle observed for dfepe0 189-191

is between 82-87  for several transition metal complexes, and the observed 1:1:10192-194

splitting pattern is probably due to the lowering of symmetry in the CpMn(CO)(dfepe)

complex.
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The width of the band is defined as the difference in energy between the point of

half-height on the high energy side of the third peak in the band and the point of half-

height on the low energy side of the first peak in the band.  This gives the equation 1.

Where M1 and M3 are the positions of the metal bands 1 and 3 respectively and

WH is the width high and WL is the width low of the particular band.

Table 5.3 shows the widths of the metal bands obtained for several molecules of

interest.  The metal band width of CpMn(CO)(dfepe) is 0.13 eV larger than that of

3CpMn(CO)  and  0.12 eV smaller than that of CpMn(CO)(dmpe).  This indicates that the

B backbonding stabilization provided by dfepe and CO is not the same and dfepe is a

weaker B acceptor than CO ligand in these systems.  The comparison of the results

obtained for Mn and Mo systems suggests that the ability of dfepe ligand at stabilizing the

metal based orbitals by B backbonding is less than that of conventional the CO ligand.

M3 M1Width = (M3+1/2WH ) - (M1- 1/2WL )                                                   (1)
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3Figure 5.5.  He I spectra of (A) CpMn(CO)
and (B) CpMn(CO)(dfepe).
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Table 5.3.  Widths of the metal bands 

Molecule Width of the metal band (eV)

3CpMn(CO) 0.88

CpMn(CO)(dfepe) 1.01

CpMn(CO)(dmpe) 1.13a

6Mo(CO) 0.91

4Mo(CO) (dfepe) 1.00

 Ref.      a 184
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Computational Results.  

Free ligands The Ab Initio computational results indicate that the highest

occupied molecular orbitals are similar in energy and orbital character for different

conformations possible for the free dfepe ligand.  For example, the energies of highest

occupied molecular orbitals of three different conformations differ only by ±0.001 eV.  

2 5The orientation of the two lone pairs of phosphorus with respect to  C F  groups has a

2negligible effect on the energy and orbital character.  Nonetheless, the two CH  groups

present in between two phosphorus centers are not sufficient to split the ionization energy

into two bands.    

Fragment Analysis

5Mo(CO) (L) systems

The purpose of this examination is to investigate the electron distribution and the

bonding interactions of ligands with transition metals.  Fock energies for the fragments at

their geometries in the molecule and eigenvalues for the valence orbitals of

5 3 5 3 6Mo(CO) PMe , Mo(CO) PF  and Mo(CO)  are given in Table 5.4.  The left first column

5gives the orbital energies of the Mo(CO)  fragment at the geometry in the full molecule

5followed by diagonal Fock energies for the same fragment.  When the Mo(CO)  fragment

3 3is placed in another ligand environment such as PMe  or PF , the energies of the fragment

orbitals are shifted by the change in electron density in the orbitals in the fragment and by

sensing the full charge distribution of the rest of the molecule.  This rearrangement of the
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electron distribution effects the orbital energy as indicated by the diagonal Fock energies. 

The differences observed when going from the diagonal Fock energies to the eigenvalues

represent the metal-ligand overlap effects, specifically B interactions for the three highest

5occupied orbitals of Mo(CO) .     

6When a carbonyl on Mo(CO)  is removed, the octahedral symmetry is broken, and

4v 2g 2 xythe symmetry descends to C .   This causes the t  orbitals to split into a b  (d ) (H-2 in

xz yzTable 5.4) and e (d , d ) (H/H-1)set.  

Alkyl phosphines are generally considered to be good donors with little or no B

acceptor ability.  Different techniques used to separate the F-donor/B-acceptor71,79,81,82,195

ability give conflicting evidence on the relative B-acceptor ability of the

5trimethylphosphine ligand.  For example, PES studies based on series of Mo(CO) (L)

3molecules with monodentate and bidentate L ligands indicate that the PMe  ligand has a

B-backbonding ability, about 25% that of CO.   However, Quantitative Analysis of196

3Ligand Effects (QALE) by Giering and co-workers  suggest that PMe  has no acceptor71-74

ability (the B-acidity parameter is set 0). Such data are not available for the carbonyl

3ligand for a comparison.  Nevertheless,  the B-acidity parameter of the PF  ligand is

reported to be 13.2 indicating a strong acceptor ability.  This has the largest B-acceptor

ability among ligands evaluated by the QALE method.          

The fragment analysis offers another opportunity to investigate the charge and

2goverlap effects caused by different ligands.  The splitting of the t  set into e(H and H-1)
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2 5 3and b (H-2) is apparent from the results tabulated for Mo(CO) PR  molecules.  The e and

2the b  set are both destabilized by about 0.6 eV in the diagonal Fock  matix energies

5 3relative to the fragment orbital energies for the case of Mo(CO) PMe .  This shift, which

3is affected primarily by charge potential effects, reveals that the PMe  ligand causes more

negative charge potential at the metal center by means of F donation.  The donor ability

calculated by the charge analysis is 0.568 eV. In contrast, there is almost no difference in

5 5 3Fock energies of the Mo(CO)  fragment and eigenvalues of the Mo(CO) PMe  molecule,

3 indicating  negligible overlap effects from the PMe ligand.  The overlap integral values

5 3for the highest occupied molecular orbitals of Mo(CO)  and acceptor orbitals of PMe

fragments are calculated to be about 0.002.  This observation is in accordance with QALE

analysis.

5 3 3       The fragment analysis for the Mo(CO) PF molecule indicate that PF  creates a

3positive potential at the metal center as opposed to PMe  and stabilize the metal orbitals

3, 3by this charge effect more than does CO.   The overlap effects, caused by PMe  PF  and

CO stabilize the metal orbitals by  0.00, 0.10, and 0.14 eV respectively.  These values

3suggest that the PF  ligand is 2/3 as effective as CO ligand in stabilizing the metal orbitals

3by overlap interaction and PMe  has negligible overlap stabilization. 

3Although PF  is less effective than CO at stabilizing the metal density by B

overlap bonding, it is more effective than CO at stabilizing the metal electron density by

the charge potential effect.  The combined result is similar density backbonding to the
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other carbonyls.

5 3,     The results from the Mulliken population analysis on Mo(CO) PF

5 3 6 3Mo(CO) PMe , and MO(CO)  are shown in Table 5.4.  The PMe  ligand in the

5 3  Mo(CO) PMe molecule donates 0.57 electrons, while accepting 0.14 total electrons.

3These values also indicate that PF  is as 2/3 of an acceptor as CO ligand and overall, it is

a better donor. 

