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The diversity of transition metal complexes allows for a wide range of chemical 

processes to be mediated by the metal, from catalysis to surface chemistry. Investigations into 

the structure and electronic configuration of transition metal complexes allow for tuning of 

desired species by modifications to the ligands and/or metals to achieve more efficient 

thermodynamics and kinetics for the process of interest. Transition metals, often used in catalysts 

for a number of important processes, require detailed descriptions of intermediates, transition 

states and products to fully characterize a reaction mechanism(s) in order to design more active 

and efficient catalysts.  

Computational investigations into inorganic catalysts are explored with the aim of 

understanding the activity of each species and how modifications of supporting ligands, co-

ligands and metals vary the interaction along the reaction pathway. Reported results give 

important insight into the development of the most active complexes in addition to determining 

the least active complexes to aid experimental development.  

This report first investigates the mechanisms of two unique transfer reactions: 1) 

formation of low coordinate nickel-nitrene ((P~P)Ni=NR; P~P = 1,2-bis(dihydrophosphino)-

ethane or 1,2-bis(difluoromethylphosphino)-ethane) complexes as catalysts for nitrogen atom 

transfer and 2) oxidation of a triphosphorus niobium complex, [(η2-P3SnPh3)Nb(OMe)3], for the 

transfer of the phosphorus synthon, Ph3SnP3. These reactions have utility in the synthesis of 

nitrogen and phosphorus containing molecules, respectively, and the results presented provide 

mechanistic insight into the synthesis of the organometallic intermediates. 



Additionally, a computational approach towards rational catalyst design was performed 

on the ruthenium based hydroarylation catalyst TpRu(CO)(Ph) [Tp = hydrido-

tris(pyrazolyl)borate]. Targeted modifications at the Tp, metal and co-ligand (CO) sites were 

studied in order to tune the electronics and sterics of the catalyst. Modifications, through 

computational methods, provided a more cost- and time-efficient way to study the impact of 

modifications, which provided direct input into attractive synthetic targets.  

The research described heir in highlights the use of computational chemistry 

methodologies, specifically DFT, in collaboration with experimental results, for the accurate 

description of reaction geometries and factors influencing the thermodynamics and kinetics of 

the systems. Valuable insight is gained by treating inorganic complexes with theoretical methods 

and additionally provides a fast, cheap way to predict and understand the chemistry of such 

complex systems. 
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CHAPTER 1 

INTRODUCTION 

Since the theory of coordination chemistry was introduced by Werner
1
 in1893, transition 

metal complexes have seen an explosion of research, characterization and utility in biological 

and synthetic transformations.
2-4

 While many metal compounds and alloys were used prior to 

understanding their fundamental chemistries,
5,6

 the role of structure and bonding, at the atomic 

level, in a chemical reaction was only vaguely understood before the 20
th

 century. The 

development of valence shell electron pair repulsion (VSEPR) theory,
7
 crystal field theory 

(CFT),
8,9

 and molecular orbital (MO)
10

 theory provided inorganic chemists with both a 

qualitative and quantitative way to analyze stabilities of metal complexes by determining the 

electronic configuration and structure of the system. From these early studies, it became clear 

that the number of electrons in the valence d orbital manifold was an important determinant of 

structure and reactivity. Exploitation of these theories led to the development of a vast number 

transition metal complexes which is now well over 200,000 in the Cambridge Structural 

Database  and continuously growing.
11

 

The understanding of myriad coordination environments, oxidation states, valence d-

electron counts, electron configurations, and isomerizations are only a small handful of the 

properties an inorganic chemist must decipher when studying transition metals and their 

complexes. However, it is this same diversity that makes the transition metals chemically 

interesting and gives them the ability to serve as effective catalysts for a large number of 

reactions in biological systems and for industrial processes.
4
 In addition, the variety of ligands 



 

2 

available for coordination to the metal makes for a seemingly endless combination of complexes 

from which to sample in order to develop more efficient catalysts and materials. 

The availability of the computer in modern day society, and the exponential growth in 

computing power,
12

 provides a powerful tool to chemists to investigate electronic structure and 

mechanistic details to aid in rational catalyst design, predict new complexes, and understand 

their activity and factors driving reaction processes. At the heart of computational methodologies 

is the elegant Schrödinger equation: 

 

ΕΨΨΗ ˆ
 

 

Known for both the simplicity of its representation and the complexity of its solution, this 

equation has become an iconic monument for all quantum chemists. Employing a handful of 

accurate approximations to describe the physics of electrons,
13

 one can solve, self-consistently, 

for the ground state geometry and energy of systems from a single atom to hundreds or 

thousands depending on the level of approximations employed.  

 The density functional theory (DFT) formalism of quantum mechanics was introduced 

originally by Fermi and Thomas,
14,15

 improved by Hohenberg and Kohn,
16

 and later made 

computationally viable by Kohn and Sham.
17

 DFT stands apart from earlier computational 

strategies by using the electron probability density function, (x, y, z), in place of the 

wavefunction, (x, y, z) (although Kohn-Sham equations that are the basis for DFT methods 

today utilize the wavefunction to determine the kinetic energy functional).
13

 The Kohn-Sham 

equation is in the form 
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with the Kohn-Sham operator, 
KSĥ , defined as 
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The first term is the electronic kinetic energy of noninteracting electrons (reference system), the 

second term is the external potential, the third term is the electrostatic repulsion energy term and 

the fourth term, the exchange correlation potential, XC , is the functional derivative of the 

exchange-correlation energy,  )(rXCE , with respect to the electron density, )(r , 
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where the electron density,  
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is expressed as the probability of finding an electron in a volume element dx dy dz centered on a 

point with coordinates x, y, z. The ground state electron density, 0 , which is equal to the ground 

state electron density of the noninteracting reference system, r , is defined by the spatial 

orbitals, 
KS , as 
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After the implementation of the Kohn-Sham equations, DFT saw perhaps its widest usage 

in the field of materials science where modeling periodic bulk materials such as metals yielded 

fairly accurate results as compared to prior numerical theories. It was not until a few decades ago 

when the descriptions of electron exchange and correlation, EXC, became increasingly accurate 

for the description of smaller molecules that DFT was accepted as a sound molecular calculation 

tool (although caution must, of course, still be used in interpreting results).
18-22

 Presently, there 

are numerous investigators developing EXC functionals to accurately describe transition metal 

complexes, which remains a formidable challenge due to the aforementioned chemical 

diversity.
18,19

 

 In 1988 Becke released the now ubiquitous B3LYP hybrid functional, which is a 

manipulation of the „pure‟ Lee-Yang-Parr (LYP) functional to which are added three parameters 

for precise control of the amount of exchange and correlation energy.
20

 The overall accuracy of 

geometry and energetics
13,20

 produced by B3LYP has made it the most common functional used 

by computational chemists modeling transition metal complexes at the molecular level.
18

 

 Since catalytic reactions can be difficult to experimentally characterize as they proceed 

through important, yet non-isolatable, transition states (TSs), computational methods can provide 

insight often not available from experiment. DFT calculations (either gas-phase or solvated), 

with proper selection of functional and basis set, can accurately identify transition states for 

catalytic processes. Identification of transition states and/or intermediates allows insight into 

structure (molecular and electronic) - property (catalytic) correlations to identify leads for new 

catalysts. 

  The use of computational methodologies to gain insight into electronic structure and 

thermodynamics of transition metal processes, further described in each chapter, is the major 
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theme in the following chapters of this dissertation. The description of the mechanisms for 

nitrene (LxM=NR) complex formation is presented in Chapter 2. The understanding of nitrene 

intermediates is important for the synthesis of N-containing molecules such as amines, aziridines, 

and pharmaceutical molecules. In a similar strategy, Chapter 3 focuses on modeling the reaction 

pathway for oxidation of a niobium(IV) complex containing a P3
-
 ligand and was carried out in 

collaboration with experimentalist Prof. Christopher Cummins of the Massachusetts Institute of 

Technology who introduced the synthetic utility of this complex as a phosphorus transfer 

reagent.
21

 Determination of the lowest energy barrier in the O-atom transfer transition state was 

achieved by DFT methods and analyzed against experimental results. Implications for the 

important Baeyer-Villiger oxidation in an organometallic setting were discussed by comparing 

and contrasting insertion of O into a Nb-P (experimental system) versus a Nb-C (hypothetical 

model) bond. 

 Chapter 4 presents a detailed analysis of the use of computational methods for 

characterizing catalyst activity, determining electronic and steric factors, and rationally designing 

new catalysts for olefin hydroarylation with increased efficiency and targeted syntheses in 

collaboration with Prof. Brent Gunnoe‟s (University of Virginia) experimental group. 

Investigations into new hydroarylation catalysts for the production of ethylbenzene, from 

ethylene and benzene, will target a more efficient, cost-effective mechanism, to compete with the 

problematic, energy intensive C-C coupling industrial standard; the Friedel-Crafts reaction. 

Gunnoe‟s active TpRu(CO)(R) catalyst motif (Tp = hydrido-tris(pyrazolyl)borate; R = Me, Ph) 

has been extensively studied for the catalytic production of ethylbenzene and serves as a baseline 

to which new catalyst designs will be compared.
22

 Targeted changes to the ligands and metal via 
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computational methods provide insight into the role of electron density, steric requirements, and 

most importantly, the correlation of the two for hydroarylation catalysis. 

 



 

Portions of text in sections 2.1 – 2.4 reproduced with permission from American Chemical Society from 68. 
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CHAPTER 2 

A COMPUTATIONAL STUDY OF METAL-MEDIATED DECOMPOSITION OF NITRENE 

TRANSFER REAGENTS 

2.1. Introduction 

Amines and aziridines are important chemical intermediates, and are often synthesized 

via metal-catalyzed nitrene transfer to olefins.
23

 Nitrene transfer has gained importance recently 

with the need for cost-effective, eco-friendly catalytic reactions to produce amines and aziridines 

from simple organic substrates and inexpensive hydrocarbon feedstocks.
24 

These concerns have 

motivated the use of simple organic azides for which N2 is a benign leaving group. Several metal 

catalysts have been explored as a tool in N-atom transfer reactions using azides to form new 

nitrogen-carbon or nitrogen-heteroatom bonds.
25

 Transition metals can bind to the different 

nitrogens of RN3, depending on both electronic and steric effects as discussed in an excellent 

review by Cenini et al.
24

  

The majority of biologically important molecules such as natural products and 

pharmaceuticals contain nitrogen in their frameworks.
23

 Designing effective catalysts has been 

explored by many groups.
23,25,26

 Li and He explored Ag catalysts (in the presence of an oxidant) 

to produce aziridines from olefins and amines by hydrocarbon C-H bond activation.
26

 Warren‟s 

group, in collaboration with our own, studied copper--diketiminates for nitrene transfer
27-30

 

with organic azides used as nitrene transfer reagents in the experiments.
29,30 

Dias et al. 

synthesized stable Cu(I) and Ag(I) complexes of organic azides having highly flourinated 
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scorpionate co-ligands to identify the role of sterics and electronics in azide coordination 

between the two different metal centers.
31

 Heyduk and coworkers have employed redox-active 

ligands for catalytic nitrene transfer in which the Zr(IV)  center remains d
0
 and the support 

ligand, [NNN
cat

], is reversibly oxidized/reduced.
32

  

While many approaches to aziridination and nitrogen transfer reactions utilize aryl or 

alkyl nitrogen reagents
28,29,33,34

, compounds like [N-(p-tolylsulfonyl)imino]-phenyliodinane 

(PhI=NTs) are also convenient for aziridination and amination of organic substrates in the 

presence of transition metal (TM) catalysts.
35

 Mansuy and coworkers first reported aziridination 

of alkenes by metal-porphyrin complexes in the presence of PhI=NTs where they identified 

metal nitrene (M=NTs) intermediates.
36-38

 Aziridination of a plethora olefins by Evans et al. 

introduce the versatility of PhI=NTs as a nitrogen source with copper catlaysts.
39,40

 

Enantioselective aziridination reactions using PhI=NTs as the nitrene source have been explored 

by Jacobsen and co-workers.
41,42

 These early studies of catlaytic aziridination with copper 

complexes paved the way for the explosion of many different aziridine reactions seen in the 

literature utilizing a variety of catalysts and nitrogen reagents. 

More recently, Perez and co-workers have reported Cu complexes that catalyze nitrene 

transfer reactions with PhI=NTs.
43-45

 Phillips et al. explored the mechanisms of PhI=NTs with an 

iron catalyst in the production of syn- and anti-aziridines.
46

 In addition, Martínez-García et al. 

have synthesized a dicopper 1,3,5-tris(thiocyanatomethyl)mesitylene for catalytic nitrene transfer 

using PhI=NTs as the nitrene source.
47

 Additional hetero-atom nitrene sources have become 

common in the literature for the synthesis of nitrogen containing compounds. For example, 

Martínez-García et al. also studied the effect of calyx[4]pyrrole on the CuCl-mediated reaction of 

chloramine-T (TsNCl
-
Na

+
) with styrene.

48
 Lebel‟s group has explored the use of a variety of 
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hetero-atom nitrogen transfer reagents to enhance stereoselectivity of products when a dirhodium 

or copper catalyst is used.
49

  

 

LnNi  +  XN-Y    LnNi=NX  +  Y    (2.1) 

XN-Y = organic azide (R”N3), iodonium imide (RN=IR‟) 

 

Nitrene complexes have long been proposed as key intermediates in metal-catalyzed 

nitrene transfer,
5
 although their isolation for catalytically competent systems is usually difficult. 

Late (Group 9 – 12) transition metals, particularly the 3d metals, have seen recent success in 

terms of isolating stable nitrene complexes and inspecting their reactivity. Examples of nitrene 

complexes, which were until recently largely limited to metals from the early and middle 

portions of the d-block, have recently been augmented by those of the later transition 

metals.
44,45,50,51

 Geometries of these complexes vary and the metal-nitrogen bond length depends 

strongly on the d-electron count of the metal as discussed by Berry.
52

 

         

Figure 2.1. Ni catalysts employed for nitrene transfer reactions. Left: (dfmpe)Ni; Right: 

(dhpe)Ni. This figure is reproduced with permission from American Chemical Society 

from 68. 

 

Previous computations suggests that Ni-bis(phosphines) are viable catalysts for amination 

of Csp3-H bonds, particularly catalysts with electron-withdrawing perfluoroalkyl substituents on 
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phosphorus.
53

 The model catalyst, (dhpe)Ni, dhpe = 1,2-bis(dihydrophosphino)-ethane), Figure 

2.1, was shown via DFT to be thermodynamically and kinetically competent for activation and 

decomposition of aliphatic azides to yield N2 and nitrene complexes, (dhpe)Ni=NR.
54

 However, 

the transfer reagent is typically a heteroatom-substituted entity in most syntheses. For this study, 

we examined seven (7) compounds, Figure 2.2, to act as nitrene transfer reagents according to 

eqn (2.1). 

 

Figure 2.2. Nitrogen containing molecules modeled for nitrene decomposition catalysis. 

Compounds 1 – 5 exhibit hetero-atoms attached to the nitrogen while 6 and 7 have small 

hydrocarbon substituents. 
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Based on thermodynamic data obtained from DFT calculations, 1 and 2 show the most 

exothermic reactions with (dhpe)Ni among the organic azides and iodonium imides we 

investigated and will be the focus of this chapter.  

 
1 NNs 

 
2 PhI=NTs 

Figure 2.3. Compounds studied for Ni-mediated nitrene transfer. Top: 4-

Nitrobenzenesulfonyl azide, NNs, 1. Bottom: N-(tolylsulfonyl)imino] phenyliodinane, 

PhI=NTs, 2. This figure is reproduced with permission from American Chemical Society 

from 68. 