A similar type of conclustion was made by Yarbrough and Hall by studying79

5 3electronic features of Mo(CO) PF  by PES and Fenske-Hall molecular orbital

3calculations.  Their results also indicate that PF  is similar but somewhat poorer B-

acceptor than CO and is a better F-donor.  
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5              Table 5.4.  The total donor/acceptor ability of ligand L in Mo(CO) (L)

Ligand (L) Total donor ability Total acceptor ability

3PF 0.50 0.27

3PMe 0.57 0.14

CO             0.44 0.37
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5Table 5.5.  The energy shifts of fragment orbitals and eigenvalues for Mo(CO) (L)
Complexes   

5Mo(CO) Eigenvalues

5 3Mo(CO) PMe

3PMe

Orbital Energy Fock Energy Fock Energy Orbital Energy 

-2.52-(L+1) -2.04 -2.032 -1.40 +0.456

-4.123(L) -6.34 -2.273 -1.69 -0.021

-5.938(H) -5.36 -5.324 -8.59 -4.762

-5.938(H-1) -5.35 -5.329 -8.66 -7.702

-6.179(H-2) -5.59 -5.586 -8.65 -7.706

5Mo(CO)

5 3Mo(CO) PF

3PF

Orbital Energy Fock Energy Fock Energy Orbital Energy 

-2.438(L+1) -2.72 -2.796 -3.31 -1.450

-4.034(L) -8.24 -2.949 -3.31 -1.451

-5.840(H) -6.27 -6.371 -10.68 -10.379

-5.841(H-1) -6.27 -6.376 -11.06 -10.742

-6.082(H-2) -6.33 -6.327 -10.80 -8.044

5Mo(CO)

6Mo(CO)

CO

Orbital
Energy,eV

Fock Energy Orbital
Energy,eV

Fock Energy

-2.428(L+1) -2.60 -2.775 -2.133 -3.31

-4.025(L) -7.30 -2.781 -2.133 -3.31

-5.811H) -6.06 -6.200 -8.992 -12.78

-5.814(H-1) -6.06 -6.201 -11.407 -11.33

-6.063(H-2) -6.20 -6.206 -11.407 -11.33
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4Mo(CO) (L{L) systems

4 2Table 5.6 gives the fragment analysis for Mo(CO) (L)  molecules, where (L{L) is

dmpe, dfepe and two CO ligands.  Analysis of the calculated orbital energies shows that

3dmpe creates a negative charge potental at the metal center similar to PMe  and it has

negligible overlap acceptor capabilities.  Previous photoelectron spectroscopic studies on

4 4 3 2Mo(CO) (dmpe) and Mo(CO) (PMe )  also reveal that dmpe has F-donor and B-acceptor

3strengths extremely similar to those of PMe .  Unlike dmpe, the fluoroalkylphosphine196

chelate, dfepe stabilizes the metal center by creating a positive charge potential. 

However, that charge stabilization is relatively small, about 1/2 that of two carbonyls,

3whereas for PF  discussed previously, it was larger.  Surprisingly, the stabilization caused

by overlap effects is insignificant compared to that of CO.  

The total donor and acceptor strengths of dfepe, obtained from Mulliken

population analysis, are compared with those of CO in Table 5.7.  These data suggest that

dfepe is 2/3 as  effective as CO in acceptor ability and is slightly a better donor.  The

discrepancy between the results obtained from Mulliken charge and orbital energy

contribution analysis reveal that there are other factors also affecting the results.  One

such factor could be the geometric contributions from the bulky dfepe ligand.  A

4graphical representation of Mo(CO) (dfepe) molecule at the optimized geometry, plotted

from the Molekel program, is shown in the diagram III.  There are at least four fluorines

in close contact with the metal center.  The interaction of metal orbitals with these

electronegative fluorines through space, causes a slight destabilizaion of metal-based
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orbitals and acts in an opposite direction with respect to the overlap effects.  Therefore,

the underestimation of the B-acceptor capability of dfepe by overlap effects is probably

due to the steric/electronic influences of fluorines in close contact with the metal.

III
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5Table 5.6.  The energy shifts of fragment orbitals and Eigen values for Mo(CO) (L{L)
Complexes 

4Mo(CO) Eigenvalues

4Mo(CO) dmpe

dmpe

Orbital
Energy,eV

Fock
Energy.

Fock
Energy.

Orbital
Energy,eV

-3.767(L+1) -7.82 -1.601 -2.03 -0.031

-3.793(L) -5.45 -1.605 -1.13 -0.072

-5.525(H) -4.50 -4.511 -6.43 -4.099

-5.800(H-1) -4.78 -4.756 -9.46 -5.139

-5.837(H-2) -4.85 -4.848 -8.02 -7.122

4Mo(CO)

4Mo(CO) (dfepe)

dfepe

Orbital Energy Fock Energy Fock Energy Orbital Energy

-3.598(L+1) -9.87 -2.73 -2.91 -2.159

3.886(L) -7.05 -2.76 -3.80 -2.552

-5.473(H) -5.78 -5.81 –8.26 -6.805

-5.673(H-1) -5.99 -6.04 -8.79 -8.541

-5.717(H-1) -5.96 -5.95 –10.68 -7.764

4Mo(CO)

6Mo(CO)

two (CO)

Orbital Energy Fock Energy Fock Energy Orbital
Energy,eV

-3.685(L+1) -8.21 -2.77 -3.98 -2.363

-3.697(L) -7.50 -2.78 -3.68 -2.480

-5.289(H) -5.91 -6.20 -11.01 -8.345

-5.573(H-1) -6.06 -6.20 -14.04 -9.445

-5.631(H-2) -6.06 -6.21 -11.26 -11.296
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4Table 5.7.  The total donor/acceptor ability of ligand L in Mo(CO) (L{L)

Ligand (L) Total donor ability Total acceptor ability

dfepe 0.97 0.49

2CO             0.86 0.73
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CpMn(CO)(L{L) systems

3 The data shown in  Table 5.8 on CpMn(CO) clearly indicate the splitting of three

filled metal orbitals into an e (H and H-1) and a (H-2) set. In contrast, the three filled

metal orbitals in the CpMn(CO)(dmpe) remains non-degenerate.  This is probably caused

by the inter-ligand interactions and any deviations from the 90  bite angle of the chelate. 0

Nevertheless, dfepe creates a positive positive potential at the metal center and stabilizes

the metal orbitals.  This stabilization is about 0.2 eV less than the stabilization from two

CO ligands. The overlap stabilization caused by dfepe in the CpMn(CO)(dfepe)

molecules is about 1/2 as effective as two CO ligands.  The overlap stabilization from

dfepe in the CpMn(CO)(dfepe) complex is significant, whereas such stabilization is not

4observed in the Mo(CO) (dfepe) due to geometric reasons.  In the CpMn(CO)(dfepe)

complex, the bulky Cp ligand minimizes such close contacts between fluorines and the

Mn center as seen in diagram IV.        

The Mulliken population analysis on these molecules reveal that dfepe accepts

0.96 total electrons as compared to 1.08 by two CO ligands.  The total donor ability of

dfepe is again slightly higher than that of CO, 1.15 versus 1.11 electrons.  These values

indicate that dfepe is 3/4 as effective as CO at stabilizing the metal levels through B

4backbonding, whereas for dfepe in Mo(CO) (dfepe) discussed previously it was smaller.    
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IV
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Table 5.8.  The energy shifts of fragment orbitals and Eigen values for CpMn(CO)(L{L)
Complexes 

4Mo(CO) Eigenvalues

CpMn(CO)(dfepe)

dmpe

Orbital
Energy,eV

Fock
Energy.

Fock
Energy.

Orbital
Energy,eV

-2.939(L+1) -8.17 -2.32 -2.67 -2.309

-2.943(L) -9.69 -2.57 -3.84 -2.924

-3.570(H) -5.12 -5.08 -7.85 -6.796

-3.987(H-1) -5.23 -5.27 -11.30 -8.249

-4.276(H-2) -5.53 -5.64 -8.45 -8.610

CpMn(CO)

3CpMn(CO)

two (CO)

Orbital
Energy,eV

Fock
Energy.

Fock
Energy.

Orbital
Energy,eV

-2.977(L+1) -9.38 -1.952 -3.65 -2.621

-2.991(L) -7.26 -1.973 -3.45 -2.720

-3.560(H) -5.37 -5.429 -10.07 -7.902

-3.929(H-1) -5.33 -5.439 -14.68 -9.853

-4.331(H-2) -5.48 -5.748 -10.24 -11.141
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Conclusions. The photoelectron spectra provide a convenient method to separate the

charge and overlap effects caused by different ligands.  The gas-phase photoelectron

spectroscopy and fragment analysis reveal that dfepe, in these two transition metal

systems, is somewhat poorer B acceptor than CO and a overall a better donor. 

Additionally, the B-acceptor strength of dfepe is influenced by the electron richness at the

metal center.  The fragment analysis indicates that the backbonding ability of dfepe is

about 3/2 that of two CO ligands and the relative acceptor ability increases with the

increase in the electron richness at the metal center.  The carbonyl stretching frequencies

4 4 3for Mo(CO) (dfepe) and cis-Mo(CO) (PF ) (2064 versus 2091 cm ) also indicate that the-1

3relative B-acceptor ability increase in the order of dfepe > PF  and the B-acceptor ability

3of PF  is considered to be similar to the CO ligand according to carbonyl stretching

frequencies.  96

These altered electronic features and bonding capabilities can be expected to

result in unique reactivity properties of (fluoroalkyl)phoshines containing transition metal

catalysts.  The access to an alternative B acceptor offers many opportunities to replace the

conventional B acceptors and fine tune the steric and electronic properties of transition

metal complexes where appropriate.  In fact, fluoroalkyl ligands have been utilized

already in various fluorous-phase catalyst systems, and this (fluoroalkyl)phosphine ligand

offers another opportunity to carry out reactions in unconventional solvent systems.
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CHAPTER 6

CONCLUSIONS AND FUTURE DIRECTIONS

The primary focus of the work presented in this dissertation is on understanding

the electronic structure and the fundamental bonding interactions of organic ligands with

transition metal centers.  The tunability of organometallic systems by varying the ligands

as well as the transition metal environment has been subjected to a wide range of

research.  Even  minute changes in the ligand environment can lead to dramatic effects in

the physical and chemical properties of transition metal systems/catalysts.  

The research presented in Chapter 3 shows how edge-bridged pentadienyl ligands

effect the electronic structure, chemical and physical properties specifically the color and

bonding in zirconocene complexes.  Replacing one of the cyclopentadienyl ligands in the

2 2bis-cyclopentadienyl zirconocene dihalide molecules (Cp ZrX ) with an edge-bridged

pentadienyl ligand, 6,6-dmch, has the overall effect of stabilizing the high-valent metal

pentadienyl complexes, otherwise seemingly difficult to accomplish.  The first series of

2stable high-valent metal pentadienyl complexes, Cp(6,6-dmch)ZrX  ( X = Cl, Br, I; 6,6-

dmch = 0 -6,6-dimethylcyclohexadienyl) allow direct comparison of the bonding5

properties of pentadienyl and cyclopentadienyl ligands in the same high-oxidation-state

2 2 2metal complexes.  Unlike the well known Cp ZrX  analogues, these Cp(6,6-dmch)ZrX
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molecules are intensely colored, indicating significantly different relative energies of the

frontier orbitals.  Also unusual, the average Zr-C distances to the 6,6-dmch pentadienyl

ligand are about 0.1 D longer than the average Zr-C distances to the cyclopentadienyl

ligand for these Zr(IV) complexes, opposite to what is observed for the Zr(II) complex

3 2Cp(2,6,6-tmch)Zr(PMe )  (tmch = 0 -2,6,6-trimethylcyclohexadienyl), reflecting a5

dramatic reversal in the favorability of the bonding depending on the metal oxidation

state.  It is concluded through gas-phase photoelectron spectroscopy studies that the first

ionization is from an orbital predominantly pentadienyl in character which causes Cp(6,6-

2dmch)ZrX  molecules to ionize at significantly lower energies than the corresponding

molecules without a pentadienyl ligand.  Theoretical calculations of the electronic

structures agree with this observation, and furthermore show that the lowest unoccupied

molecular orbital (LUMO) of these molecules is metal based and changes very little in

energy or character between the pentadienyl and Cp analogs.  Calculations of the

electronic excitations of these molecules by time-dependent density functional theory

show that the colors of the 6,6-dmch molecules are due to the low energy pentadienyl-to-

metal (HOMO to LUMO) excitation.  The same factors responsible for the low ionization

energy of the highest-occupied pentadienyl-based orbital also accounts for a low-lying

unoccupied pentadienyl orbital that can act as an electron acceptor from the metal.  The

resulting “*-acid” nature of the pentadienyl ligands contributes to the observed reversal of

bonding between the low-valent and high-valent metal complexes and with the 

3 2cyclopentadienyl ligand.  ADF calculations performed on the Cp(2,6,6-tmch)Zr(PMe )
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molecule, in which there are metal d electrons available for backbonding, clearly show a

*-type interaction between the Zr(II) center and the (2,6,6-tmch) ligand.  Such an

interaction between Cp and Zr is negligible explaining the preference of pentadienyl

ligands to bond to the low oxidation state metals.

Another interesting advantage in the pentadienyl chemistry is the ability to modify

the ligand backbone structure.  Such examples include incorporation of heteroatoms

oxygen, sulfur and nitrogen into the basic framework of pentadienyl ligands.  In Chapter

4, work was presented showing the key electronic and bonding differences between

simple pentadienyl, heterodienyl and cyclopentadienyl ligands in Cp*Ru(L) systems. 

Gas-phase photoelectron measurements reveal that Cp*Ru(heteropentadienyl) molecules

have extensively delocalized electronic structure and show unique electronic features

compared to their simple pentadienyl counterpart.  The ionization features for these

Cp*Ru(pentadienyl) systems are reassigned in this work according to experimental

observations.  Theoretical calculations of the electronic structures agree with this new

assignment.  The unusual destabilization of the first ionization in the oxopentadienyl and

especially in the azapentadienyl molecule can be explained by the balance between the

different electronegativities and the different filled-filled interactions with the metal,

which act in opposite directions.  Furthermore, the fragment analysis performed on these

molecules shows that the acceptor ability of a pentadienyl ligand decreases as the

electronegativity of the heteroatom increases. 
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4The Mo(CO) (dfepe) and CpMn(CO)(dfepe) molecules were used to rate the

donor and acceptor properties of (fluoroalkyl)phosphine chelate, dfepe.  Among many

other physical methods available to determine F and B electronic effects, photoelectron

spectroscopy is unique in that it enables the complete separation of electronic effects. 

4 6The comparison of the ionization features of the Mo(CO) (dfepe) with those of Mo(CO)

reveal that the ability of dfepe in stabilizing the metal-based orbitals by backbonding is

4somewhat less than the CO ligand.  The metal ionizations of Mo(CO) (dfepe) are

6destabilized by about 0.29 eV relative to those of Mo(CO)  indicating a slightly higher F-

3donor ability of dfepe.  A similar comparison with another d  molecule, CpMn(CO)  and6

CpMn(CO)(dfepe) shows that the extent of the metal-dfepe ligand interaction and the

resultant B acceptor ability is dependent on the electron richness at the metal center.  The

fragment analysis also reveals that the backbonding ability of dfepe is about 2/3 that of

CO and the relative acceptor ability increases with the increase in electron richness at the

metal center.

Future Considerations

The experimental results presented in this dissertation reiterate the importance of

studying the metal-ligand interactions in order to understand the different structural,

physical and reactivity characteristics of organometallic systems.  However, more

research needs to be done to achieve a complete understanding of the factors governing
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such interactions.  

Pentadienyl Chemistry 

Particularly in the area of heteropentadienyl chemistry, there is still much to be

explored.  Chapter 4 describes only one transition metal system.  There are many other

possibilities of half-open metallocenes that can be studied to compare the electronic and

bonding characteristics of simple dienyl ligands with heterodienyl and their cyclic

counterparts as discussed below. 