 

2.2. Computational Methods 

All calculations presented in this chapter used the Gaussian 03 package.
55

 Specifically, 

the B3LYP functional was employed,
56,57

 in conjunction with the effective core potentials and 
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valence basis sets (CEP-121G) of Stephens et al.
58

 The basis sets were augmented with a d-

polarization function for main group elements. 

Hybrid quantum/molecular mechanics calculations employed the ONIOM
59-61

 

methodology developed by Morokuma et al. The Universal Force Field (UFF)
62

 was assigned to 

atoms in the molecular mechanics region (low layer) and the B3LYP/ 6-31G(d) level of theory 

was used for the quantum region (high layer).  

Calculated Hessians confirm stationary points as minima or transition states (zero or one 

imaginary frequency, respectively). Thermochemistry is determined at 1 atm and 298.15 K. 

 

2.3. Results and Discussion 

2.3.1. 4-Nitrobenzenesulfonyl azide 

The mechanism of azide decomposition has been discussed by Ison et al. for Re 

complexes,
63

 who showed that TM-nitrene complexes form at ambient temperatures without 

thermal or photochemical activation, producing N2 as the only byproduct. Density functional 

theory and ab initio calculations by Hall et al.
64,65

 evaluated the pathways for thermal 

decomposition of organic azides as well as non-thermal decomposition of nitrenes by the Re 

complexes of Ison et al.  

“Metal-free” pathways for decomposition of 1 (4-nitrobenzenesulfonyl azide, NNs), prior 

to nickel binding, involve azide cyclization (1a) and N2 loss (1b), and are endothermic by +37.5 

and +7.7 kcal/mol, respectively, Figure 2.4. In the latter, the nitrene is in its triplet ground state. 

The enthalpic cost to reach 1b from 1, when coupled with a favorable TS term for 
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fragmentation, may allow it to be accessible, and competitive with a metal-catalyzed cycle to 

form organic products.  

 

Figure 2.4. Geometric rearrangements for Ns, 1. (
3
NNs denotes triplet ground state of 

lowest free energy). This figure is reproduced with permission from American Chemical 

Society from 68. 

 

Favorable thermodynamics are calculated upon reacting (dhpe)Ni and 1, Figure 2.5. The 

most stable structure entails 
2
-N,N coordination of the terminal two nitrogens of azide 1 Figure 

2.6; ligation is exothermic by -48.0 kcal/mol. The stability of 1d is consistent with products 

determined in a recent study of the reaction of aryl azides with Ni
0
 starting materials.

33
 The 

calculated geometry of 1d compares well to the X-ray structure of (dtbpe)Ni(
2
-N,N-N3Ar),

33
 

dtbpe = 1,2-bis(di-tert-butyl-phosphino)ethane, Ar = mesitylazide; calcd.: Ni-N = 1.89 (N1), 1.83 

(N2) Å; N1-N2 = 1.23 Å; N2-N3 = 1.33 Å, exptl.: Ni-N = 1.91 (N1), 1.81 (N2) Å; N1-N2 = 1.24 Å; 

N2-N3 bond length: 1.31 Å.
33
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Figure 2.5. Calculated reaction diagram for the decomposition of the organic azide 1. (R 

= SO2(p-nitrobenzene)). Quoted values are enthalpies (kcal/mol) and are determined at 

298.15 K and 1 atm. (1f not stable as a minimum or TS; hence, no enthalpy value 

available). This figure is reproduced with permission from American Chemical Society 

from 68. 

 

After 
2
-NN azide bonding to (dhpe)Ni, rearrangement to a linear isomer (1e) is 

calculated to be endothermic by +12.4 kcal/mol. This rearrangement provides an accessible 

pathway for cyclization, which eliminates N2 and yields the triplet (dhpe)Ni=NX product in a 

very exothermic reaction. Interestingly, no metallocycle structure, 1f, was identified that may 

suggest a straight path to 1g for nitrene formation as suggested by Hall.
65

 Calculations did 

identify an „internal‟ linkage isomer (1g, Figure 2.7) 4.3 kcal/mol lower in energy than 1e, in 

which Ns coordinates to nickel via the internal nitrogen of the azide moiety. DFT calculations 

indicate the triplet ground state for 1g is the preferred configuration. Optimized singlet 

complexes show the N2 group leaving and never converged with the azide still intact. From this 

geometry, N2 could be readily liberated in a manner similar to that proposed by Hall et al.
64,65

 A 
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transition state (TS) for N2 elimination from (dhpe)Ni=NNs could not be found despite having 

isolated such TSs in previous studies of aliphatic azides,
54

 presumably reflecting the great 

exothermicity of N2 loss from Ns.
 
Alternative pathways (singlets, triplets) yielded no favorable 

geometries. Transition state searches reverted to lower energy minima already found. 

 

Figure 2.6. Calculated optimized geometry of 1d: (dhpe)Ni-(
2
-NN-1). Bond lengths 

reported in Å, angles in degrees. Figure This figure is reproduced with permission from 

American Chemical Society from 68. 

 

 

Figure 2.7. Optimized geometry of internally N-bound local minima 1g. Enthalpy is -4.3 

kcal/mol lower than complex 1e. Bond lengths reported in Å, angles in degrees. This 

figure is reproduced with permission from American Chemical Society from 68. 

 

Elimination of N2 from 1g is exothermic by 34.1 kcal/mol, Figure 2.5. Interestingly, the 

(dhpe)Ni=NX complex, 1h, Figure 2.8, that is formed from 1 is predicted to have a triplet ground 
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state, 4.4 kcal/mol more stable (H) than the singlet. This is in contrast with results for Ni-

nitrenes with aryl and alkyl substituents, which predict a singlet as the most stable nitrene spin 

state.
53,54,66

  

 
1
(dhpe)Ni=NNs 

 
3
(dhpe)Ni=NNs 

Figure 2.8. Optimized geometries complex 1h (singlet, top; triplet, bottom) showing the 

elongated Ni-N bond due to the distortion in geometry for the hetero-atom nitrene. Bond 

lengths reported in Angstroms, bond angles in degrees. 

 

Figure 2.9 displays the two Kohn-Sham orbitals in which the unpaired electrons reside, 

one primarily on Ni and the other located on the nitrene nitrogen. Disruption of a Ni=N -bond is 

indicated in this diradical nitrene. The Ni=Nnitrene bond length elongates to 1.81 Å in 

3
(dhpe)Ni=NX in comparison to the singlet bond length of 1.70 Å in 

1
(dhpe)Ni=NX, Figure 2.8.  
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Figure 2.9. Molecular orbital representation of singly occupied Kohn-Sham orbitals in 
3
(dhpe)Ni=N-SO2(p-nitrobenzene). This figure is reproduced with permission from 

American Chemical Society from 68. 

 

2.3.2. [N-(tolylsulfonyl)imino] phenyliodinane 

 

Figure 2.10. Triplet “isomer” of PhI=NTs (2). This figure is reproduced with permission 

from American Chemical Society from 68. 

 

Compound 2, [N-(tolylsulfonyl)imino]phenyliodinane (PhI=NTs), contains polyvalent 

iodine. One “isomer” is seen for metal-free reaction, Figure 2.10. Optimization of triplet 

PhI=NTs results in 2a, in which PhI dissociates. This pathway is endothermic by only +0.7 

kcal/mol (G = -15.2 kcal/mol). A triplet nitrene is thus calculated to be more energetically 

accessible from iminoiodinane 2 than azide 1. Once PhI=NTs coordinates to the Ni catalyst, it 

can form several linkage isomers. The highest energy metal-bound isomer isolated is exothermic 

by -18.2 kcal/mol relative to uncoordinated reactants, and is a phenyl iodine complex of 

(dhpe)Ni, which makes 
3
NTs the leaving group. Figure 2.11 shows the energy diagram for 

decomposition of PhI=NTs.  

 



 

18 

 

Figure 2.11. Calculated energy diagram for the decomposition of PhI=NTs, 2. (R= p-

tolyl). Quoted values are enthalpies (kcal/mol). This figure is reproduced with permission 

from American Chemical Society from 68. 

 

Well below (dhpe)Ni-IPh + 
3
NTs is a manifold of conformations in which NTs is ligated 

to Ni with PhI dissociated. The lowest energy (dhpe)Ni(PhI=NTs) conformation (2e), -81.3 

kcal/mol below separate reactants, contains a Ni-O-S-N-I ring, Figure 2.12. The elongation of 

the Ni-I bond (2.77 Å) suggests weak binding of iodine to nickel. 
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Figure 2.12. Lowest energy linkage isomer of (dhpe)Ni-PhI=NTs, 2e. Bond lengths in Å, 

angles in degrees. This figure is reproduced with permission from American Chemical 

Society from 68. 

 

Rearrangement of 2e, with loss of PhI, to triplet nitrene (dhpe)Ni=NTs, Figure 2.11, is 

endothermic by only +3.8 kcal/mol. The triplet product is calculated to be more stable that the 

singlet product by 4.6 kcal/mol. A triplet GS for (dhpe)Ni=NTs is in accord with the results 

discussed for the triplet nitrene formed by the reaction of (dhpe)Ni and 4-nitrobenzenesulfonyl 

azide (vide supra).  



 

20 

 
1
(dhpe)Ni=NTs 

 

 
3
(dhpe)Ni=NTs 

Figure 2.13. Optimized geometries complex 2f (singlet, top; triplet, bottom) showing the 

elongated Ni-N bond due to the distortion in geometry for the hetero-atom nitrene. Bond 

lengths reported in Angstroms, bond angles in degrees. 

 

Geometry optimization the triplet, 2f, reveals a similar structure as previously reported 

for the triplet 1h complex, Figure 2.13. Specifically, both the singlet and triplet exhibit the 

distorted “T” geometry which suggests the nickel complexes desire for a d
8
, square planar 

geometry. While formally d
10

, the preference of the triplet GS over the singlet make the nickel 

center more like d
9
 as a result of the single electron density centered on Ni and N atoms. As seen 

previously, the Ni-N bond is elongated to 1.81 Å in the triplet compared to 1.70 Å in the singlet.   
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2.3.3. 2,6-diisopropylphenyl azide  

A third complex of interest substitutes CF3 groups in place of the hydrogens attached to 

phosphorus, Figure 2.14. Previous work has shown (dfmpe)Ni(NAr) activates CD-H bonds 

through a thermodynamically favorable pathway (Ar = 2,6-diisopropylphenyl, dfmpe = 

bis(di(trifluoromethyl)phos-phino)ethane).
53

 Pathways to C-H bond functionalization are 

enhanced by introduction of perfluoroalkyl substituents to dhpe – with the dfmpe chelate 

engendering a stronger metal-amine bond and a weaker metal-amide bond.
53

 ONIOM 

calculations were employed to study a synthetic route previously proposed from experiments.
33,66

 

The ONIOM methodology
59-61

 was employed. The UFF force field
62 

was used to treat the ortho 

isopropyl groups on Ar, while B3LYP/6-31G(d)) was used to treat the rest of the system.  

   

Figure 2.14. Nickel 1,2-bis(di(trifluorphosphino)ethane; (dfmpe)Ni, and 2,6-

diisopropylphenyl-azide; ArN3. This figure is reproduced with permission from American 

Chemical Society from 68. 

 

Compound 3 shows similarities to 1 in nitrene transfer thermodynamics. Coordination of 

ArN3 to (dfmpe)Ni results in several exothermic processes, Figure 2.15. The formation of free 
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nitrene and a dinitrogen complex, 3b, is exothermic, -38.6 kcal/mol, and produces (dfmpe)Ni(
2
-

N2).  

 

Figure 2.15. Calculated energy diagram for decomposition of 2,6-diisopropylphenyl 

azide, 3. Quoted values are enthalpies (kcal/mol). This figure is reproduced with 

permission from American Chemical Society from 68. 

 

The most exothermic reaction for (dfmpe)Ni/ArN3 interaction, -46.5 kcal/mol, results in 


2
-coordination to Ni of the terminal nitrogens of azide, 3c. This geometry is similar to that seen 

in the (dhpe)Ni model with Ns and reported by Waterman.
33

 DFT calculated Ni-N = 1.84 (N1), 

1.86 (N2) Å; N1-N2 = 1.24 Å; N2-N3 = 1.27 Å, are all in very good agreement with experiment.
33

 

Rearrangement of 3c to linear 3d costs only 6.1 kcal/mol. Unlike Ns, a four member ring, 

3f, was isolated via the ONIOM calculations. To reach complex 3f, 3d must overcome an energy 

barrier of +8.5 kcal/mol. Elimination of N2, resulting in (dfmpe)Ni=NAr, singlet, occurs 
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exothermically by -43.2 kcal/mol and completes the catalytic cycle yielding our desired product 

and N2 gas. As in (dhpe)Ni, an internal bound geometry was found, 3e, which is competitive 

with the cyclization geometry, 3f. No transition state pathway to obtain 3e has been found. The 

(dfmpe)Ni=NAr singlet GS, 3g, is calculated to be more stable (H) than the triplet by 2.1 

kcal/mol, Figure 2.16.  This follows the trend discussed for nitrenes with aryl substituents.
33,67

   

 
1
(dfmpe)Ni=NAr 

 
3
(dfmpe)Ni=NAr 
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Figure 2.16. Optimized geometries complex 3g (singlet, top; triplet, bottom) showing the 

elongated Ni=N bond and the unfavored distortion in geometry of the aryl ring. Bond 

lengths reported in Angstroms, bond angles in degrees. 

 

2.3.4. (dhpe)Ni vs. (dfmpe)Ni 

 In order to test the validity of the computational prediction that the triplet heteroatom 

nitrenes are favored for the (dhpe)Ni catalyst as opposed to the singlet ground state for the 

(dfmpe)Ni system, the catalyst-nitrene complexes were rearranged as shown in Figure 2.17 and 

optimized with singlet and triplet electronic configurations. The full reaction schematic was not 

pursued but rather only the relative enthalpies (H) of the final nitrene products were 

investigated. Full optimizations of complexes 1 – 6 were performed using both pseudopotential 

basis sets (B3LYP/CEP-121G(d)) and all electron basis sets (B3LYP/6-31G(d)) without the use 

of the ONIOM methodology to explore the effect basis sets have on the ground state spin state 

prediction. 

 
4, 

3
(dfmpe)Ni=NNs 
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5, 

3
(dfmpe)Ni=NTs 

 

 
6, 

1
(dhpe)Ni=NAr 

Figure 2.17. Ground state triplet geometries of 
3
(dfmpe)Ni=NNs, 4, and 

3
(dfmpe)Ni=NTs, 5, compared to the ground state singlet geometry of 

1
(dhpe)Ni=NAr, 6. 

 

Full quantum calculations using the CEP-121G(d) basis set reveal that for the (dfmpe)Ni-

heteroatom nitrenes the triplet state is the preferred ground state electronic configuration. 

Specifically, complex 4 favors the triplet ground state by 5.0 kcal/mol over the singlet while 5 

shows preference for the triplet ground state by 5.2 kcal/mol compared to the singlet. 
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Comparison of the (dhpe)Ni and (dfmpe)Ni complexes for NNs, 1 and 4, has a H of 0.6 

kcal/mol between the two systems in favor of the triplet state of (dfmpe)Ni, 4. Concomitantly, 

PhI=NTs complexes 2 and 5 have a calculated H of 0.5 kcal/mol in favor of triplet complex 

(dfmpe)Ni-NTs, 5. Based on pseudopotential calculations, the (dfmpe)Ni catalyst has a greater 

preference for the triplet ground state with heteroatom nitrenes. 