The bonding capability of a ligand to a metal is influenced by the occupation and

the energies of the metal orbitals, the metal-ligand overlap and the competition of other

ligands for the metal orbitals.  Therefore, if a series of ligands to be compared, the metal

and the other ligand fragments should be similar.  The basic understanding we gathered

on the electronic and bonding factors of pentadienyl/heteropentadienyl ligands in the

Cp*Ru(L) molecules will enable the study of the electronic structure perturbations caused

by pentadienyl substituents in this half open metallocene series in detail.  The following

molecules synthesized in the laboratories of Dr. Angeles Paz Sandoval are good

candidates for such comparisons.
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I
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Another interesting aspect of studying the electronic structure perturbations would

be the investigation of different metal systems while keeping the ligand environment the

same.  The Rh(+) and Ir(+) molecules shown in diagram II would allow the comparison

of the effect of transition metal on the overall electronic structure of the oxopentadienyl

systems.       

II

In addition to the above pseudo-octahedral systems, d  piano-stool complexes of6

3 the general form CpM(CO) provide a good opportunity to further understand the bonding

interactions of pentadienyl ligands with metal centers.  The general electronic structure of

3 the CpM(CO) fragment is well understood and the relatively high local electronic

symmetry at the metal center makes the evaluation of the PES of these molecules

straightforward.  The molecules illustrated below will give the opportunity to compare

and contrast  the pentadienyl/heteropentadienyl ligand effects in d  electron configuration6



195

with variable electron richness at the metal center.

All the molecules mentioned in this chapter have been synthesized in the

laboratories of Dr. Angeles Paz Sandoval. 

(Fluoroalkyl)phosphines

4The Mo(CO) (dfepe) and CpMn(CO)(dfepe) complexes allowed for the unique

study of electronic properties, especially the F-donor and B-acceptor capabilities of

fluorinated chelate phosphine, dfepe.  How ever, more studies needed to be performed on

other transition metal-dfepe complexes to obtain a complete set of data.  This will allow a

full understanding of the  properties of dfepe in different electronic environments.  One

4such complex that is available is Cr(CO) (dfepe).  The need is still remains for the

synthesis of the tungsten analog to complete the study of chromium triad.

The area of (fluoroalkyl)phosphine chemistry is important in the design of new B-

acceptor ligands.  With the current understanding of the electronic properties of dfepe, the

2 5 3study of related monodentate (fluoroalkyl)phosphines such as P(C F )  will facilitate the

comparison of steric and chelation effects on the electronic structure.  The monodentate

(fluoroalkyl)phosphines are more labile and offer the additional opportunity of alternative

B-acceptor coordination geometries, which are otherwise restricted in the chelate analog.   
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APPENDIX A

This project is in collaboration with Professor Steven P. Nolan at the University of

New Orleans.  The goal of this research is to investigate the electronic structure

differences in three coordinate and four coordinate Ni (N-heterocyclic carbene)

complexes using gas-phase photoelectron spectroscopy.  The difficulties associated with

the sublimation of four coordinated Ni complexes lead to incomplete results.  The data

that have been collected are included in this Appendix section for future reference.  
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EXPERIMENTAL MEASURES OF METAL-N-HETEROCYCLIC CARBENE

3BONDING IN THREE AND FOUR COORDINATE Ni SYSTEMS: Ni(CO) (L) and

2 2 3Ni(CO) (L), WHERE L = H IMes, IMes, IAd, I Bu AND P Pr .t i

Introduction

N-heterocyclic carbenes (NHC) have earned much interest as ancillary ligands in

organometallic chemistry and recent developments have drawn attention to this class of

compounds as an attractive alternative to the ubiquitous tertiary phosphines.   The178,197,198

preliminary  research involving the NHC was led by Wanzlick and co-workers  and the199

first stable crystalline carbene shown in diagram I, was isolated in Arduengo’s research

laboratories  in the form of an imidazole-2-ylidene with 1-adamantyl substituents on the200

nitrogen atoms.  

I
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Further research led to many derivatives of NHC’s, and some are even commercially

available.  Since the isolation of the first stable free imidazole-2-ylidene, these

compounds have gained enormous attention not only as stable, isolable reactants, but also

as metal-attached ligands representing a new structure principle for homogeneous

catalysts.  N-heterocyclic carbenes incorporated into transition metal systems are201,202

commonly employed as catalysts in olefin metathesis.  Of particular interest are the

ruthenium carbene complexes.   In addition to the applications in the olefin203-205

metathesis, several beneficial uses of modified organometallic systems in coupling

reactions( Suzuki and Heck),  aryl amination,  hydrogenation,  hydroformylation,206,207 208 209

and various other reactions are now well recognized.     210-213

Over the past decade, a large number of transition metal complexes incorporating

NHC’s have been synthesized  in order to achieve a deeper understanding of the214-216

fundamental steric and electronic factors characterizing these ligands and to afford a

direct comparison with a large array of tertiary phosphine data.  However, less attention215

is given to the electronic structure of NHC-metal complexes as a function of the

coordination number.  This chapter details the attempts taken towards studying the

electronic structure differences between three and four coordinate Ni-NHC systems

pictured below II.  
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II

The Frontier Electronic Structure of Free NHC.

According to a simple Hückel approach, free N-heterocyclic carbenes have three

occupied B type frontier orbitals.  Diagram III illustrates the zero node and two one node

orbital sets. 

B1       B2             B3

III

 The completely symmetric B1 orbital is stabilized in energy compared to the two one-

node orbital combination.  The B2 orbital has the node running between the two nitrogen

atoms and the $-carbons.  The B3 has the node vertically bisecting the ring between the
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carbon-carbon bond and the carbene carbon.  The B3 orbital contains a larger degree of

nitrogen character, hence it should appear at a higher ionization energy.  Gas-phase

photoelectron spectra on free NHC’s show that there are three ionizations corresponding

to the carbene F lone pair and, B2 and B3 ionizations.217,217

Experimental

General considerations. All compounds studies in this chapter were contributions

from Professor Steven P. Nolan’s research laboratory at the Department of Chemistry,

University of New Orleans.  Synthetic procedures have been published previously.   218

Photoelectron Spectroscopy During HeI and HeII data collection the instrument

3/2resolution was measured using the full-width-at-half-maximum of the argon P2

ionization.  Resolution of data presented here range from 0.024  to 0.050 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

measured have an experimental error of ±0.02 eV.  

2The free ligands, (I Bu) and (IAd)  and the three coordinate (I Bu)Ni(CO)t t

molecule presented in this chapter sublimed cleanly.   The sublimation temperatures were

monitored using a "K" type thermocouple passed through a vacuum feedthrough and
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attached directly to the ionization cell.  The sublimation temperatures and experimental

conditions for the molecules studied in this chapter can be found in Chapter 2.

Attempts to obtain the photoelectron spectra of the four coordinate series

3 2 3 2 3 2(IMes)Ni(CO) , (H IMes)Ni(CO) , ( H Pr)Ni(CO) , and (IAd)Ni(CO)  were noti

successful due to the decomposition that occurred while attempting to obtain suitable

vapor pressures of the samples in the instrument.  Decomposition was indicated by the

appearance of the free CO ligand prior to the data collection. 

Data analysis.   Data was analyzed using the computer program WinFp (version

0.15).  A detailed discussion of the fitting procedures can be found elsewhere.   113

Results and Discussion

Photoelectron Spectroscopy

A. Free N-heterocyclic carbene ligands.

Arduengo  and coworkers pioneered the investigation of the electronic strictures of217,219,220

carbenes using photoelectron spectroscopy in conjugation with theoretical studies and

concluded that the highest occupied molecular orbital of 1,3-di-tert-butylimidazol-ylidene

(I Bu) is the F-lone pair of the carbene carbon with an ionization energy of 7.68 eV.  Thet

next two ionization bands in the photoelectron spectrum corresponds to the two B1 (8.46

eV) and B2 (9.53 eV) combinations of the imidazole ring.  The He I photoelectron
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spectrum of free I Bu ligand obtained in this study is compared with those of IAd ligandt

in Figure 7.1.  A schematic representations of I Bu and IAd ligands are shown in diagramt

IV.  The spectra are modeled analytically with asymmetric Gaussian peaks and

quantitative comparison of the ionizations are shown in Table 7.1. We were able to

reproduce Arduengo’s results on the free I Bu ligand reasonably well.  Fine tuning thet

electronic effects by varying the substituents and conjugation has been a primary interest

in these systems.  The spectra of free carbenes suggest that the different alkyl substituents

on the NHC shift the F-lone pair ionization as well as the B ionizations depending on the

substituent. The bulkier adamantyl group has shifted these ionizations to lower energy

compared to t-butyl group.  Both the F-lone pair ionization and the B1 ionization in the

IAd molecule have shifted about 0.2 eV and the B2 ionization has shifted about 0.4 eV.