In stark contrast, the previously presented results from ONIOM calculations, full CEP-

121G optimizations for complex 6, (dhpe)Ni=NAr, show that the triplet ground state is preferred 

by 5.4 kcal/mol, Table 2.1. Interestingly, calculations of 3, (dfmpe)Ni=NAr, at the full CEP-

121G(d) level reveals the triplet to be more stable than the singlet by 3.2 kcal/mol. In addition, 

the calculated H between 3 and 6 has the triplet (dhpe)Ni catalyst, 6, lower in overall energy 

by 2.2 kcal/mol compared to 3. This contrasts the results presented above for the ONIOM 

calculations of 3, where the singlet was determined to be the ground state electron configuration.  

 Calculations using the all electron 6-31G(d) basis set for all complexes studied, 1 – 6, 

yields different trends in ground state configuration. Comparing the energies of all complexes, 

Table 2.1, it is shown that for 1, (dhpe)Ni=NNs, and 2, (dhpe)Ni=NTs, the triplet spin state is of 

lower energy by 0.23 kcal/mol and 0.15 kcal/mol, respectively. However, complex 3, 

(dhpe)Ni=NAr, predicts the singlet state to be lower in energy by 1.4 kcal/mol. This agrees with 

the original hypothesis deduced from the comparison of the energies obtained from the 

heteroatom nitrenes (CEP-121G(d)) and the ONIOM (6-31G(d):UFF) results,
68

 but provides a 

more consistent comparison by using the same basis set.  

Table 2.1. Singlet/triplet splitting of (dhpe)Ni and (dfmpe)Ni catalysts calculated by 

B3LYP/CEP-121G(d) and B3LYP/6-31G(d) methods. (Negative values indicate 

preference for triplet GS) 

complex Basis Set H
a
 

1 (dhpe)Ni=Ns CEP-121G(d) -4.4 
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6-31G(d) -0.2 

2 (dhpe)Ni=NTs 
CEP-121G(d) -4.6 

6-31G(d) -0.2 

3 (dhpe)N=Ar 
CEP-121G(d) -5.4 

6-31G(d) 1.4 

4 (dfmpe)Ni=Ns 
CEP-121G(d) -5.0 

6-31G(d) 2.5 

5 (dfmpe)Ni=NTs 
CEP-121G(d) -5.2 

6-31G(d) 1.5 

6 (dfmpe)N=Ar 
CEP-121G(d) -3.2 

6-31G(d) 2.6 

   a
 H = (triplet) – (singlet) 

 

While the absolute calculated H differences are expected to be within the errors (~ 5 – 

10 kcal/mol) associated with DFT theory using the hybrid B3LYP functional, the relative trends 

in enthalpies are likely to be reliable. More work is needed to investigate the trends in energetics 

using pseudopotentials versus the all-electron basis sets. Specifically, for the heteroatom 

nitrenes, (dhpe)Ni > (dfmpe)Ni for triplet states (H), while for the aryl nitrene (NAr) exhibits 

the opposite trend in energetics, (dfmpe)Ni > (dhpe)Ni, when the pseudopotential basis sets are 

used.  

Utilizing the 6-31G(d) basis set, calculations reveal that the (dhpe)Ni catalyst is more 

favored (H) to produce the triplet GS only for complexes 1 and 2 (0.2 kcal/mol) while the 

singlet GS product is more favored for 3 (1.4 kcal/mol). Overall, the (dfmpe)Ni catalyst is more 

favored to produce the singlet GS products over the (dhpe)Ni catalyst for 4, 5, and 6. 

 

2. 4. Conclusions 

In summary, we have presented DFT calculated results on the decomposition of hetero-

substituted azides and iodonium imides by Ni complexes. The general reaction mechanisms are 

similar for each system studied. While reaction with the nickel center yields LNi=NX (L = bis-
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phosphine) plus N2 (phenyl iodide in the case of PhI=NTs), it appears as though cyclization may 

not always be the only pathway for decomposition. Using larger, more synthetically relevant  

heteroatom-substituted species for nitrene source results in nitrene intermediates for which a 

triplet (diradical) nitrene intermediate is most stable, which differs from previous reports of 

singlet species being favored when the nitrene is substituted with aliphatic and aromatic 

groups.
53,54,67

 Recent experimental and theoretical mechanistic studies on (diimine)Cu 

heteroatom nitrene complexes, using chloramine-T as the nitrene source, have also calculated 

ground state triplets as the more stable species.
51

 Hence, modeling more synthetically “popular” 

heteroatom-substituted organic azides (and iodonium imides) indicates a greater propensity 

towards triplet intermediates, which may have important implications for the selectivity of 

organic syntheses using such nitrene-transfer reagents. 

Clearly more work is needed to understand the effect of functional and basis set 

dependence on ground state electron configuration. Particularly since the reported structures of 

related nickel-nitrene complexes are found to be singlets (i.e., paramagnetic).
33,34

 However, the 

structures reported by Hillhouse et al. contain two C(CH3)3 groups on the nickel-coordinated 

phosphorous atoms, (dtbpe)Ni, giving increased electron density donation into the metal than the 

withdrawing CF3 substituents in (dfmpe).
33,34

 The present work predicts the experimentally 

determined ground state singlets for the aryl nitrene, NAr, when the 6-31G(d) basis set is used 

and calculates only a small singlet – triplet splitting energy for the heteroatom nitrenes; 

indicating the possible influence of low lying triplet states for the larger heteroatom nitrenes. 

Future work should include calculations on the catalyst (dtbpe)Ni to examine the energetics of 

singlet/triplet energy splitting to gain a broader view of the impact of the nitrene sources have 
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(aryl/alkyl versus heteroatom) in addition to the support ligands substituents (e.g., electron 

donating versus electron withdrawing). 
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CHAPTER 3 

DENSITY FUNCTIONAL STUDY OF OXYGEN-INSERTION INTO NIOBIUM-

PHOSPHORUS BONDS: NOVEL MECHANISM FOR LIBERATING P3
-
 SYNTHONS 

3.1. Introduction 

The functionalization of molecules by transition metal assisted oxygen atom transfer is 

one of the most important reactions for the production of organic molecules. Recent applications 

utilize transition metal-oxygen (M=O) complexes to catalytically functionalize organic 

compounds.
69-74

 Understanding the energetic requirements of metal-oxo bond formation is 

fundamental in the development of molecules suited for active oxygen atom transfer. Work from 

Holm and Donahue has outlined a reactivity scale for oxygen atom transfer on the basis of 

thermodynamics for a large number of molecules including organic small molecules, inorganic 

compounds and transition metal complexes.
75

 Computational methodologies have provided 

valuable insight into the mechanistic details and overall energetics of oxygen atom transfer to 

with transition metal complexes.
76-78

 Holm has compiled a large amount of reaction enthalpies 

for oxygen atom transfer, using DFT, with various basis sets, and G3 methodologies for non-

transition metal reactions, and DFT for transition metal inclusion that compare well with 

experimental results.
75,76,79

 Calculations by Gisdakis and Rösch provided insight into the effect L 

(L = Cp, CH3, Cl, O) has on reaction energies, bond dissociation energies and bond lengths at the 

transition states for [2+3] cycloaddition of ethylene to metal-oxos, LMO3 (M = Mo, W, Mn, Tc, 

Re, and Os).
77

 

Structural characterization of transition metal-oxo complexes and analysis of their 

reactivity and transition states have been well represented in the literature.
77,80-86

 For example, 
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previous work by Goddard et al. explored the involvement of transition metal-oxo complexes in 

olefin metathesis and alkene epoxidation, noting that spectator oxo ligands are influential in the 

thermodynamics of insertion reactions.
87,88

 In addition, Zeigler has computationally explored C-

H and O-H bond activation by transition metal-oxo complexes of groups 5 – 8 and rationalized 

that the difference in energetic trends of TM-d
0
 oxo complexes, in abstraction and addition 

reactions, is related to the radial extension of the metal d orbital.
78

  

Much research in the realm of oxidation of organic molecules has centered on the 

cytochrome P450 family of enzymes.
89-91

 Newcomb has focused on the heme iron center of P450 

and has deduced a variety of mechanistic pathways available for hydroxylation of molecules.
92

 

The efficiency with which the heme iron performs oxygen atom transfer (OAT) has allowed 

many investigators to design metalloporphyrins as catalysts for oxidation reactions. Specifically, 

Chiavarino et al. have explored oxo-Fe(IV) porphyrin complexes for the oxidation of amines and 

have gained valuable insight into the intermediates along the reaction path.
91

 Work by Shaik and 

collaborators have provided computational insight into heme and non-heme iron complexes for 

catalytic epoxidation and hydroxylation of small organic molecules.
90,93,94

 More recently, groups 

have developed metalloporphyrin-oxo complexes, inspired by the P450 enzyme reactive center, 

for functionalization of organic molecules which utilize different transition metal centers such as 

Mn, Mo, Co, and Cr.
95-98

 

Oxidations of organic moieties by transition metal-oxides have been widely discussed in 

the literature.
72,73,78,87,88

 Complexes containing oxo ligands (typically depicted as either LnM=O 

or LnMO) are employed for oxygen atom insertion where the oxo ligand functionalizes the co-

ligand (typically an alkyl or aryl) and inserts into the M-R bond, Scheme 3.1.
72,73,99,100

 Brown 

and Mayer studied the utility of [TpRe(O)(Ph)]
+
 (Tp = hydrido-tris(pyrazolyl)boratecomplexes) 
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for the oxidation of organic molecules and proposed an intramolecular description of the 

migration of phenyl to the oxo ligand without the presence of radicals.
72,73

 The proposed 

mechanism uses an external oxidant to oxidize the metal center, forming the isolated 

[TpRe(O)2(Ph)]
+
 intermediate, followed by phenyl group transfer to the new oxo ligand resulting 

in a [TpRe(O)(OPh)]
+
 complex.

101
 Further studies by Mayer explored transition metal-oxo 

complexes (Re, Mn, Cu) for oxidizing C-H bonds, which led to the surprising conclusion that 

unpaired spin density on the metal is not required for hydrogen atom abstraction.
100

   

 

Scheme 3.1. Reaction mechanisms for transition metal-mediated oxygen insertion into an 

M-R bond. Top) O-atom insertion by metal-oxo complex (oxo), Bottom) metal-mediated 

O-atom insertion by external oxidant (Baeyer-Villiger-BV). (OY represents the external 

oxidant) 

 

In contrast to the number of reports for oxidation by metal-oxos, reports of metal-

mediated oxygen-insertion with an external oxidant (YO) are rare, Scheme 3.1.
70,102-104

 Work 

from Periana‟s group has shown that methylrhenium trioxide, CH3ReO3, in the presence of H2O2, 

PyO, ON(CH3)3, DMSO, IO4
-
 and PhIO proceeds through a Baeyer-Villiger (BV) type 

mechanism to produce methanol in good yield.
70,103,104

 Highlighted in the mechanism is the 

direct insertion of oxygen from an external oxidant into the Re-C bond while the initial Re-O 

bonds act as spectators.
70,104

 Similarly, Goddard and Periana have also examined rhenium 

carbonyl complexes which in the presence of catalytic amounts of oxidant, SeO2, produce 
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methanol through a concerted oxygen atom insertion mechanism.
69

 Although organometallic BV 

can serve as an atom-economical method for organic molecule functionalization, mechanistic 

details are still vague and further work is needed to resolve the key factors in the oxygen atom 

insertion process with TM‟s and external oxidants.
74

 Recent work in the Cundari group has 

explored oxygen atom insertion into platinum-carbon bonds for the production of methane from 

methanol.
105

 Thermodynamic studies indicate a non-redox pathway that is reminiscent of a BV-

type mechanism (Scheme 3.1) for the inserting oxygen atom, and show dependence on the nature 

of the oxidant and transfer group (R).
105

 While the transfer group was found to be the biggest 

contributor to overall kinetics of the reaction, varying the oxidant was also determined to impact 

the kinetic barriers, and oxidants with the best leaving group provide more accessible oxygen 

insertion pathways.
105

 

Beyond the functionalization of organic molecules, Baeyer-Villiger oxygen insertion 

pathways may be exploited for liberation of a ligand, from a transition metal complex, to serve as 

a synthon for chemical transformations. Direct insertion of the oxygen atom into a metal-ligand 

bond can generate a metastable M-O-L species which proceeds in forming the M=O complex by 

loss of the ligand fragment, L. The reorganization of the M-O-L to generate the M=O complex is 

dependent on the nature of the metal and ligands, i.e., high or low-valent metal; stable or labile 

ligand. In particular, forming a strong M=O bond with early, high-valent transition metals can 

serve as the driving force for the formation of the metal-oxide (M=O) and liberation of the 

synthon.
81,99

 As an example, consider the liberation of phosphorus-containing ligands, 

specifically the P3
-
 moiety, from such stable oxo complexes as a direct route for phosphorus 

transfer reactions to production of phosphorus-containing molecules.
106

 Previous work from the 
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Cummins group explored such reactivity with niobium complexes containing phosphorus cluster 

ligands.
21,107-110

  

 

Scheme 3.2. (Top) synthetically characterized reaction which converts [(η
3
-

P3)Nb(ODipp)3], 1-Dipp, into [(η
2
-P3SnPh3)Nb(ODipp)3], 2-Dipp.

21
 (Bottom) 

computationally modeled complexes for this study employ the smaller OMe ligands (1, 

2) in place of the larger ODipp ligands (Dipp = 2,6-iPr2C6H3).  

 

A reagent for phosphorus group transfer reactions is [(η
3
-P3)Nb(ODipp)3]

-
Na

+
, 1-Dipp, 

Scheme 3.2 (Dipp = 2,6-
 i
Pr2C6H3). Treatment of 1-Dipp with Ph3SnCl yields complex 2-Dipp, 

[(η
2
-P3SnPh3)Nb(ODipp)3], which upon the addition of pyridine-N-oxide, releases a Ph3SnP3 

fragment that participates in a Diels-Alder reaction with 1,3-cyclohexadiene, Scheme 3.3.
21
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Scheme 3.3. Proposed mechanism for oxidation of [(
2
-P3SnPh3)Nb(OMe)3], 2, with 

pyridine-N-oxide (oxidant) liberating the reactive Ph3SnP3 fragment, 8. 

 

The work in this chapter employs computational chemistry methods to gain insight into 

the mechanism of release of the Ph3SnP3 fragment, Scheme 3.3, and its subsequent reaction with 

a diene. In order to reduce the computational demand of the complex 1 the bulky ODipp ligands 

were initially replaced with OMe ligands, Scheme 3.2. Although the steric environment about the 

niobium center will be altered, the electronic structure is not expected to change drastically, thus 

allowing 1 and 2 to serve as good models for phosphorus transfer chemistry. Reaction 

coordinates are compared to experimental results and calculated thermodynamic and kinetic 

profiles are discussed. Specifically, detailed analysis of oxidant activation and insertion 
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mechanisms is presented to gain insight into the proposed mechanistic pathways (Scheme 3.3) 

towards generation of the experimentally observed niobium(V)-oxo and, when using 1,3-

cyclohexadiene as a chemical trap, the Diels-Alder product, Ph3SnP3-C6H8. 

 

 3.2. Computational Methods 

The Gaussian 09 package was used for all calculations described herein.
111

 The B3LYP 

hybrid density functional was employed.
56,57

 Modeling of relativistic effects and description of 

the bonding and energetics was accomplished via the relativistic effective core potentials 

(RECPs) and the double zeta valence basis sets of Stephens, Basch, and Krauss
58

 (CEP-31G) 

augmented with a d-polarization function for main group atoms. 