IV
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Table 7.1.  Fit parameters  and general assignments anda

labels of ionizations.

Position 
Halfwidth Relative Areab

Label
High, Low He I HeII/HeI

Free I But

7.60 1.0, 0.38 - - F- lp
8.20 0.83, 0.31 - - B1
9.16 0.87, 0.16 - - B2

Free IAd
7.40 060, 0.38 - - F- lp
7.97 0.53, 0.40 - - B1
8.74 0.47, 0.16 - - B2

2(I Bu)Ni(CO)t

6.68 0.84, 0.49 1.00 1 Ni d
7.43 0.65, 0.65 0.85 1.53 Ni d
8.77 0.91, 0.23 1.30 0.73 Ligand B1
9.64 0.64, 0.24 1.26 0.71 Ligand B2

All energies in eV.a

Relative to peak assigned area = 1.b
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Figure 7.1.  The He I spectra of the free I Bu(A) andt

IAd ligands(B).
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The effect of the conjugation on the carbenes has been addressed extensively

2using saturated 1,3-di-imidazol-2-ylidene (H IMes) and unsaturated (IMes) molecules by

T. Bill et al.  The authors were able to determine the electronic structure of these221

2carbenes and concluded that the saturated carbene, H IMes ionizes at lower ionization

energy than the unsaturated analogue.  

2B. Three coordinated Ni systems. (I Bu)Ni(CO)t

Metal complexes containing NHC , particularly Ru and Mo complexes,  have

been studied by photoelectron spectroscopy in terms of metal-ligand bonding and

electronic structure.  The experiments discussed in this research are a step towards221

investigating the photoelectron spectra and electronic structure of three and four co-

ordinate Ni complexes.  The comparison of the electronic structure as a function of218

coordination number would reveal interesting structure-reactivity correlations.

2The He I photoelectron spectra of free I Bu ligand and (I Bu)Ni(CO)  are shown int t

Figure 7.2.
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Figure 7.2.  He I photoelectron spectra of

2.free I Bu and (I Bu)Ni(CO)  t t
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2The assignment of (I Bu)Ni(CO)  spectrum is aided by the information known fort

4.  4Ni(CO)  The two metal d bands seen in Ni(CO)  spectrum are assigned as those222

2originated from the ionizations correspond to the T  (8.72 eV) and the E (9.67 eV)

2molecular orbitals.  Similarly, the ionization bands at 6.68 and 7.43 eV of (I Bu)Ni(CO)t

can be assign to nickel d ionizations of the d  metal center. This assignment is supported10

by He II data.  He II spectra are useful to gain an insight into the atomic character of the

orbitals corresponding to each ionization band.   Ionizations arising from primarily150

metal based orbitals are expected to increase in relative intensity compared to the

ionizations arising from carbon-based orbitals when the photon source is switched from

He I to He II.  The comparison of He I and He II photoelectron spectra are illustrated in

Figure 7.3.  The relative intensity of ionization bands in the region 6-8 eV increase

relative to the bands above 8 eV supporting the assignment of first two bands in the

region 6-8 eV to ionizations containing more Ni character.  The metal ionizations in the

2 4(I Bu)Ni(CO)  molecule appear at lower energies than those of parent Ni(CO)  indicatingt

2the higher charge potential around the Ni center in the  (I Bu)Ni(CO) .  The substitutiont

of a good acceptor CO ligand with a good donor NHC in these Ni molecules would

increase the charge potential around the metal, destabilizing the metal-based orbitals.
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Figure 7.3.  He I and He II photoelectron

2spectra of (I Bu)Ni(CO)  t
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3 2 3 2 3C. Four coordinate Ni systems (IMes)Ni(CO) , (H IMes)Ni(CO) , (H IPr)Ni(CO)

A comparison of He I and He II photoelectron spectra for the

3 (IMes)Ni(CO) molecule is shown in Figure 7.4. The ionizations of free CO were seen

3prior to the appearance of spectra collected for (IMes)Ni(CO)   molecules revealing some

kind of a decomposition. The He II data was not helpful for the assignment of ionization

bands as they do not show a significant change in intensity when compared to He I. 

Therefore, the spectra collected cannot be definitively assigned as those for

2 3 3(H IMes)Ni(CO)  and (IMes)Ni(CO) .

3 2 3 The He I photoelectron spectra of (IMes)Ni(CO)  and (H IMes)Ni(CO) are shown

3in Figure 7.5.  The photoelectron spectrum of (IMes)Ni(CO)  is very different from that

2 3  of (H IMes)Ni(CO) molecule , even though one would expect them to have close

resemblance.  

Conclusions

The inconsistencies in the results and the observation of the free CO ligand

ionization during the data collection suggest that the spectra shown in Figure 7.4 and 7.5

2 3 are not the correct representations of the ionization features of (H IMes)Ni(CO) and

3(IMes)Ni(CO)  molecules.  The decomposition that occurred while attempting to obtain

suitable vapor pressures of these samples in the instrument lead to an incomplete analysis

of the electronic structure of three and four coordinated Ni-NHC systems.       
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Figure 7.4.  He I and He II photoelectron spectra for

3 the (IMes)Ni(CO) .
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Figure 7.5.  He I photoelectron spectra of

3 (A) (IMes)Ni(CO) and (B)

2 3.(H IMes)Ni(CO)
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APPENDIX B

Time dependent density functional calculations (TD-DFT) of the electronic

2 2 2 2excitations of Cp ZrX  and (6,6-dmch) Zr(X) , where X= Cl, Br, and I were performed in

order to understand the electronic absorption spectra in depth.  Calculations were carried

out varying different exchange correlation (XC) functionals, error tolerance and

dependency parameters and this chapter will discuss these variables in detail.  The

calculated excitation energies obtained from an optimized set of variables are used to

compare with the experimental values. 
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2TIME DEPENDENT DENSITY FUNCTIONAL CALCULATIONS ON Cp(dmch)ZrX

2 2, AND Cp ZrX WHERE X= Cl, Br, I.

Introduction

The traditional density functional formalism of Hohen-berg, Kohn and Sham223,224

is a powerful tool in predicting the ground state properties of many electron systems. 

Several reliable quantum-chemical ab initio methods including time-dependent

MP2,  coupled-cluster response theory  and multiconfiguration time-dependeny225-227 228,229

Hartee-Fock (MCTDHF)  have become available over recent years for the determination230

of molecular properties such as excitation energies, frequency-dependent polarizabilities,

and frequency-dependent hyperpolarizabilities.  However, these methods are restricted to

small to medium sized systems due to the computational time requirements.  Therefore, a

computationally more efficient and accurate method is required to study the response

properties of the molecules.

The time-dependent(TD) version of DFT provides an efficient method to calculate

the molecular properties.  TDDFT was first applied two decades ago  and has since231-233

then made significant formal and practical progress.  Several groups have performed

TDDFT calculations on excitation energies ,  Raman scattering,  and frequency-234-237 238

dependent hyperpolarizabilities..   The data from these studies suggest that TDDFT239

results are superior to their TDHF counterparts and provide competitive results with

related to ab initio results.  Thus, TDDFT excel TDHF both in the accuracy and in the
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efficiency of the calculations.  However, the current implementation supports only240

closed-shell molecules.  Therefore, all response calculations must be spin restricted.