Optimized geometries and transition states (TS) were confirmed by the presence of zero 

and one imaginary frequency, respectively, in the calculated energy Hessian. Additional 

confirmation of transition states was achieved by intrinsic reaction coordinate (IRC) 

calculations.
112,113

 Forward and reverse reaction IRC pathways were followed with 25 points 

sampled in each direction and a step size of 0.01 amu
1/2

-Bohr. Thermochemistry was determined 

at 298.15 K and 1 atm utilizing B3LYP/CEP-31G(d) unscaled vibrational frequencies.  

 

3.3. Results and Discussion 

As mentioned above, the ligand set on the niobium complex, 1-Dipp, was changed from 

the ODipp ligands used experimentally to OMe, 1. Isolation of key transition states were 

identified and optimized more efficiently with the less computationally demanding OMe ligands.  
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3.3.1. Geometries of Starting Complexes (1), (2) and Isomers of (3) 

Complexes 1-Dipp and 2-Dipp have been previously reported by the Cummins group.
114

 

Replacing the ODipp ligands in 1-Dipp with OMe yields complex 1, Figure 3.1. Complex 1 is in 

a slightly distorted tetrahedral geometry about the Nb, due to the larger size of the η
3
-P3 ligand in 

comparison to the methoxy co-ligands, with all O-Nb-Pc bond angles equal to 112º (Pc = centroid 

of P3 ring)  The addition of Ph3SnCl transforms 1 into [(η
2
-P3SnPh3)Nb(OMe)3], 2, with the loss 

of NaCl. The binding of niobium to the tri-phosphorus ring is best considered η
2
 in complex 2, as 

there are two similar Nb-P bond lengths (2.58 Å and 2.59 Å) and an elongated third Nb-P bond 

of 2.83 Å, Figure 3.1. Bonding within the tri-phosphorus ring exhibits three equal P-P bonds 

(2.24 ± 0.02 Å) consistent with sp
3
 hybridized phosphorus atoms. The calculated P-P bond legths 

for 1 agree well with experimental P-P bond lengths from Cummins et al. on the 1-Dipp 

complex (2.20 ± 0.01 Å).
114

 

   

Figure 3.1. B3LYP/CEP-31G geometry optimized structures of [(
3
-P3)Nb(OMe)3], 1, 

and [(
2
-P3SnPh3)Nb(OMe)3], 2, highlighting the different bonding modes of the P3 ring. 

Bond lengths reported in angstroms. 

1 2 
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  The addition of pyridine-N-oxide (PyO) to complex 2 can generate four coordination 

isomers: i) eq/ax; the oxidant occupies an equatorial position placing the Ph3SnP3 ligand axial, ii) 

ax/eq; the oxidant binds in the axial position placing Ph3SnP3 equatorial, iii) ax/ax; the oxidant 

and Ph3SnP3 are both in axial positions, or iv) eq/eq; both the oxidant and Ph3SnP3 are in 

equatorial positions, Figure 3.2. Although the relative free energy for the ax/ax, 3ax/ax, is found to 

be the lowest, Figure 3.2, the Pc-Nb-Otrans bond angle is 166.4º (Pc = centroid of P1-P2 bond, no 

direct insertion transition state of the oxygen atom into a niobium-phosphorous bond from the 

3ax/ax coordination isomer was found without prior rearrangement of the oxidant to the equatorial 

position. Isomerism of 3ax/ax to place the oxidant in the axial position, 3ax/eq, is calculated to cost 

(G) +1.1 kcal/mol, while isomerization to place the oxidant in the equatorial position, 3eq/ax, is 

calculated to be +11.1 kcal/mol. 

   
         3eq/ax (0.0)                                         3ax/eq (-10.0) 
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3ax/ax (-11.1)                            3eq/eq (-9.7) 

Figure 3.2. Comparison of coordination isomers for complex 3, [(
2
-

P3SnPh3)Nb(OPy)(OMe)3]. Pyridine-N-oxide/Ph3SnP3 ligands can coordinate in the 

equatorial/axial positions, 3eq/ax, top left; axial/equatorial position, 3ax/eq, top right; 

axial/axial positions, 3ax/ax, bottom left; or equatorial/equatorial, 3eq/eq, bottom right. 

Relative free energies (kcal/mol) listed in parentheses for each conformation. Bond 

lengths reported in Å.  

 

Optimization of the 3eq/eq isomer shows miniscule differences in geometry (overlay of 

structures yielded no RMS greater than 0.2 Å) and energy (ΔG = 0.3 kcal/mol) in comparison to 

3ax/eq suggesting that the two conformations are isomers only in that there is a reflection in the xz 

plane. Due to complex 3eq/eq being equal to 3ax/eq and 3ax/ax unable to directly insert the oxygen 

atom, only 3eq/ax and 3ax/eq are discussed as plausible conformations for the direct oxy-insertion 

pathway. If it is thermodynamically favored to coordinate the oxidant in the 3ax/ax configuration, 

the system may be expected to pass through a fairly low energy Berry pseudorotation transition 

state to orient its ligands in the most favorable conformation for oxy-insertion (Baeyer-Villiger, 

non-redox pathway discussed in section 3.4.1).
115

 Such rotations have been studied in the 

literature for 5-coordinate d
0
 TM complexes describing the orbital interactions and 
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energetics.
116,117

 Calculated energy values for pseudorotations have been in the range of 10 – 20 

kcal/mol for 5-coordinate transition metal complexes.
118-120

 It is expected, however, that the 

reduced size of the OMe ligands in 2 will offer slightly lower energy barriers to rotation than the 

sterically demanding ODipp ligands in 2-Dipp. 

 

3.3.2. Transition State (TS3-4) and Metallocycles (4) and (5) 

Activation of the pyridine-N-oxide nitrogen-oxygen bond, coincident with  oxygen atom 

insertion into the Nb-P bond, TS3-4, is hypothesized to be the rate-determining step (RDS) for the 

reaction pathway in Scheme 3.3.
21

 Cummins and Cossairt monitored the reaction of PyO with the 

niobium complex 2-Dipp with 
1
H and 

31
P NMR at -10 ºC, which revealed evidence of an adduct 

species, 1-Dipp-PyO, that fully converted to 7 and 8, Scheme 3.3, upon warming.
21

 This 

suggests that the RDS is the coordination and insertion of the oxygen atom into the Nb-P bond. 

Thus, accurately determining the geometry of the transition state, TS3-4, is crucial in 

understanding the full reaction scheme and confirming/refuting the hypothesis put forth by 

Cummins and Cossairt.  

Transition state optimizations for TS3-4 were characterized by one imaginary frequency. 

Frequencies for TS3-4 of the equatorial (eq/ax) and axial (ax/eq) pyridine coordination are 

calculated to be 557i cm
-1

 and 571i cm
-1

, respectively. Both the eq/ax and ax/eq conformations of 

TS3-4, Figure 3.3, exhibit an elongation of the NPyr-O bond and shortening of the O-P bond. 

Furthermore, in the imaginary mode, the Nb-P bond that is being broken elongates while the 

remaining Nb-P bond does not markedly change indicating the Ph3SnP3 fragment remains bound 

to the Nb center, as expected for a non-redox oxygen insertion mechanism.   
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To confirm the presence of two distinct pathways for oxidant coordination and activation, 

separate Intrinsic Reaction Coordinate
112,113

 (IRC) calculations were performed using either the 

equatorial/axial (eq/ax) or axial/equatorial (ax/eq) isomers of TS3-4, Figure 3.3. Three key 

pieces of information can be extracted from the IRC analysis, Figure 3.3; 1) one Nb-P bond 

elongates to ~3 Å to allow oxygen atom insertion, 2) the remaining Nb-P bond (non-inserting) 

slightly elongates but retains interaction with niobium (see also Figure 3.4), and 3) proceeding 

from the transition state to the products, the Nb-pyridine bond remains fairly large, indicating 

that pyridine is dissociated prior to the loss of the Ph3SnP3 fragment as hypothesized
21

 (Scheme 

3.3). 
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(A) 
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(B) 

Figure 3.3. Snapshots of IRC calculations for the equatorial/axial (A) and axial/equatorial (B) transition state 

conformations. Structures shown were extracted from the IRC calculation for the reactant, 3, left; transition state, TS3-4, 

middle; and product, 4, right. Full geometry optimizations were performed on 3 and 4 following IRC calculation. IRC 

calculations were performed as stated in computational methods section. Bond lengths are reported in Angstroms and 

bond angles in degrees. 



 

The metallocycle, 4, from the IRC calculations for both transition states, eq/ax and ax/eq, 

exhibit geometries near identical to that of the independently optimized metallocycle, 4, further 

supporting the importance of the metallocycle stationary point. The Nb-O bond and O-P bonds 

are 1.72 Å and 1.93 Å, respectively, for the eq/ax 4-IRC compared to the optimized structure, 4, 

lengths of 1.67 Å and 2.03 Å. Similarly, the metallocycle complex from the ax/eq conformation 

has Nb-O and O-P bond lengths of 2.05 Å and 1.64 Å, respectively, for the non-optimized 4-IRC 

structure compared to 2.03 Å and 1.67 Å from optimized structure 4. The nearness in geometry 

of the IRC extracted complexes and the fully optimized structures of 3 and 4 verify that the IRC 

calculation samples enough of the reaction pathway to describe the reactants and products from 

the original transition states. The metallocycles, 4, for the eq/ax and ax/eq isomers have a 

calculated energy difference of 3.0 kcal/mol (G) corresponding to the difference in oxidant 

coordination. Upon removal of the Py ligand, the geometries converge to structure 5, the 

metallocycle without a Py ligand.  

Complexes 4 and 5 can best be considered a [2,1]-bicyclo-Nb(OP3SnPh3) complex with 

the Nb-P2 bond slightly elongated, 2.63 Å and 2.65 Å, respectively, compared to the η
2
 complex 

3 (Nb-P1 = 2.58 Å, Nb-P2 = 2.59 Å), Figure 3.4. In addition Figure 3.4 shows the highest 

occupied Kohn-Sham orbital of complex 5 where the bonding between niobium and (non-

inserting) phosphorus is evidenced by the Nb-P1  orbital overlap, specifically, the interaction of 

the phosphorus 
zp orbital with the 

2z
d orbital on niobium. 
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Figure 3.4. Geometry optimized metallocycle, 4, with equatorially coordinated pyridine 

and pyridine-free complex metallocycle, 5. Bottom picture shows interaction of P1 zp    

orbital with the Nb 
2z

d orbital (HOMO) indicating P1 atom is involved in bonding with 

the Nb center creating the metallocycle complex, 5 (Nb-P1 = 2.65 Å). Bond lengths 

reported in Angstroms. 

 

In order to sample additional pathways towards oxygen insertion, formation of the oxo 

complex prior to insertion into the Nb-P bond was also modeled. Optimizations of an equatorial 

bound oxo, [(η
2
-P3SnPh3)Nb(O)(Py)(OMe)3], resulted in formation of the local minimum 

metallocycle, complex 4. However, transition state calculations with axial PyO coordination 

yielded a Nb=O complex where the Ph3SnP3 fragment is in a slightly altered geometry, TSoxo, 

Figure 3.5, where the two shortest Nb-P bonds, Nb-P1 and Nb-P2, are elongated by ~0.2 Å each 

4 5 



 

46 

in comparison with its starting structure 3ax/ax (Figure 3.2). Additionally, the P1-P2 bond is 

shortened from 2.20 Å in 3ax/ax to 2.10 Å in TSoxo. These two results indicate that during the 

formation of the Nb=O bond, the P3 fragment starts to resemble the separate Ph3SnP3 fragment 

(P1-P2 bond is 2.03 Å, Figure 3.5) and animation of the transition state along the imaginary 

frequency supports this hypothesis. Scaled displacement vectors from the TS animation (FIG) 

show the Nb-O4 bond shortening while the Nb-P1 and Nb-P2 bonds lengthen to nearly 3 Å. In 

addition the animated P1-P2 bond shortens (< 2.10 Å) to resemble a P=P bond consistent with the 

experimentally isolated Ph3SnP3 fragment containing a phosphorus-phosphorous double bond 

(2.02 Å
21

), further discussed in section 3.3.3. 

    

Figure 3.5. Left: Optimized transition state geometry for TSoxo. Displacement vectors of 

the imaginary frequency depict atom O4 moving from nitrogen, N1, to niobium forming 

the oxo bond while the nitrogen moves away from the niobium center. Right: Pseudo-

octahedral [(P3SnPh3)Nb(O)(OMe)3] complex, 6oxo, generated from optimization 

calculation with an oxo coordinated in the axial position. Bond lengths reported in Å. 
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As previously calculated for the two TS3-4 conformations, Figure 3.3, the Nb-Py bond 

elongates suggestive of pyridine loss during the formation of the oxo complex. No geometry was 

found in which pyridine occupied an equatorial coordination site within the inner coordination 

sphere upon formation of the axial oxo akin to complex 5 previously above. Furthermore, 

geometry optimization of the axial [(
2
-P3SnPh3)Nb(O)(OMe)3] complex resulted in a local 

minimum, 6oxo, with two elongated P-Nb bonds of distances 5.71 Å and 5.12 Å, indicating 

separation of the Ph3SnP3 moiety from the oxo. The P-P bond was also reduced from 2.20 Å in 

3ax/ax to 2.03 Å, Figure 3.5. Upon the release of the P3 fragment, 6oxo, the equatorial oxygen 

ligands reorient themselves to place them out of the plane containing the Nb atom creating the 

tetrahedral niobium-oxo complex. Further discussion of this mechanism will be presented in the 

following sections. 

 

3.3.3. Generation of Niobium-oxo (7) and P3 Synthon (8) 

Metal oxo complexes, LnM=O, for high valent early transition metal species have been 

well characterized in the literature, and are known to be stable.
99,121,122

 It is hypothesized that 

upon insertion of the oxygen atom from pyridine-N-oxide into the Nb-P bond, formation of the 

Nb(O)(OMe)3 complex and the Ph3SnP3 fragment will readily proceed. While the formation of 

the niobium oxo complex is experimentally verified for the full ODipp complex by Cummins et 

al.
21

, the mechanism of oxygen atom transfer could not be determined through experimental 

techniques, necessitating the use of computational methods to elucidate the energetically favored 

pathway. 



 

48 

 Transition state calculations in the vicinity of complex 5 did not yield a structure for the 

release of the Ph3SnP3. Optimizations did find a weakly bound adduct as a local minima, 6,  

Figure 3.6, with two niobium-phosphorus bonds of lengths 3.59 Å and 3.56 Å. The niobium in 6 

is pseudo-tetrahedral with a short Nb=O bond, 1.73 Å. The formation of the Nb=O bond, 7, 

presumably provides the driving force for the release of the Ph3SnP3 fragment in which the P1-P2 

bond length reduces from 2.29 Å, 5, to 2.03 Å, 6. 

  

Figure 3.6. Optimized geometry of adduct complex 6. Bond lengths reported in Å. 

 

  Optimized Nb=O bond lengths are calculated to be 1.73 Å for [Nb(O)(OMe)3], 7, and 

show excellent agreement (Nb=O = 1.71 Å
78

, 1.72 Å,
123

 1.75 Å,
124

 1.70 Å
125

) with previously 

reported Nb=O bond lengths and against the experimentally isolated [Nb(O)(ODipp)3]2 complex, 

1.81 Å, Figure 3.7. The Nb-OR bonds in 7 and 7-DippX-ray are calculated to be within 2% of 

each other, while the calculated Nb=O bonds are within 5% of the dimer obtained by Fanwick et 

al., and reported by Cummins and Cossairt.
21,126

 The „oxo‟ oxygen atoms in 7-DippX-ray are 

6 
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expected to exhibit slightly larger Nb=O bond lengths as they are they are non-symmetrical 

bridging oxo groups.
126

 

  

Figure 3.7. Geometry optimized structures of niobium-oxo complexes[Nb(O)(OMe)3], 7, 

left; [Nb(O)(Py)(OMe)3], and 7-DippX-ray, [Nb(O)(Py)(ODipp)3], right.
21,126

 7-DippX-ray 

was isolated from hydrogenolysis reaction, but also reported for the mechanism discussed 

in this chapter, Scheme 3.3.
21

 (isopropyl substituents on ligands removed for clarity). 