The usefulness of TDDFT in this regime implies that this is the method of choice

for calculating response properties of molecules, especially calculating excitation energies

of complex molecules, and is becoming increasingly popular for describing spectroscopic

properties of bulk solids, clusters, and nanostructures. However, it is important to know

the factors affecting the quality and the accuracy of the TDDFT results.   

This chapter details the study of different variables such as XC functionals,

symmetry, error tolerance and dependency parameters on the accuracy of TDDFT results

2 2 2for Cp ZrX  and Cp(6,6-dmch)ZrX  systems.

Experimental

             Initial geometries of the pentadienyl molecules were taken from the crystal

structures  and were optimized by density functional theory using the package ADF117

2003.01.   These calculations were carried out at the GGA (generalized gradient114

approximation) level with BLYP (Becke exchange   and LYP correlation function  ). 136 137

The atomic orbitals on all centers were described by the TZP (valence triple zeta with a

polarization function) Slater-type basis set that is readily available with the ADF package. 

Time-dependent density functional calculations (TD-DFT  ) of the electronic138,139

2 2 2excitations of Cp ZrX  and Cp(6,6-dmch)ZrX  were performed at the geometries obtained
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above but with GRACLB   (the gradient-regulated asymptotic correction, which in the140

outer region closely resembles the LB94  potential) as the XC functional.  The dipole-141

allowed singlet excitation energies were studied using the TZP basis set.  Further

experiments on varying the error tolerance in the square of the excitation energies and the

dependency revealed that the results are independent of those variables.  A dependency

check showed no numerical problems associated with the linear dependencies in the basis

set.

Results and Discussion

The results have been gathered for the dipole-allowed singlet excitation energies by

varying the XC potential, geometry, tolerance and dependency parameters on the

excitation energies.  

The choice of XC potential.

In order to establish the influence of the chosen XC potential, the results are

2compared for the Cp(6,6-dmch)ZrCl  molecule for three most important excitations with

other choices of XC potentials in Table 8.1.   It is clear from this table that there is hardly

any effect if the PW91 potential  is replaced by another GGA potential such as the241

GRACLB.   In the fourth column, the results for LB94  are given.  They will not be140 141

necessarily better than the other ones because of its poorer approximation in the region
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near the nucleus.  Nevertheless, the LB94 potential possesses the correct asymptotic154

behavior which influences the high-lying excitations.  The high-lying excitations are

underestimated in LDA or GGA potentials.  The excitation energies calculated from242

LB94 are lower in energy with respect to other results.  The calculations using SAOP  did

not reach convergence, because it does not allow frozen core orbitals.  Usually the

GRACLB or SAOP potentials give results superior to LB94.  Therefore, the GRACLB,243

the gradient-regulated asymptotic correction, which in the outer region closely resembles

the LB94  potential was chosen as the XC functional.  141
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Table 8.1. Comparisons of TDDFT results with different exchange-correlation 

potentials in experimental geometry optimized by ADF 2003.01.    114

Excitations PW91 GRACLB LB94

HOMO-LUMO 2.24 2.24 1.83

HOMO-LUMO+1 3.09 3.09 2.60

HOMO-1-LUMO 3.13 3.15 2.76
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The choice of symmetry.

Next to the xc potential, the choice of symmetry of the molecule is an important

point which should be considered.  In Table 8.2., the results for two different symmetries

1 2v 2 2(C  and C  ) for the Cp ZrX  molecule are shown for the most relevant low-lying singlet

excited states.  The difference in the excitation energies between these two symmetries

are small, hence the symmetry effect is seen to be relatively unimportant in the excited

state response calculations for these molecules.

Accuracy check.

2 2The accuracy of the TDDFT method was further investigated using the Cp ZrI

1molecule in its C  geometry.   The variables studied were Linear Dependency, TAILS

input and TOLERANCE ( 1e-6 to 1e-8)  values.  The results obtained were independent

from each of these parameters.   

A complete table of results including excitation energies (eV, nm), oscillator

2 2 2 1strengths and weight contribution for Cp ZrX  and Cp(6,6-dmch)ZrCl  in C  geometry

(GRACLB potential) is given in Table 8.3. The lowering of excitation energy upon

changing the halogen from Cl to Br to I is observed for both types of systems.  The

2calculated excitation energies of the Cp(6,6-dmch)ZrX  molecules are all seen to be

2 2substantially lower than any of those obtained for the Cp ZrX  molecules, directly leading

2 2to the intense colors of the pentadienyl species compared to the Cp ZrX  molecules. 

These are the same trends observed in the experimental excitation energies of the
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2 2 2Cp ZrX  and Cp(6,6-dmch)ZrX  molecules and details can be found in chapter 3.  The

calculated excitation energies are all about half an eV lower than the experimental

measures from the absorption spectra. 
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Table 8.2.  Effects of symmetry on selected dipole allowed singlet excitation energies

2 2(eV)  for the Cp ZrX  molecule.

2 2 2 2 2 2Excitations Cp ZrCl Cp ZrBr Cp ZrI

1 2v 1 2v 1 2vC C C C C C

HOMO-LUMO 3.15 3.04 2.83 2.77 2.33 2.28

HOMO-2-LUMO 3.60 3.52 3.28 3.26 2.68 2.66
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Table 8.3.  Comparison of dipole-allowed singlet excitation energies and oscillator

2 2 2strengths with their % weight contribution of Cp ZrX  and Cp(6,6-dmch)ZrX . 

Molecule Transition Excitation
Energy

(eV, nm)

Oscillator
Strength

Weight
Contributio
n

(%)

2 2Cp ZrCl HOMO-LUMO 3.15, 394 0.59x10 99-2

HOMO-1-LUMO 3.34, 372 0.19x10 99-3

HOMO-2-LUMO 3.60, 345 0.28x10 93-1

2 2Cp ZrBr HOMO-LUMO 2.83, 438 0.33x10 99-2

HOMO-1-LUMO 2.95, 420 0.27x10 99-3

HOMO-2-LUMO 3.28, 377 0.43x10 92-1

2 2Cp ZrI HOMO-LUMO 2.33, 531 0.94x10 99-3

HOMO-1-LUMO 2.35, 526 0.13x10 98-3

HOMO-2-LUMO 2.68, 462 0.60x10 93-1

Cp(6,6-

2dmch)ZrCl  
HOMO-LUMO 2.34, 529 0.80x10 97-2

HOMO-
LUMO+1

3.20, 388 0.70x10 54-3

HOMO-1-LUMO 3.22, 385 0.17x10 85-2

Cp(6,6-

2dmch)ZrBr
HOMO-LUMO 2.23, 555 0.69x10 97-2

HOMO-1-LUMO 2.90, 427 0.19x10 97-2

HOMO-2-LUMO 3.02, 410 0.14x10 85-1

2Cp(6,6-dmch)ZrI HOMO-LUMO 2.06, 6.2 0.90x10 95-2

HOMO-1-LUMO 2.35, 526 0.17x10 64-2

HOMO-2-LUMO 2.50, 495 0.24x10 59-1
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Conclusions

2 2 2TD-DFT calculations performed on the Cp ZrX  and the Cp(6,6-dmch)ZrX

systems reproduce the trends observed in the experimental absorption spectra.  This

indicates that the choice of the XC potential and the symmetry are reasonable for these

systems.  Further experiments on varying the error tolerance in the square of the

excitation energies and the dependency revealed that the results are independent of those

variables.  A dependency check showed no numerical problems associated with the linear

dependencies in the basis set.
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APPENDIX A

Input files for ADF 3002 for selected molecules studied in this work are given, with their

location in dll computers.

Input files for the following representative molecules are given.

2CpZr(6,6-dmch)Cl  (Geometry optimization and TD-DFT)

2 2Cp ZrCl  (Geometry optimization and TD-DFT)

Cp*Ru(2,4-dimethylpentadienyl)

Cp*Ru(2,4-dimethyloxopentadienyl)

Cp*Ru(– N-tert-butyl-3,5-dimethyl)azapentadienyl)
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2Geometry optimization for CpZr(6,6-dmch)Cl

xyz coordinates from x-ray data

dll3/cpdmchcl/Lcpdmchcl

#! /bin/ksh

$ADFBIN/adf <<eor

title cp(dmch)Cl2  BlyP geom

xc

gga blyp

end

basis

type TZP

end

charge 0 0

restricted

geometry

end

atoms cartesian

1.ZR       -1.126692    0.056911   10.305816

2.Cl       -2.720725   -1.548734   11.317232

3.Cl        0.531396   -1.493649    9.333144

4.C         0.789390    1.826263   11.131890

5.C        -0.463130    2.198954   11.572860
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6.C        -1.180364    1.375677   12.458301

7.C        -0.549080    0.169036   12.877101

8.C         0.722268   -0.128359   12.492138

9.C         1.659558    0.946394   11.997928

10.C         2.842924    0.370505   11.228189

11.H         3.422173   -0.280084   11.871051

12.H         3.495239    1.169172   10.898716

13.H         2.526067   -0.199583   10.368773

14.C         2.209896    1.746872   13.190347

15.C        -1.509910    1.902835    8.566494

16.C        -1.353797    0.721423    7.824811

17.C        -2.448529   -0.114827    8.103953

18.C        -3.296482    0.559998    9.000184

19.C        -2.718586    1.802614    9.297163

20.H         1.257261    2.382027   10.340267

21.H        -0.952982    3.048424   11.137380

22.H        -2.144952    1.652929   12.827013

23.H        -1.137099   -0.567721   13.385444

24.H         1.117022   -1.110828   12.679671

25.H         1.409905    2.178419   13.774346

26.H         2.852323    2.546407   12.839933

27.H         2.796662    1.102602   13.833040

28.H        -0.852799    2.746137    8.544876

29.H        -0.531463    0.482194    7.186703

30.H        -2.599667   -1.102245    7.716094

31.H        -4.202696    0.172617    9.411781

32.H        -3.135805    2.549553    9.936280

end

endinput
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eor

2TD_DFT for CpZr(6,6-dmch)Cl

dll2/tdcl/graclb-cl

#! /bin/ksh

$ADFBIN/adf <<eor

title cp(dmch)cl2  BlyP geom

xc

model graclb 0.28

end

basis

type TZP

end

charge 0 0

restricted

RELATIVISTIC Scalar ZORA

EXCITATION

allowed

Lowest 10
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end

atoms cartesian

1.ZR       -1.137709    0.050276   10.301196

2.Cl       -2.752410   -1.586630   11.321453

3.Cl        0.531110   -1.541517    9.318353

4.C         0.815559    1.867158   11.156001

5.C        -0.455616    2.232252   11.603687

6.C        -1.178596    1.388531   12.495720

7.C        -0.530048    0.169710   12.920939

8.C         0.759961   -0.124643   12.534569

9.C         1.704607    0.970451   12.025959

10.C         2.902397    0.393756   11.232666

11.H         3.506063   -0.257668   11.880161

12.H         3.551960    1.210851   10.887627

13.H         2.577450   -0.190364   10.365796

14.C         2.270437    1.781659   13.236288

15.C        -1.521704    1.933573    8.532535

16.C        -1.359516    0.738413    7.779345

17.C        -2.471198   -0.109705    8.053059

18.C        -3.335644    0.573177    8.957304

19.C        -2.751091    1.831131    9.265087

20.H         1.289287    2.441770   10.358248

21.H        -0.957160    3.095869   11.170218

22.H        -2.157186    1.664265   12.876444

23.H        -1.121807   -0.580459   13.439952

24.H         1.166770   -1.117643   12.730586

25.H         1.461017    2.216313   13.835936

26.H         2.918546    2.595942   12.878387

27.H         2.870789    1.126136   13.884870
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29.H        -0.520501    0.497223    7.137584

30.H        -2.620875   -1.109366    7.659996

31.H        -4.258433    0.181668    9.367433

32.H        -3.176987    2.588049    9.914053

end

endinput

eor

2 2Geometry optimization for Cp ZrCl

dll3/zircon/zr/zr-lda

#! /bin/ksh

$ADFBIN/adf <<eor

title cp(dmch)cl2  BlyP geom

xc

gga blyp

end

basis

type TZP

end

charge 0 0

restricted

geometry
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end

atoms cartesian

1.Zr       -8.326737    4.896048    3.297100

2.C        -5.825189    4.223881    3.113015

3.C        -6.079481    4.348795    4.483313

4.C        -6.372515    5.700843    4.754303

5.C        -6.277463    6.413909    3.544141

6.C        -5.957240    5.497994    2.523721

7.C       -10.509789    6.136953    3.920203

8.C       -10.771384    5.514857    2.688582

9.C        -9.958311    6.120499    1.712373

10.C        -9.175635    7.099344    2.342702

11.C        -9.513783    7.106265    3.718196

12.H        -5.608940    3.315082    2.595037

13.H        -6.092262    3.551793    5.194246

14.H        -6.603072    6.111780    5.714310

15.H        -6.406162    7.467943    3.425505

16.H        -5.817416    5.727067    1.488567

17.H        -9.111346    7.758940    4.463022

18.H        -8.475590    7.747899    1.861884

19.H       -10.961950    5.886587    4.854686

20.H       -11.451837    4.706707    2.524316

21.H        -9.924196    5.856846    0.677679

22.Cl       -8.450278    3.253801    1.452738

23.Cl       -9.128089    3.549343    5.210960

end

endinput

eor
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...............................................................................................................................................

2 2TD-DFT for  Cp ZrCl

#! /bin/ksh

$ADFBIN/adf <<eor

title cp(dmch)cl2  BlyP geom

xc

model graclb 0.32

end

basis

type TZP

end

charge 0 0

restricted

EXCITATION

allowed

Lowest 10

end

atoms cartesian

1.Zr       -8.327954    4.892425    3.297752 

2.C        -5.783092    4.212620    3.113724 

3.C        -6.040204    4.340253    4.501752 

4.C        -6.339806    5.711305    4.775405 
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5.C        -6.242624    6.433177    3.548507 

6.C        -5.919948    5.504030    2.514562

7.C       -10.545679    6.163118    3.928076

8.C       -10.814104    5.528906    2.682052

9.C        -9.991199    6.139567    1.689087

10.C        -9.194659    7.131717    2.323840

11.C        -9.534446    7.142907    3.718918

12.H        -5.561069    3.290402    2.588320

13.H        -6.050330    3.533143    5.225664

14.H        -6.574811    6.128951    5.749642

15.H        -6.373969    7.503040    3.427071

16.H        -5.780174    5.735182    1.462958

17.H        -9.123292    7.805998    4.473265

18.H        -8.483123    7.786949    1.832465

19.H       -11.003366    5.913314    4.878516

20.H       -11.506910    4.709530    2.518931

21.H        -9.958594    5.869881    0.639196

22.Cl       -8.450219    3.232396    1.430550

23.Cl       -9.138110    3.526357    5.233151

end

endinput

eor

 ..............................................................................................................................................