Bond lengths reported in Å and angles in degrees.  

 

While the structures of 7 and 7-DippX-ray compare well, it should be noted that the 

structure of 7-DippX-ray was isolated from an different oxidation reaction; hydrogenolysis of 

[Nb(ODipp)3(R)2] (R = CH2C6H4Me-4). However, when complex 2-Dipp, [(
2
-

P3SnPh3)Nb(ODipp)3], is oxidized the result is the same niobium-oxo dimer, 

[Nb(O)(ODipp)3]2.
21,126

 The major difference in generating the dimer from the two mechanisms 

is obviously the production of the Ph3SnP3 fragment, 8, in the mechanism studied in this chapter, 

Scheme 3.3. 

Analysis of the calculated geometry of the Ph3SnP3 fragment, 8, shows excellent 

agreement with the characterized material, Figure 3.8.
21

 All bonds exhibit less than 2% 

7 
7-DippX-

ray 
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difference compared to experimental data. The addition of the SnPh3 to the P3
-
 fragment leads to 

two single bonds in the direction of the SnPh3 substituent (P1-P2 and P1-P3) and one shorter 

multiple bond (P2-P3). The P1-P2 and P1-P3 single bonds have calculated bond lengths of 2.29 Å 

and 2.28 Å, respectively, while the P2-P3 bond is shortened to length of 2.03 Å, suggestive of 

multiple bond character. For example, a calculation of Me-P=P-Me at the same level of theory 

resulted in an optimized P=P bond length of 2.06 Å. In addition, the P-P bonds in 8 agree well 

with experimentally reported bond lengths of substituted tri-phosphorus rings (P-P = 2.23 Å,
127

 

2.12 Å
128

) and double bonded organic phosphines (P=P = 2.03 Å,
129

 2.02 Å
130

) found in the 

literature.
127-130

 

   

Figure 3.8. Geometry optimized structure of Ph3SnP3 moiety, 8, left, compared to X-ray 

crystal structure,
21

 right. Bond lengths reported in angstroms. 
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3.4. Thermodynamics of Niobium Complexes 

3.4.1. Oxidant Activation and Baeyer-Villiger Pathway 

The addition of Ph3SnCl transforms 1 into [(
2
-P3SnPh3)Nb(OMe)3], 2, with the loss of 

NaCl. The free energy for the formation of 2 is highly exergonic with a calculated G of -88.3 

kcal/mol, Scheme 3.1, as expected for a salt metathesis reaction. The large negative free energy 

to form 2 correlates with the mild conditions (1 h, 20º C) needed to synthesize the larger ODipp 

analogue, 2-Dipp, in good yield.
21

 

The addition of pyridine-N-oxide (PyO) to 2 generates complex 3eq/ax, [(
2
-

P3SnPh3)Nb(PyO)(OMe)3], with a calculated G of +16.2 kcal/mol, Figure 3.9. In contrast, 

coordination of the oxidant to form 3ax/eq is calculated to be exergonic with a G of +6.2 

kcal/mol. The two remaining conformations from Figure 3.2, 3ax/ax and 3eq/eq, have calculated 

free energies of +5.1 kcal/mol and +6.4 kcal/mol, respectively, for oxidant binding. Following 

geometry optimization calculations, the structure of 3eq/eq is found to be nearly the same as 3ax/eq 

(3eq/eq  3ax/eq, G = 0.3 kcal/mol) with only slight differences in the bond lengths or angles, 

as previously discussed. Complex 3ax/ax, shown in Figure 3.2, has no direct pathway for oxygen 

insertion into the niobium-phosphorus bond without first rearranging to 3eq/ax or 3ax/eq at a cost of 

11.1 kcal/mol and 1.1 kcal/mol, respectively. Complexes 3ax/eq, 3ax/eq, and 3eq/ax can be 

considered precursor complexes to the transition state where pseudorotations will first generate 

3eq/ax, which may then surmount the lowest energy barrier for oxygen insertion (+24.7 kcal/mol).  
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Figure 3.9. Calculated oxygen insertion pathway for formation of niobium-oxo complex 

(7) and release of Ph3SnP3 fragment (8). Green energies represent the PyO/P3 ligands in 

the equatorial/axial conformation while black energy values have the ligands in an 

axial/equatorial coordination. Geometries displayed in diagram represent the lower 

energy conformations at each reaction coordinate. All energies are calculated relative to 

complex 2 and reported in kcal/mol. 

 

Complex 3ax/eq is calculated to be 10.0 kcal/mol lower in free energy relative to 3eq/ax, 

Figure 3.9 (see also Figure 3.2). Upon coordination of the oxidant, activation of the N-O bond in 

the PyO ligand is calculated to be +18.5 kcal/mol (G
‡
) for the eq/ax conformation, compared to 

+13.4 kcal/mol  (G
‡
) for the ax/eq conformer, TS3-4, relative to their analogues in coordinate 3, 

Figure 3.9. Calculations reveal free energy transition state barrier heights of +24.7 kcal/mol and 

+29.6 kcal/mol for the eq/ax and ax/eq geometries, respectively. The calculated G
‡
 for TSax/eq 
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 TSeq/ax is 4.9 kcal/mol in favor of oxygen atom insertion from the eq/ax conformation, 3eq/ax, 

of the PyO/P3 ligands. 

Once the barrier to N-O bond activation is overcome, formation of the oxygen inserted 

complex, 4, is highly exergonic, with a calculated G of -75.7 kcal/mol from the lowest energy 

transition state, TSeq/ax, down to -51.0 kcal/mol in reference to starting complex 2. While the 

molecular motifs are different between Nb-OP3 and R3PO, the calculated free energy for forming 

complex 4 agrees well with reported oxidation values triphenylphosphine (-73.8 kcal/mol) and 

trimethylphosphine (-79.7 kcal/mol).
75

  

Loss of the pyridine ligand from 4 is entropically favored with a calculated G of -8.1 

kcal/mol to form complex 5 from the equatorial/axial conformation of PyO/P3. As previously 

mentioned, transition state calculations in the vicinity of 5 yielded no structures containing an 

imaginary frequency for the release of the Ph3SnP3 fragment. However, local minimum structure 

6 exhibits O-P1 and O-P2 bond lengths of 3.58 Å and 3.59 Å, respectively, and can be considered 

a weakly bound adduct of Nb(O)(OMe)3 and Ph3SnP3. The calculated free energy for adduct 

formation is +3.6 kcal/mol, followed by release of Ph3SnP3 which has a calculated G of -6.8 

kcal/mol. The Nb(O)(OMe)3 fragment of the adduct, 6, rearranges to take on the 4-coordinate 

tetrahedral geometry. Calculated O-Nb=O bond angles and bond lengths are shown in Figure 3.6. 

The complete separation of the fragments is favored by the formation of a stable Nb(V)-oxo 

complex, 7, and the Ph3SnP3 synthon, 8 (geometric comparisons between calculated geometries 

and X-ray crystal structure for 7 shown in Figure 3.6). 

The reaction pathway depicted in Figure 3.9 indicates that once the barrier to oxygen 

insertion is surmounted, a highly exergonic pathway is followed to generate the Nb(O)(OMe)3 

complex, 7. The free energy liberated from the [(
2
-P3SnPh3)(O--Py)Nb(OMe)3]

‡
 transition state, 
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TS3-4, to the formation of Nb(O)(OMe)3, 7, is highly exergonic with a calculated value of -75.7 

kcal/mol from the TSeq/ax conformation and -83.6 kcal/mol from the TSax/eq isomer. 

 

3.4.2. Oxidant Activation and „Oxo‟ Pathway 

Formation of the niobium-oxo complex, Nb(O)(OMe)3, 7, prior to the release of the P3 

fragment can only occur in the axial position as previously discussed. Coordination of the 

oxidant in the axial position results in the lowest energy complex, 3ax/ax. Transition state complex 

TSoxo, exhibits the oxygen atom moving close to the Nb center forming the Nb=O bond with an 

elongation of the O-N bond, Figure 3.1. DFT calculations place TSoxo +35.7 kcal/mol above the 

starting complex 2, with a calculated G
‡
 of +30.6 kcal/mol, Figure 3.10, (3ax/ax TSoxo). Thus, 

the ‘oxo’ pathway exhibits the highest energy pathway of all systems identified in this research, 

with a calculated G
‡
 of +11.0 (3ax/ax  TSoxo) compared to the lowest energy “BV” path 

(3ax/ax  TSax/eq). 
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Figure 3.10. Calculated potential energy surface for the oxo pathway. Formation of the 

oxo complex (TSoxo) prior to the release of the Ph3SnP3 fragment (8). All energies 

calculated relative to complex 2 and reported in kcal/mol. 

 

Similar to the BV pathway, loss of the pyridine ligand following the transition state, 

complex 6oxo, is calculated to be thermodynamically favored. Loss of the pyridine from the oxo 

complex, 6oxo, is calculated to be downhill by -2.4 kcal/mol. Complex 6oxo exhibits elongated 

Nb-P bonds, 5.12 Å and 5.71 Å (Figure 3.5) and a shortened P-P bond, 2.03 Å, indicating the 

release of the P3 fragment upon forming the Nb(V) complex. Complete separation of 7 and 8 is 

entropically favored and calculated to be -9.8 kcal/mol downhill from 6oxo. 

 



 

56 

3.4.3. Energy Requirements for Oxygen Atom Insertion 

To examine the role of the Nb-P bond in the oxygen atom insertion step, we substituted 

the P atom undergoing insertion with a CH group. Based on data by Donahue and Holm, it is 

expected that oxygen atom transfer into the stronger Nb-C bond will require more energy than 

for the weaker Nb-P bond.
75

 Retaining the hydrogen on the carbon atom ensures that both 

fragments are isovalent. Slight changes in geometries are seen in which the CHP2 ring is slightly 

shifted so that the carbon-niobium distance is ~2.2 Å, Figure 3.11, compared to the equal Nb-P 

distances in the P3 complex, ~2.6 Å.  

    

Figure 3.11. Geometries of CH substituted complex 3 for both the equatorial/axial (left) 

and axial/equatorial (right) isomers. Bond lengths reported in angstroms. 

 

Transition state calculations exhibit one imaginary frequency with the oxygen atom 

inserting into the Nb-C bond identical to the TS‟s for the P3 systems. Calculations reveal an 

oxygen insertion energy barrier of +11.8 kcal/mol and +26.4 kcal/mol for the equatorial/axial 

and axial/equatorial conformations, respectively. These values are only slightly higher than the 
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P3 system, which has oxygen activation barriers of +8.5 kcal/mol and +23.4 kcal/mol, 

respectively. It is expected that the more diffuse nature of the phosphorus atom lowers the 

activation energy needed for the oxygen atom to insert as compared to the carbon substituted 

ring. The energetic trend of carbon requiring more energy to oxygen atom insert agrees well with 

the trend of experimentally derived oxo transfer reaction energetics for carbon and phosphorus 

molecules.
75

 In addition, the trend of activation energies for the different isomers of the CHP2 

complex also agree with the energetics previously discussed: the lower energy transition state 

pathway proceeds through the equatorial/axial conformation. 

 

Scheme 3.4. Mechanism of oxygen insertion for equatorial/axial (top) and 

axial/equatorial (bottom) conformational isomers of (
2
-CHP2SnPh3)Nb(OMe)3. 

Transition state energy barriers reported for; CH substituted ring (red) and P3 ring 

(black). 

 

While the trend of energetics are consistent with Holm‟s oxygen atom transfer couples,
75

 

there is a noticeable difference in the energy requirements for the oxidation pathways. 

Specifically, the oxidation of methane to methanol is reported to be -30.1 kcal/mol (H) while 

the oxidation of triphenylphosphine is -73.8 kcal/mol (H), with a calculated H of 43.7 

kcal/mol.
75

 This is much larger than the niobium value for oxidation of CP2 compared to P3 
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calculated to be 3.3 kcal/mol (G), Scheme 3.4. It is possible that the strained geometry about 

the carbon in the niobium complex accounts for the majority of this energetic difference. 

Methane exists in tetrahedral symmetry with bond angles of 109.5º and four strong C-H bonds 

(H = 99 kcal/mol)
131,132

 of equal length (1.08 Å). The carbon substituted niobium complex on 

the other hand has two C-P bonds (H = 70 kcal/mol each)
131,132

, one C-Nb (H = 60 kcal/mol, 

based on Nb-Me)
133

 bond, and only one C-H bond (elongated to 1.10 Å) making the chemical 

environment drastically different from methane. In addition, examination of the bond angles 

about the carbon atom reveals strained orbital overlap (angles less than 109.5º) of carbon 

resulting in a Nb-C bond much weaker than the strongly overlapped, covalent C-H bonds of 

methanol, Figure 3.12. 
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Figure 3.12. Optimized geometries of CH substituted complex 3, zoomed in abut the 

carbon atom, showing the distorted tetrahedral around the carbon atom. Left, complex 

3eq/ax; right, complex 3ax/eq. Bond lengths reported in Å, angles reported in degrees. 

 

3.4.4. Coordinated Pyridine Oxo Product 

The BV pathway was also explored in which the niobium fragment retains the pyridine 

ligand coordinated through steps 4 – 7. Without the loss of the pyridine ligand, 4p proceeds to 

the adduct complex, 6p, with a calculated G of +1.7 kcal/mol. Formation of the niobium-oxo 

complex, 7p, and Ph3SnP3 fragment, 8, is exergonic with a calculated free energy of -9.5 

kcal/mol. Comparing the bound pyridine versus the “pyridine free” pathway reveals a calculated 
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G of 3.5 kcal/mol in favor of the latter, which, of course, correlates with the cost of adding 

pyridine to the niobium-oxo complex, 7. 

Experimental results suggest that pyridine is not retained during the reaction pathway.  

Specifically, when 1 is treated with stoichiometric amounts of pyridine-N-oxide in addition to 

excess 1,3-cyclohexadiene, the predicted Diels-Alder adduct, 8, is formed in addition to a 

niobium oxo dimer [{ONb(ODipp)3}2].
21

 This experimental observation, in addition to the 

calculated free energy difference between bound and free pyridine pathways (G = +3.5 

kcal/mol), reinforces the prediction that pyridine is lost upon oxidation of the Nb-P bond prior to 

release of the Ph3SnP3 fragment and formation of the oxo product, Figure 3.9.  

 

3.4.5 Oxygen Insertion with (
2
-P3SnPh3)Nb(ODipp)3 complex (2-Dipp) 

In order to compare calculated results directly to experimental findings, the reaction 

mechanisms investigated above were explored for the complete niobium complex, [(
2
-

P3SnPh3)Nb(ODipp)3], 2-Dipp, Figure 3.13. Analysis of the OMe model catalyst geometric and 

thermochemical results provides insight into the mechanism for niobium oxidation which 

supplies an ad hoc „template‟ for the study of the larger ODipp complex. Inclusion of the large 

ODipp ligands will undoubtedly have an effect on oxidant coordination energetics due to steric 

considerations and will provide a description of the system utilized in the experimental 

procedure
21

 which may or may not alter the mechanistic, and energetic, trends calculated with 

the OMe complex, 2. 
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Figure 3.13. B3LYP/CEP-31G geometry optimized phosphorus transfer complex [(
2
-

P3SnPh3)Nb(ODipp)3], 2-Dipp. Bond lengths reported in Å.   

 

Similar to the methoxy complex, three unique isomers were optimized with the oxidant, 

PyO, coordinated to niobium, and exhibit the same energetic pattern; 3-Dippeq/ax > 3-Dippax/eq > 

3-Dippax/ax (the fourth isomer, 3-Dippeq/eq, optimizes to 3-Dippax/eq upon minimization). The 

relative order of isomers of 3-Dipp show the same pattern to that of the OMe complexes, 

however, the calculated energy barriers for oxidant coordination are higher compared to the OMe 

system for 3-Dippax/eq (G
‡
 = +6.9 kcal/mol) and 3-Dippax/ax (G

‡
 = +6.2 kcal/mol), most 

certainly due to the steric bulk of the ODipp ligands. Interestingly, while 3-Dippeq/ax remains the 

highest energy isomer for oxidant coordination, the calculated G
‡
 is -1.7 kcal/mol, Figure 

3.14, compared to the OMe analogue, Figure 3.9. The size of the ODipp ligands seemingly 
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results in a less selective coordination of the oxidant as the three isomers of 3-Dipp exhibit 

closer energies to each other than the OMe isomers of 3. The larger ODipp ligands raise the 

energies for ax/ax and ax/eq coordination and lowered eq/ax coordination in the 3-Dipp isomers 

compared to isomers of 3.  

 

Figure 3.14. Calculated oxygen insertion pathway for formation of niobium-oxo complex 

(7-Dipp) and release of Ph3SnP3 fragment (8). Green energies represent the PyO/P3 

ligands in the equatorial/axial conformation while black energy values have the ligands in 

an axial/equatorial coordination. Geometries displayed in diagram represent the lower 

energy conformations at each reaction coordinate. All energies are calculated relative to 

complex 2-Dipp and reported in kcal/mol. 

 

Transition state activation barriers for oxygen atom insertion into the Nb-P bond are 

calculated to be lowest for TS3-Dippeq/ax, 20.9 kcal/mol (G
‡
), with TS3-Dippax/eq calculated to be 

29.6 kcal/mol (G
‡
), 8.7 kcal/mol higher than TS3-Dippeq/ax (G

‡
). The energetic trend of the 
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eq/ax TS configuration lying lower in energy agrees with the previously discussed results for the 

OMe system (Figure 3.9). However, oxygen atom insertion into the Nb-P bond in the eq/ax 

position, compared to the ax/eq position, is more favored for the larger ODipp complex. 

Specifically, the G
‡
 for the two OMe TS complexes (TS3ax/eq – TS3eq/ax) is calculated to be 

+4.9 kcal/mol compared to +8.7 kcal/mol for the ODipp TS‟s, Table 3.1. Furthermore, the 

difference in activation barriers between the TS3eq/ax (OMe) and TS3-Dippeq/ax (ODipp) is 3.8 

kcal/mol in favor of the ODipp complex. It is hypothesized that the steric bulk of the ODipp 

ligands, compared to the OMe ligands, results in a reduced barrier for oxygen atom insertion in 

to the niobium-phosphorus bond due, in part, to the enhanced selectivity of oxidant binding in 

the eq/ax position (G
‡
 reduced by 1.7 kcal/mol, 3-Dippeq/ax), but more importantly to the 

decrease in selectivity for the ax/eq and ax/ax coordination isomers (G
‡
 increased by 6.9 

kcal/mol, 3-Dippax/eq, and 6.2 kcal/mol, 3-Dippax/ax).  

Table 3.1. Calculated activation energy barriers for the transition states of OMe and 

ODipp complexes relative to the starting complexes, 2 or 2-Dipp, respectively. 

Parentheses indicate relative energies of each structure to the lowest TS. Energies given 

in kcal/mol. 

 G
‡
OMe G

‡
ODipp 

TSoxo +35.7 (11.0) +35.9 (15.0) 

TSax/eq +29.6 (4.9) +29.6 (8.7) 

TSeq/ax +24.7 (0.0) +20.9 (0.0) 

 

Following oxygen insertion into the Nb-P bond, the reaction proceeds favorably to 

generate the metallocycle, calculated to be 66.4 kcal/mol downhill for the eq/ax configuration 

and 78.1 kcal/mol for the ax/eq isomer. The small difference in energies (G
‡
 = 3.0 kcal/mol) 

in 4-Dipp, Figure 3.14, is alleviated with the removal of the coordinated pyridine ligand, 5-Dipp, 

which is has been discussed for the OMe system and is expected based on experimental isolation 
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of the dimer of 7-Dipp with no coordinated pyridine, Figure 3.7.
21,126

 Formation of the strong 

Nb=O bond drives the reaction through the adduct geometry, 6-Dipp, which is calculated to be 

2.4 kcal/mol uphill from 5-Dipp. Complete dissociation of the Ph3SnP3 fragment, 8, from 7-

Dipp is entropically favored and is calculated to be 8.6 kcal/mol downhill from 6-Dipp.  

Calculations were also performed to determine the reaction path for the oxo (redox) 

pathway in which the oxo is generated from the 3-Dippax/ax isomer. Animation of the imaginary 

frequency in the calculated TSDippoxo exhibits the simultaneous Nb=O bond formation and Nb-P 

bond breaking indicating the Ph3SnP3 fragment is lost when the Nb=O bond forms. Additionally, 

the P2-P1 bond length decreases to 2.11 Å as the Nb=O bond forms, indicating the formation of 

a P=P bond (see discussion above for P=P bond lengths), Figure 3.15. Adduct complex 6-

Dippoxo has the Ph3SnP3 fragment displaced from the Nb(O)(ODipp)3 fragment by > 5.0 Å, 

Figure 3.15, and also exhibits a P=P bond, with a calculated distance of 2.03 Å.  

   

Figure 3.15. Transition state structure TSDippoxo, left, showing the formation of the Nb=O 

bond and elongated Nb-P bonds. Adduct complex 6-Dippoxo, right, indicated the 
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dissociation of the Ph3SnP3 fragment upon oxo formation and the creation of a P=P bond 

(2.03 Å). iPr groups removed from TSDippoxo, left, for clarity. Bond lengths reported in Å. 

 

Calculations reveal the free energy of activation for the Nb-O bond to form the Nb=O 

bond is uphill by 23.9 kcal/mol (3-Dippax/ax  TSDippoxo), Figure 3.16. The effective barrier, 

G
‡
, for this TS is calculated to be 35.9 kcal/mol. Compared to TSDippax/eq and TSDippeq/ax this TS 

sits higher in energy by 6.3 kcal/mol and 15.0 kcal/mol, respectively, Table 3.1. In agreement 

with the previously presented results for the OMe model catalyst, the oxo (redox) pathway is 

calculated to be the highest energy pathway of all systems identified in this research. 

 

Figure 3.16. Calculated potential energy surface for the oxo pathway with the full ODipp 

complex. Formation of the oxo complex (TSDippoxo) prior to the release of the Ph3SnP3 

fragment (8). All energies calculated relative to complex 2 and reported in kcal/mol. 
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3.4.6. Diels-Alder Reaction of Ph3SnP3 (8) with 1,3-Cyclohexadiene 

Liberation of Ph3SnP3, 8, from starting material 2 or 2-Dipp is an overall 

thermodynamically favored process with only one major barrier to overcome; bonding and 

insertion of the oxidant, Figure 3.9 and 3.14. While complexes 6 and 6-Dipp are calculated to be 

just slightly endergonic relative to 5 and 5-Dipp, respectively, it is expected that the release of 8 

will proceed with little resistance in order to form the stable niobium-oxo complex, 7 or 7-Dipp, 

which has been isolated as a dimer experimentally
21

 for the ODipp system (see Figure 3.7).  

The Diels-Alder addition of 8 and 1,3-cyclohexadiene proceeds with 8 acting as the 

dienophile. The reaction shown in Figure 3.17 is favored with a calculated G of -14.6 kcal/mol. 

Formation of the transition state complex, TS8-9, is calculated to possess an activation barrier of 

+12.6 kcal/mol. Transition state TS8-9 has a small imaginary frequency, 62i cm
-1

, describing the 

formation of two P-C bonds (P-C3 and P2-C2) and the slight elongation of the P1=P2 bond, Figure 

3.18.  

 

Figure 3.17. Calculated reaction pathway for the Diels-Alder adduct, 9. Free energies 

reported in kcal/mol. 

 

Generation of the Diels-Alder adduct, 9, from TS8-9 is exergonic with a calculated G of 

-27.2 kcal/mol. The B3LYP/CEP-31G(d) calculated geometry of 9 shows excellent agreement 
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with the X-ray structure. The calculated P=P bond of 2.03 Å, 8, elongates to 2.23 Å resulting in a 

P3 ring with equal bond lengths calculated to be 2.23 Å, 2.25 Å, 2.25 Å, Figure 3.18, compared 

to experimental
21

 bond lengths of 2.20 Å, 2.20 Å, 2.21 Å, respectively. 

     

 

Figure 3.18. Comparison of geometries for Ph3SnP3--C6H8 calculated transition state, 

TS8-9, top left; Calculated adduct product Ph3SnP3C6H8, 9, top right; Adduct X-ray 

structure, 9X-ray, bottom.
21

 Bond lengths reported in Angstroms. 

 

3.5. Summary and Conclusions 

The use of transition metal complexes to generate phosphorus-containing synthons is an 

extremely valuable process towards the production phosphorus containing molecules. DFT 
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methods were employed to understand the mechanism in which [(
2
-P3SnPh3)Nb(ODipp)3], 2, is 

oxidized by PyO to release the Ph3SnP3 fragment. Reports of oxygen insertion into a Nb-P bond 

are rare in the literature, and results presented here offer an investigation into generating 

phosphorus containing fragments for synthetic purposes via a non-redox, oxy-insertion pathway. 

Calculations identify oxygen insertion as the rate determining step for the process, with 

formation of the metallocycle then eventual metal-oxo complex being highly exothermic. Ergo, 

the driving force of the process is the formation of the M=O bond, which is strong for high 

valent, early transition metals, forming the stable d
0
, Nb(V)-oxo complex.

99
  

It is determined from calculations that binding the oxidant, pyridine-N-oxide, with 

respect to the Ph3SnP3 ligand (PyO/P3) is more favored (G = +6.2 kcal/mol) for the 

axial/equatorial coordination isomer, 3ax/eq, versus the equatorial/axial coordination isomer, 

3eq/ax (G = +16.2). However, formation of the transition state is favored (G = -4.9 kcal/mol) 

when the oxidant occupies the equatorial/axial position, TSeq/ax. This suggests an internal 

pseudorotation to achieve the low energy, thermodynamically favored configuration, TSeq/ax. 

Once the barrier to oxygen insertion is overcome, liberation of the Ph3SnP3 fragment and 

formation of the oxo is calculated to be thermodynamically favorable. Comparison of the 

niobium-oxo geometry shows good agreement with experimentally derived bond lengths and 

angles (barring the fact that the calculated model replaces the ODipp ligands with OMe), Figure 

3.7.  

Conversely, calculations reveal the „oxo‟ mechanism dissociates the Ph3SnP3 fragment 

upon Nb=O bond formation in the axial coordination site. Coordination of pyridine-N-oxide to 2 

in the axial site, 3ax/ax, exhibits the lowest calculated free energy, 11.1 kcal/mol lower than that 

of the lowest energy transition state precursor, 3eq/ax. The release of the Ph3SnP3 fragment 
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happens spontaneously at the transition state, TSoxo, as the niobium-oxo bond forms, 

characterizing the mechanism as a redox pathway in which the niobium is oxidized from Nb(IV) 

to Nb(V). The trans configuration of the oxo and P3 ligands would require the niobium center to 

lose an electron from a non-valence shell in order to balance the four anionic ligands (three OMe 

and the P3
-
 ligand) and the dianionic oxo ligand, which is highly unfavorable. With the oxo‟s 

strong trans influence, release of the weakest bound ligand, Ph3SnP3, maintains a d
0
Nb(V)-oxo 

configuration.  

Calculations on the full [(
2
-P3SnPh3)Nb(ODipp)3] complex, 2-Dipp, and its potential 

energy surfaces for both the organometallic BV (non-redox) and oxo (redox) pathways, reveal 

the same trend in energetics. Specifically, the oxidant bound coordination isomers show the same 

pattern; 3-Dippeq/ax (+2.5 kcal/mol) > 3-Dippax/eq (+0.4 kcal/mol) > 3-Dippax/ax (0.0 kcal/mol), 

where the values in parentheses are the relative free energies of the complexes. Moreover, the 

transition state activation energies exhibit the same pattern as the methoxy complex which 

calculates the eq/ax, TSDippeq/ax, to have the lowest activation energy barrier at 20.9 kcal/mol. 

The BV pathway proceeds in the same manner, through the metallocycle, 4-Dipp, adduct, 6-

Dipp, and formation of the oxo complex 7-Dipp upon the release of the Ph3SnP3 fragment. 

It is determined from DFT calculations that the generation of the Ph3SnP3 fragment, 8, is 

energetically favored when PyO/P3 ligands are in the equatorial/axial arrangement, TSeq/ax 

(TSDippeq/ax). In comparison, the axial/equatorial isomers, TSax/eq (TSDippax/eq), and the trans oxo 

isomers, TSoxo (TSDippoxo), have free energy barriers 4.9 kcal/mol (8.7 kcal/mol) and 11.0 

kcal/mole (15.0 kcal/mol) higher than TSeq/ax (TSDippeq/ax), respectively. This identifies the 

organometallic Bayer-Villiger, non-redox, pathway to be the thermodynamically favored 
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mechanism for oxidation of the model [(
2
-P3SnPh3)Nb(OMe)3] complex and [(

2
-

P3SnPh3)Nb(ODipp)3] to generate the P3
-
 synthon. 
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CHAPTER 4 

DFT STUDY OF GROUP 8 CATALYSTS FOR THE HYDROARYLATION OF OLEFINS: 

INFLUENCE OF ANCILLARY LIGANDS AND METAL IDENTITY 

4.1. Introduction 

The generation of C-C bonds involving aromatic substrates is an important synthetic 

process. For example, catalytic olefin hydroarylation is used to produce alkylated aromatic 

substrates, which are precursors to surfactants and monomers for the polymer industry (eq 1).
134-

136
 Current routes for the preparation of alkyl arenes include the use of Friedel-Crafts catalysts;

137
 

however, Friedel-Crafts reactions are problematic due to the corrosive nature of the catalyst 

system, propensity toward poly-alkylation, the requirement of Brønsted acid co-catalysts, and the 

inability to recycle the catalyst.
135

 Also, for catalysis with -olefins, Friedel-Crafts reactions 

yield branched over straight-chain alkyl arenes. Finally, when dialkyl arenes are desired, 

achieving selectivity for 1,2-, 1,3- or 1,4-disubstituted products is a tremendous challenge. 