Geometry optimization for Cp*Ru(2,4-dimethylpentadienyl)

dll2/rupenta-lda/cpdmcho-lda

#! /bin/ksh
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$ADFBIN/adf <<eor

title cp(dmchO)Ru  BlyP geom

xc

gga blyp

end

basis

type TZP

end

charge 0 0

restricted

geometry

end

atoms cartesian

1.Ru        1.57100        3.46900        2.97400

2.O       -0.26500        4.59200        3.22400

3.C        1.22000        2.91100        5.03200

4.C        0.09600        2.50500        4.25700

5.H        0.01700        1.55400        4.14300

6.C       -0.56500        3.27900        3.30000

7.C        1.65500        4.18400        5.01100

8.H        1.01500        4.85800        5.25100

9.H        2.53200        4.34700        5.36700

10.C        1.94600        1.87100        5.83500

11.H        1.59500        1.84200        6.72800
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12.H        1.81900        1.01700        5.41300

13.H        2.88300        2.07400        5.86600

14.C       -1.59800        2.73700        2.36900

15.H       -2.46400        2.78000        2.78200

16.H       -1.60400        3.24900        1.55600

17.H       -1.38500        1.82100        2.16900

18.C        3.64900        3.28400        2.48100

19.C        3.11200        4.40400        1.78800

20.C        2.10100        3.89700        0.91300

21.C        2.04000        2.49200        1.05500

22.C        2.98400        2.10100        2.05100

23.C        4.79700        3.33600        3.45000

24.H        5.62400        3.22900        2.97500

25.H        4.79600        4.18100        3.90600

26.H        4.70100        2.62600        4.09100

27.C        3.58300        5.82400        1.89000

28.H        4.27500        5.97700        1.24300

29.H        2.85100        6.42300        1.72500

30.H        3.93100        5.98000        2.77200

31.C        1.27300        4.71500       -0.02900

32.H        1.70900        4.77000       -0.88300

33.H        0.41300        4.30200       -0.13500

34.H        1.16200        5.59900        0.33100

35.C        1.15200        1.56800        0.27200

36.H        1.60700        1.29500       -0.52800

37.H        0.95000        0.79600        0.80500

38.H        0.33800        2.01900        0.03800

39.C        3.27700        0.70700        2.45500

40.H        3.94700        0.34500        1.87100

41.H        3.59600        0.68900        3.35900
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42.H        2.47600        0.18000        2.38800

end

endinput

eor

...............................................................................................................................................

Geometry optimization for Cp*Ru(2,4-dimethyloxopentadienyl)

dll3/ruoxo-lda

#! /bin/ksh

$ADFBIN/adf <<eor

title cp(dmchO)Ru  BlyP geom

xc

gga blyp

end

basis

type TZP

end

charge 0 0

restricted

geometry

end
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atoms cartesian

1.Ru        1.57100        3.46900        2.97400

2.O       -0.26500        4.59200        3.22400

3.C        1.22000        2.91100        5.03200

4.C        0.09600        2.50500        4.25700

5.H        0.01700        1.55400        4.14300

6.C       -0.56500        3.27900        3.30000

7.C        1.65500        4.18400        5.01100

8.H        1.01500        4.85800        5.25100

9.H        2.53200        4.34700        5.36700

10.C        1.94600        1.87100        5.83500

11.H        1.59500        1.84200        6.72800

12.H        1.81900        1.01700        5.41300

13.H        2.88300        2.07400        5.86600

14.C       -1.59800        2.73700        2.36900

15.H       -2.46400        2.78000        2.78200

16.H       -1.60400        3.24900        1.55600

17.H       -1.38500        1.82100        2.16900

18.C        3.64900        3.28400        2.48100

19.C        3.11200        4.40400        1.78800

20.C        2.10100        3.89700        0.91300

21.C        2.04000        2.49200        1.05500

22.C        2.98400        2.10100        2.05100

23.C        4.79700        3.33600        3.45000

24.H        5.62400        3.22900        2.97500

25.H        4.79600        4.18100        3.90600

26.H        4.70100        2.62600        4.09100

27.C        3.58300        5.82400        1.89000

28.H        4.27500        5.97700        1.24300

29.H        2.85100        6.42300        1.72500
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30.H        3.93100        5.98000        2.77200

31.C        1.27300        4.71500       -0.02900

32.H        1.70900        4.77000       -0.88300

33.H        0.41300        4.30200       -0.13500

34.H        1.16200        5.59900        0.33100

35.C        1.15200        1.56800        0.27200

36.H        1.60700        1.29500       -0.52800

37.H        0.95000        0.79600        0.80500

38.H        0.33800        2.01900        0.03800

39.C        3.27700        0.70700        2.45500

40.H        3.94700        0.34500        1.87100

41.H        3.59600        0.68900        3.35900

42.H        2.47600        0.18000        2.38800

end

endinput

eor

..............................................................................................................................................

Geometry optimization for Cp*Ru(– N-tert-butyl-3,5-dimethyl)azapentadienyl)

dll2/rupenta-lda/rupdlN

#! /bin/ksh

$ADFBIN/adf <<eor

title cp(dmch)cl2  BlyP geom

xc
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gga blyp

end

basis

type TZP

end

charge 0 0

restricted

geometry

end

atoms cartesian

1.Ru        1.40500        2.45700        2.87800

2.C        1.92800        4.58700        2.82300

3.C        0.54400        4.44300        3.11400

4.C        0.11600        3.59400        4.17600

5.C        0.89900        2.82200        5.03200

6.C       -0.45900        5.10400        2.23200

7.C        0.24400        1.87400        5.96400

8.C        4.27300        4.25400        3.33700

9.C        4.66700        3.96100        1.90700

10.C        5.02900        3.37200        4.28100

11.C        4.55100        5.69800        3.64200

12.C        1.41000        0.27000        2.76200

13.C        2.43400        0.74400        1.91600

14.C        1.87800        1.57600        0.92700

15.C        0.47800        1.59600        1.13300
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16.C        0.18900        0.80700        2.26500

17.C        1.57100       -0.74200        3.83900

18.C        3.85000        0.25800        1.98400

19.C        2.57200        2.14800       -0.26000

20.C       -0.50800        2.21200        0.22600

21.C       -1.16300        0.46300        2.79300

22.N        2.83000        4.02300        3.63900

23.H        2.22100        5.09800        1.99100

24.H       -0.87400        3.41900        4.20300

25.H        1.84200        3.25500        5.28100

26.H       -1.39400        4.93800        2.55600

27.H       -0.30600        6.11200        2.23400

28.H       -0.37500        4.78300        1.29000

29.H        0.93000        1.37000        6.52000

30.H       -0.40100        2.31300        6.57400

31.H       -0.26800        1.15200        5.43300

32.H        5.63800        4.13000        1.73500

33.H        4.12500        4.50500        1.25100

34.H        4.48400        2.97500        1.69500

35.H        6.01000        3.43000        4.17700

36.H        4.78400        3.56000        5.24800

37.H        4.75700        2.38500        4.11400

38.H        5.50500        5.94700        3.46400

39.H        4.34600        5.91200        4.61400

40.H        3.96000        6.30900        3.07800

41.H        0.70600       -0.91500        4.34000

42.H        2.25000       -0.43000        4.54900

43.H        1.90800       -1.62700        3.49300

44.H        4.01600       -0.31700        2.79700

45.H        4.49600        1.07100        2.08200



239

46.H        4.14000       -0.23700        1.17100

47.H        3.57400        2.02700       -0.20000

48.H        2.39400        3.14700       -0.34400

49.H        2.26300        1.71600       -1.12300

50.H       -0.05500        2.72900       -0.52200

51.H       -1.09700        2.87800        0.72700

52.H       -1.11800        1.53100       -0.19700

53.H       -1.90700        0.98500        2.27200

54.H       -1.28500        0.72100        3.75900

55.H       -1.39100       -0.50700        2.68900

end

endinput

eor
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