Although zeolite-based catalysts offer improvements over traditional Friedel-Crafts catalysts, 

issues of selectivity remain problematic.
138-143

  

 

In addition to commodity scale processes, transition metal catalyzed hydroarylation of 

olefins offers potential application to the synthesis of fine chemicals.
22,144-148

 The formation of C-

Caromatic bonds often requires the generation and use of a nucleophilic hydrocarbyl source, such as 

an aryl boronic acid, Grignard reagent, aryl zinc reagent, etc., in combination with aryl halides in 



 

72 

processes that are typically catalyzed by late transition metal systems.
149-158

 Catalytic olefin 

hydroarylation that is tolerant of hetero-atom groups could provide a more direct route to 

alkylated aromatic substrates. Catalytic hydroarylation of olefins using transition metal catalysts 

that operate through a cycle that involves olefin insertion into metal-aryl bonds and metal-

mediated aromatic C-H activation offers opportunities to tune for selectivity and open new routes 

to alkyl and/or vinyl arenes.
22,145

  

Late transition metal catalysts for olefin hydroarylation have been developed for aromatic 

systems that possess hetero-functionality.
147,159

 For example, Bergman and Ellman studied Rh 

complexes for the direct conversion of aromatic C-H bonds into C-C bonds with high 

enantioselectivity for a variety of synthetic applications.
146,160

 Brookhart has examined Rh(III) 

catalysts for C-H bond activation of benzene and aryl aldehydes in addition to intermolecular 

hydroacylation by Rh(I)-olefin complexes.
148,161

 Murai has explored the versatility of olefinic C-

H bond activation by Ru and Pd catalysts for coupling with a variety of substituted aromatic 

molecules.
157,162-164

 Liu's group has investigated the use of Au(III) catalysts to perform selective 

Markovnikov-type hydroarylation of vinyl arenes and trisubstituted olefins with indoles.
165

  

Although examples of catalysts for olefin hydroarylation have been reported,
145,159,164

 

systems that are effective for unactivated substrates (e.g., benzene and ethylene) are less 

common. Periana et al. have reported Ir(III) catalysts, including (acac-O,O)2Ir(Ph)(py) and (trop-

O,O)2Ir(CH3)(py) (acac-O,O = 
2
-O,O-acetylacetonate; trop-O,O = 

2
-O,O-tropolonate).

166-169
 

Experimental and DFT studies suggest a catalytic cycle that involves olefin coordination and 

insertion into an Ir-aryl bond followed by Ir-mediated C-H activation of the aromatic 

substrate.
71,103,168,170-174

 Additionally, a few platinum complexes have been investigated towards 

hydroarylation of unactivated olefins and arenes,
175-177

 although a recent study suggested that 
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Pt(II) salts with triflate catalyzed olefin hydroarylation via the generation of HOTf and 

Vitagliano et al. have suggested arene nucleophilic addition to coordinated olefins for Pt-

catalyzed olefin hydroarylation that involves electron-rich arenes.
178,179

 

 

Scheme 4.1. Proposed catalytic cycle for olefin hydroarylation using 

TpRu(L)(Ar)(NCMe) (Ar = aryl) systems [M = TpRu(L) where L is a neutral, two-

electron donor ligand]. 

 

In order to improve catalyst efficacy by rational design of new systems, it is important to 

develop a detailed understanding of how the features of the catalyst impact the steps along the 

catalytic cycle and likely side reactions. Along these lines, our groups have reported studies of a 

series of Ru(II)-based systems of the type TpRu(L)(NCMe)R [Tp = hydrido-

tris(pyrazolyl)borate; R = Me or Ph; L = CO, PMe3, P(OCH2)3CEt or P(N-pyrrolyl)3] with the 

primary goal of understanding the impact of the ligand "L" on catalyst activity and 

selectivity.
22,180-190

 Thus, a series of TpRu(L)(NCMe)Ph systems was designed to give a range of 

steric and electronic profiles for the various ligands "L." For catalyst precursors of the type 

TpRu(L)(NCMe)Me, our combined computational and experimental studies suggest that the 

pathway depicted in Scheme 4.1 is operative.
22
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The catalyst TpRu(CO)(Ph)(NCMe) is among the most active catalysts for olefin 

hydroarylation (by a non-Friedel-Crafts pathway) and exhibits selective production of mono-

alkyl arenes (versus, for example, production of vinyl arenes and dialkyl arenes).
184,185

 Using 

TpRu(CO)(NCMe)R (R = Me or Ph) as a baseline, we pursued combined experimental and 

computational studies to probe the influence of a strongly donating ligand (PMe3) in place of 

CO, a sterically bulky ligand [(P(N-pyrrolyl)3] and a phosphite, P(OCH2)3CEt, of moderate size 

and donor ability.
22,180-190

 Expansion of this series will allow additional "fine tuning" of 

structure/activity relationships for the {scorpionate}M(L)Ph motif; however, syntheses of 

catalyst variants can been difficult and time consuming. The extensive experimental and 

computational data for the TpRu(L)(NCMe)Ph systems described above provides an opportunity 

to use DFT calculations to rapidly probe closely related catalysts. The extensive experimental 

and computational data for the TpRu(L)(NCMe)Ph systems described above provides an 

opportunity to use DFT calculations to rapidly probe closely related catalysts 

Herein, we report a DFT analysis of catalytic hydrophenylation of ethylene for 

complexes of the type TpM(L)(R)(NCMe), [MpM(L)(R)(NCMe)]
+
, and Tp

CF3
M(L)(R)(NCMe) 

(Mp = tris(pyrazolyl)methane; Tp
CF3

 = hydrido-tris(1,5-difluoromethylpyrazolyl)borate; M = Fe, 

Ru, Os; L = CO, PF3, PMe3, PTA, P(CF3)3; R = methyl or phenyl) (Figure 4.1). Specifically, this 

work probes: 1) the influence of replacing the CO ligand of TpRu(CO)(NCMe)Ph with PF3. 

Since PF3 has a similar donor ability to CO, the PF3/CO substitution was designed to probe the 

impact of steric profile. 2) Substitution of Ru with Os give TpOs(PF3)(Ph)(NCMe) or Fe to give 

TpFe(L)(Ph)(NCMe) complexes. Although previous studies have explored the impact of ligands 

of variable donor strength for TpRu(L)(Ph)(NCMe) systems, this is our first study focused on the 

influence of metal identity. 3) By substituting Tp with Mp, we may explore the influence of 
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moving from a charge neutral Ru
II
 system to an overall cationic complex. 4) The influence of 

modifying the Tp support ligand or co-ligand, L, in the aim of generating catalysts for water 

soluble (PTA)
191

 or super-critical carbon dioxide (scCO2)
192

 soluble (P(CF3)3, Tp
CF3

) catalysis. 

 

Figure 4.1. The energetics of ethylene hydrophenylation have been probed using DFT 

calculations for the series of Ru(II) and Os(II) complexes depicted above. For complex 5, 

calculations have been performed in both the gas-phase (5) and as a continuum (THF) 

solvated model (6). Complex 7 was modeled in both a singlet ground state (7) and a 

triplet ground state (8).  
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4.2. Computational Methods 

The Gaussian 03 package was used for all calculations described herein.
55

 The B3LYP 

hybrid density functional was employed.
20,57

 Modeling of relativistic effects and description of 

the bonding and energetics was accomplished via the relativistic effective core potentials 

(RECPs) and valence basis sets of Stephens, Basch, and Krauss
58

 (CEP-31G) augmented with a 

d-polarization function for main group atoms. The computational methods (termed B3LYP/CEP-

31G(d)) employed in this study match methods used in previous reports.
22,180-183,185,193-195

 

Optimized geometries and transition states were confirmed by the presence of zero and 

one imaginary frequency, respectively, in the calculated energy Hessian. Thermochemistry was 

determined at 298.15 K and 1 atm utilizing B3LYP/CEP-31G(d) unscaled vibrational 

frequencies. Note that the present values differ slightly (~ 1 kcal/mol) from those presented 

previously
22

 due to the use of a different reference state and lower energy conformers isolated for 

phenethyl ligands. Solvation calculations were performed at the same level of theory (single 

points at gas-phase optimized geometries) employing a polarizable continuum calculation using 

the CPCM
196

 method. THF was the modeled solvent to match experiment.
175 

 

4.3. Thermodynamics of Catalytic Loop 

In order to compare the potential of the systems in Figure 4.1 for ethylene 

hydrophenylation, DFT calculations are used to compare the energetics for conversion of the 

metal-phenyl complexes, ethylene and benzene to free ethylbenzene by the mechanism proposed 

for catalysis by TpRu(L)(NCMe)(R) systems.
22

 We have started with the sixteen-electron 

systems TpRu(L)Ph and [MpRu(L)Ph]
+
, and have calculated the Gibbs free energy changes for 

ethylene coordination, ethylene insertion into the metal-phenyl bond, benzene coordination to the 
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resulting phenethyl complex and benzene C-H activation to produce ethylbenzene and regenerate 

the starting M-phenyl system. Consistent with previous studies,
170,185,194,197,198

 for all systems 

except Os, the calculated pathway for benzene C-H activation involves a concerted σ-bond 

metathesis [or oxidative hydrogen migration (OHM)]
170

 transformation. Provided are pair wise 

comparisons to organize and present the results. We begin with a summary of the comparison of 

TpRu(CO)(Ph)(NCMe) (1) and TpRu(PMe3)(Ph)(NCMe) (2).
22,182,188

 

 

4.3.1. TpRu(CO)(Ph)(NCMe) (1) and TpRu(PMe3)(Ph)(NCMe) (2) 

Octahedral complexes 1 and 2 were investigated for the production of ethylbenzene from 

ethylene and benzene.
22,182,184,185

 The replacement of the strongly -acidic CO ligand with PMe3 

results in a more electron-rich metal center,
22

 as indicated by the shift in the Ru(III/II) redox 

potential by ~0.7 V to the negative. Figure 4.2 provides an outline of the calculated energetics 

for the conversion of benzene and ethylene to ethylbenzene using these two systems.  

Upon formation of the 16-electron active species, TpRu(CO)(Ph) (1e), after dissociation 

of NCMe from complex 1, the reaction coordinates that were studied include: (f) coordination of 

olefin, (g) olefin insertion into the Ru-Ph bond, (h) benzene coordination, (i) benzene C-H 

activation, and (j) release of ethylbenzene to regenerate the active catalyst. In the catalytic loop, 

1e  1j, two energy barriers are of primary importance: olefin insertion into the M-Cphenyl bond, 

which proceeds through transition state 1g, and C-H activation of benzene, which proceeds via 

transition state 1i. For the CO complex 1, the insertion of ethylene into the Ru-Ph bond is 

calculated to occur with a G
‡
 of 20.1 kcal/mol relative to the ethylene adduct 1f. The C-H 

activation of benzene, which proceeds via transition state 1i, is calculated to have a Gibbs free 

energy of activation of 15.4 kcal/mol relative to the benzene adduct 1h. 
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Upon replacing CO with PMe3, computational studies indicate the Gibbs free energy of 

activation for olefin insertion increases by 3.3 kcal/mol, with a ΔG
‡
 of 23.4 kcal/mol relative to 

2f. In contrast, the substitution of PMe3 for CO is calculated to facilitate benzene C-H activation 

from the benzene adduct h. The calculated ΔG
‡
 for benzene C-H activation from 2h is 10.4 

kcal/mol compared to 15.4 kcal/mol for complex 1h.  Importantly, the substitution of PMe3 for 

CO is predicted to change the RDS from benzene C-H activation to olefin insertion. The 

calculated G
‡
 for the formation of ethylbenzene from 2e, benzene and ethylene is 23.4 

kcal/mol. The difference in calculated energies between olefin coordination and insertion for 

complexes 1 and 2 are further reviewed in the discussion. 

 

Figure 4.2. Comparison of calculated energetics for catalytic olefin hydroarylation by 

TpRu(CO)(Ph), violet (bottom value), and TpRu(PMe3)(Ph), pink (top value). ΔG values 

reported in kcal/mol.  
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4.3.2. TpRu(PF3)(Ph)(NCMe) (3) 

PF3 is a ligand that exhibits overall donor ability similar to CO but with a larger steric 

profile (with a Tolman cone angle of 104º for PF3).
199

 To assess the impact of substitution of CO 

of 1 with PF3 we probed the energetics of hydrophenylation of ethylene using 

TpRu(PF3)(Ph)(NCMe) (3) as catalyst.  

Calculations containing the larger PF3 ligand show modest changes in the 

thermodynamics of the catalytic cycle (Figure 4.3). The calculated activation barrier to olefin 

insertion from the TpRu(L)(η
2
-C2H4)Ph precursors increases by 0.5 kcal/mol upon substitution 

of CO with PF3. For the PF3 complex, the activation barrier to benzene C-H bond cleavage 

increases 0.8 kcal/mol compared to complex 1 (starting from the coordinated benzene adducts 

h). The overall calculated ΔΔG
‡
 for the catalytic cycle is a negligible 0.5 kcal/mol, with the PF3 

complex exhibiting a lower activation barrier (Figure 2.3). Thus, the calculations indicate that the 

replacement of CO with the larger PF3 ligand is likely to result in minimal difference in catalytic 

activity. This is potentially important since the hydrophenylation of α-olefins using 

TpRu(CO)(Ph)(NCMe) is only mildly selective for linear products.
185

 The simulations imply that 

replacement of CO with slightly larger ligands that are equivalent in electronic profile could 

provide enhanced selectivity for linear alkyl-arene products.  
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Figure 4.3. Comparison of calculated energetics for catalytic olefin hydroarylation by 

TpRu(CO)(Ph), violet (bottom value), and TpRu(PF3)(Ph) shown in green (top value). 

Red atoms highlight ligand substitution of PF3 for CO made to complex. G values 

reported in kcal/mol. 

 

4.3.3. TpOs(PF3)(Ph)(NCMe) (4) 

In order to assess the impact of the metal, calculations were performed on the Os 

congener of complex 3 (Figure 4.4). Ethylene coordination by the sixteen-electron osmium 

complex 4e is quite exergonic (-20.6 kcal/mol, 4f) compared to the other systems, which are  -

10.6 kcal/mol. The stabilization of the ethylene adduct 4f increases the Gibbs free energy of 

activation for olefin insertion to give ΔG
‡
 of 30.7 kcal/mol as compared to 20.6 kcal/mol for the 

Ru analogue (Figure 4.4). The barrier to benzene C-H activation, 4i, remains significantly lower 

than for the Ru complex 3i. Complex 4i exhibits a small ΔG
‡
 of 4.3 kcal/mol (from 4h  4i) for 

benzene C-H activation in comparison to 16.2 kcal/mol for the Ru complex (3h  3i). For the 
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production of ethylbenzene, the Os complex is predicted to have an overall ΔG
‡
 of 30.8 

kcal/mol, which is one of the largest of the studied systems (Table 4.1). 

Table 4.1. Calculated Gibbs free energies of activation for the conversion of complexes 

1e - 13e, ethylene and benzene to ethylbenzene. 

Complex ΔG
‡ 

(kcal/mol) 

TpRu(CO)(Ph)(NCMe) (1) 25.7 

TpRu(PMe3)(Ph)(NCMe) (2) 23.4 

TpRu(PF3)(Ph)(NCMe) (3) 25.2 

TpOs(PF3)(Ph)(NCMe) (4) 30.8 

[MpRu(PMe3)(Ph)(NCMe)]
+
 (5) 23.4 

[MpRu(PMe3)(Ph)(NCMe)]
+THF

 (6)
a 

27.3 

1
TpFe(CO)(Ph)(NCMe) (7) 22.7 

3
TpFe(CO)(Ph)(NCMe) (8) 52.8 

TpFe(PMe3)(Ph)(NCMe) (9) 28.4 

TpFe(PF3)(Ph)(NCMe) (10) 24.8 

TpFe(PTA)(Ph)(NCMe) (11) 26.4 

TpFe(P(CF3)3)(Ph)(NCMe) (12) 29.4 

Tp
CF3

Fe(CO)(Ph)(NCMe) (13) 33.8 

a
THF solvated model. 

 

As mentioned above, for all Ru complexes studied herein benzene C-H activation is 

calculated to proceed via a concerted σ-bond metathesis type pathway. In contrast, for the 

osmium complex 4, separate optimization calculations for benzene C-H activation yielded two 

competing pathways: 1) a concerted σ-bond metathesis pathway for C-H activation, which is 

similar to the Ru systems, and 2) a stepwise C-H oxidative addition, to give an Os(IV) hydride 

complex, followed by a C-H reductive. Studies by Eisenstein et al. on closely related species, 

TpM(PH3)H and TpM(PH3)(Me) (M = Fe, Ru, Os), revealed σ-bond metathesis (or, oxidative 

hydrogen migration)
197

 type pathways for the first and second row transition metal complexes, 
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Fe and Ru.
197

 However, for Os systems a stepwise process that involves a metastable Os(IV) 

intermediate is predicted.
197

 Eisenstein‟s investigation into C-H activation by TpRu(PH3)(Me) 

and TpOs(PH3)(Me) calculate free barriers of activation of 12.2 kcal/mol and 2.1 kcal/mol, 

respectively, where the osmium complex proceeds through the Os(IV) hydride.
197

 

 

Figure 4.4. Comparison of calculated energetics for catalytic olefin hydroarylation by 

TpRu(PF3)(Ph), green (bottom value) and TpOs(PF3)(Ph), brown (top value). Red atoms 

highlight changes made to the metal center. ΔG values reported in kcal/mol. 

 

It is noted here that the for olefin coordination, f, complex 4 exhibits a much more endergonic 

reaction, calculated to be -20.6 kcal/mol compared to the ruthenium analogue 3, -9.1 kcal/mol, 

while the activation energies, relative to the starting complex, e, for olefin insertion are similar, 

10.2 kcal/mol and 11.5 kcal/mol. The discrepancy in energy can be reasoned by inspections of 

the highest molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 
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energies and is further discussed in a later section which deals implicitly with olefin insertion 

energies of all complexes.    

 

4.3.4. [MpRu(PMe3)(Ph)(NCMe)]
+
 (5) 

The formally anionic tetracoordinated boron atom of the Tp ligand was replaced with 

carbon to form the tris(pyrazolyl)methane ligand (Mp). Substituting carbon for boron makes the 

poly(pyrazolyl) supporting ligand neutral and the Ru(II) complex cationic. Given that the 

substitution of Mp for Tp should result in a decrease in electron density at Ru, a strongly 

donating ligand "L" (i.e., PMe3), was used as a starting point for exploration of the 

tris(pyrazolyl)alkane systems. 

 

Figure 4.5. Comparison of calculated energetics for catalytic olefin hydroarylation by 

TpRu(PMe3)(Ph), pink (bottom value, n = 0), and cationic [MpRu(PMe3)(Ph)]
n+

, black 

(gas phase, middle, n = 1) and orange (THF solvated model, top, n = 1). Red atoms 

highlight changes made to the scorpionate ligand. ΔG values reported in kcal/mol. 
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Gas-phase simulations of complex 5 reveal that from the ethylene adduct, the activation 

barrier for olefin insertion, via 5g, is 20.6 kcal/mol relative to 23.4 kcal/mol for the Tp complex 

2, Figure 4.5. The benzene C-H activation barriers, calculated from the corresponding benzene 

adducts, are approximately the same for 5 and 2 with a ΔΔG
‡
 of 0.2 kcal/mol favoring the Tp 

system. Interestingly, the overall activation barrier for the catalytic cycle is predicted to be the 

same (23.4 kcal/mol) for the Mp complex 5 (5f  5i) and for 2 (2f  2g).  

The cationic nature of Mp complexes may be expected to increase the impact of solvent 

(THF). Thus, calculations that incorporate continuum solvent effects were deemed important for 

cationic catalyst models. Calculations for complex 6 using a THF solvated model (using the 

CPCM method) were performed.
196

 The effect of solvent on the activation energies is significant 

for one of the two key steps. The Gibbs free energy of activation for ethylene insertion is 24.7 

kcal/mol for the solvated model, while that for the gas phase calculations is 20.6 kcal/mol. But, 

from the benzene adduct h, the calculated Gibbs free energy of activation for benzene C-H 

activation is 9.1 kcal/mol for the THF solvated system while the analogous barrier for the gas 

phase calculation is 10.2 kcal/mol. While the solvation model has little impact on the energy of 

the ethylene adduct 6f, the remaining species in the reaction sequence, 6g, 6h, and 6i are 

calculated to be higher in energy than the gas phase calculations by 3.7 to 4.8 kcal/mol. The 

relatively small difference in activation barrier for benzene C-H activation is due to the similar 

energy differences between the ground state structures (i.e., the benzene adducts 5h and 6h) and 

the transition states, which are raised by 4.8 and 3.7 kcal/mol compared to the gas phase 

reactions. Including solvation effects reveals an increase in the effective free energy by a 
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substantial 3.9 kcal/mol, 23.4 to 27.3 kcal/mol compared to the gas-phase calculations (Table 

4.1).  

 

4.3.5. Iron Catalysts 

One of the drawbacks of the baseline catalyst is the use of the fairly expensive metal 

ruthenium, Figure 4.1. Substitution of the ruthenium with iron will introduce two systematic 

changes, e.g., electron density at the metal center and steric requirements of different metals 

(covalent radii: Fe(II) = 132 pm; Ru(II) = 146 pm; Os(II) = 144 pm)
200

, in addition to employing 

a cheaper base metal.  

Iron complex 7, TpFe(CO)(Ph), which contains the linear CO co-ligand, is predicted to 

have a lower olefin insertion barrier, but an elevated C-H activation barrier (Figure 4.6) 

compared to 1. Specifically, the energetic barrier for olefin insertion is calculated to be 18.9 

kcal/mol for 7 compared to 20.1 kcal/mol for 1 with a ΔΔG of -1.2 kcal/mol in favor of 7. In 

contrast, the energy barrier for C-H activation, 7i, is raised by +7.3 kcal/mol compared to the 

ruthenium analogue from 15.4 kcal/mol for 1i, to 22.7 kcal/mol for 7i. The effective activation 

barrier of the catalytic loop for 7 is calculated to be 22.7 kcal/mol compared to 25.7 for complex 

1, Table 4.1. An outer-sphere benzene “adduct” resulted from the modeling of 7h, indicating that 

the small iron core induces significant steric congestion above and beyond corresponding 2
nd

 and 

3
rd

 row transition metal hydroarylation catalysts. Further discussion on the adduct geometry is 

given below. 

Modeling 1
st
 row transition metal catalysts requires consideration of potentially 

competitive spin states. The triplet complex 
3
TpFe(CO)(Ph), 8, was investigated to compare with 

the thermodynamics of the corresponding singlet 
1
TpFe(CO)(Ph), 7. Changes in the pathway are 
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clearly evident. En route to catalytic hydroarylation, the iron catalysts will exhibit spin “flips” 

between triplet and singlet surfaces in the vicinity of the calculated transition states, Figure 4.6. 

The changing of spin state along the potential energy pathway reduces the activation barrier of 

olefin insertion, from 42.1 kcal/mol, 8g, to 18.9 kcal/mol, 7g. In addition, the barrier for C-H 

activation is reduced from 52.8 kcal/mol, 8i, to 22.7 kcal/mol, 7i. Only the benzene coordination 

step, h, exhibits energy lower in the singlet state than the triplet state for the non-transition states. 

The triplet ground state, 8h, is calculated to be favored by 14.6 kcal/mol over the singlet state, 

7h. Geometric inspection of the triplet benzene adduct, 8h, reveals the benzene at a distance of 

4.22 Å, measured from iron to the closest carbon atom, the furthest of all iron complexes 

modeled. The uncoordinated geometry may be increasing the triplet GS energy as the catalyst 

can be considered an unsaturated sixteen-electron fragment with the benzene fragment residing 

just outside the inner coordination sphere. However, the preference for the triplet ground state for 

the active catalyst, e, relative to the singlet configuration is worrisome as this could lead to the 

loss of regiochemical control favoring branched products for alkenes if radical behavior is 

introduced by the triplet configuration. While this is not expected to not affect hydroarylation 

with ethylene, alkenes larger than ethylene will be expected to result in branched products. 
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Figure 4.6. Comparison of hydroarylation thermodynamics for iron based catalysts; 

singlet 
1
TpFe(CO)(Ph), violet (bottom value); triplet 

3
TpFe(CO)(Ph), light purple 

(second to bottom value); TpFe(PMe3)(Ph), pink (second to top value); and 

TpFe(PF3)(Ph), green (top value). (colors selected for comparison against related Ru 

catalysts above) ΔG values reported in kcal/mol. 

 

In order to gain further insight into the substitution of the iron center, complexes 9, 

TpFe(PMe3)(Ph), and 10, TpFe(PF3)(Ph), were also modeled to compare to their ruthenium 

analogues 2 and 3, respectively. As previously discussed, complex 9 also exhibits an 

endothermic barrier towards olefin coordination that is due to the steric congestion around the 

smaller Fe center. The effective barrier to olefin insertion has a calculated ΔG
‡
 of 28.4 kcal/mol, 

which is 5.0 kcal/mol higher than the ruthenium based catalyst, 2 (23.4 kcal/mol). Complex 9, 

like the previously reported iron systems, 7 and 8, also exhibits weak benzene coordination in 

coordinate h where the benzene is at a large distance from the iron center. The activation barrier 

for C-H activation is calculated to be 23.4 kcal/mol (h → i), with an effective barrier of 27.5 

kcal/mol. The overall effective barrier for the catalytic loop is 28.4 kcal/mol, which has a ΔΔG
‡
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of 5.0 kcal/mol versus catalyst 2. Complex 9 is predicted to be a less active catalyst than 2 based 

on the calculated energetics within the catalytic loop. 

Structure 10, TpFe(PF3)(Ph), is expected to exhibit similar energetics as 7 based on the 

ruthenium carbonyl analogues, 3 and 1, previously discussed. Comparison of 10g and 7g reveal a 

calculated ΔΔG
‡
 for olefin insertion of 2.8 in favor of the TpFe(CO) complex 7. Furthermore, in 

comparison to the ruthenium complex 3, 10g exhibits an effective barrier of olefin insertion 

calculated to be 1.1 kcal/mol in favor of TpRu(CO), 3. In accord with the previously compared 

energies of iron carbonyl, 7, and ruthenium carbonyl, 1, the effective barrier for C-H activation 

for the iron trifluorophosphine based system, 10, is larger than the ruthenium trifluorophosphine 

analogue, 3. Specifically, the ΔΔG
‡
 is calculated to be 8.6 kcal/mol in favor of complex 3 for C-

H activation. In a similar trend where the difference between the overall effective barrier for 

ruthenium complexes 1 (TpRu(CO)) and 3 (TpRu(PF3)) favors the carbonyl complex by 0.5 

kcal/mol (ΔΔG
‡
), the iron-carbonyl complex, 7, is favored over the iron-trifluorophosphine 

complex, 10, by 2.1 kcal/mol. The larger difference between the relative energetics for the iron 

systems (7 and 10) compared to the ruthenium catalysts (1 and 3) are likely manifested by the 

steric requirements of the PF3 ligand on the smaller iron center. Examining the geometry of 

stationary points f and h shows that η
2
-coordination of olefin and benzene are more energetically 

favored when the smaller carbonyl ligand is employed. Specifically, for structure f the Fe-Cethlyene 

distances for complex 7 are 2.28 Å and 2.31 Å compared to 2.31 Å and 2.34 Å, respectively, for 

complex 10. More so for structure h, the Fe-Cbenzene distances, measured to the closest C atom, 

are found to be 3.49 Å and 3.96 Å for complexes 7 and 10, respectively, indicating the increased 

steric bulk with the PF3 ligand. 
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4.3.6. Water & scCO2 Soluble Catalysts 

Following the trend of making the catalyst for hydroarylation both cheaper and more 

environmentally friendly, we explored modifications to both the co-ligand, L, and the support 

ligand, Tp. Specifically, we utilized ligands that are known to enhance metal complex solubility 

in water
191

 and supercritical carbon dioxide (scCO2), Figure 4.1.
192

 While the solubility of 

ethylene and benzene are expected to be rather low in water and scCO2, this investigation probes 

the possibility of hydroarylation catalysis in more environmentally friendly solvents.  

Complex 11, containing the PTA (phosphine 1,3,5-triaza-7-phosphaadamantane) ligand, 

has a calculated G
‡
 of 26.2 kcal/mol for olefin insertion, 11g (Figure 4.7). This result is not 

surprising with the steric bulk and the electron donating nature of the PTA ligand. The steric 

demand is manifested in coordinate f where the energy for coordinating ethylene is now uphill 

by 19.2 kcal/mol. Similar to the previous catalysts, complex 11h also has a weakly coordinated 

benzene reinforcing the steric demand around the smaller iron center. Interestingly, 11 exhibits 

almost equal activation energies for olefin insertion, 11g, and C-H activation, 11i, transition 

states (26.2 and 26.4 kcal/mol, respectively). While this is attractive for thermodynamics and 

kinetics (i.e., one large transition state barrier is not bottlenecking the reaction rate) both of the 

barriers are higher than any previously explored catalysts. The G
‡
 for the catalytic loop is 

calculated to be 26.4 kcal/mol for the PTA complex, 11. In addition, the use of one PTA ligand 

does not ensure solubility in water, in fact, PTA based complexes typically contain at least two 

PTA ligands for efficient water soulubility.
191

 With the 
3
 coordination of the (pyrazolyl)borate 

leaving only one coordination site open for a co-ligand, and exhibiting large free energy barriers 

of activation, 11 may not be a viable catalyst for hydroarylation in water. 
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Figure 4.7. Comparison of hydroarylation thermodynamics for catalysts modeled for 

water or CO2 solvents; baseline TpRu(CO)(Ph), violet (bottom value); TpFe(PTA)(Ph), 

blue (second to bottom value); TpFe(P(CF3)3)(Ph), grey (second to top value); 

Tp
CF3

Fe(CO)(Ph), red (top value). ΔG values reported in kcal/mol. 

 

Iron complexes 12 and 13 were developed for potential use in super-critical carbon 

dioxide (scCO2) catalysis, following the same theme as 11 in using an environmentally benign 

reaction solvent. The large calculated barriers for olefin coordination, coordinate f, are 

rationalized by the increased steric size of the co-ligand (P(CF3)3), 12, and the (1,5-

difluoromethlypyrazolyl)borate, 13, Figure 4.8. The gas phase G
‡
‟s for olefin insertion for 12g 

and 13g are calculated to be 29.2 kcal/mol and 32.0 kcal/mol, respectively. The activation 

barriers for C-H activation of 12i and 13i are calculated to be 29.4 and 32.5 kcal/mol, 

respectively. The steric demand of the ligand modifications are revealed in the benzene adduct 

bond lengths, discussed in the section below, in which 12 and 13 exhibit the largest Fe-Cbenzene 

distances (4.37 Å and 6.05 Å, respectively) of all modeled catalysts. Similar to complex 11, the 

G
‡
‟s of transition state barriers g and i are calculated to be close in energy. Specifically, 
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complex 12 has a G
‡
 of 0.2 kcal/mol while complex 13 has a calculated G

‡
 of 0.5 kcal/mol 

with each having the C-H activation barrier the highest point on the potential energy surface. The 

overall G
‡
‟s for the catalytic loop are calculated to be 29.4 kcal/mol and 32.5 kcal/mol for 

complexes 12 and 13, respectively. With the steric demands and high free energy barrier for 

activation, complexes 12 and 13 are not considered viable catalysts for hydroarylation. 

 
12h 

 
13h 

Figure 4.8. Optimized geometries for benzene adduct complexes 12f and 13f. 

Coordination of benzene is hindered due to the steric crowding around the Fe center. 

Bond lengths reported in Å, angles reported in degrees. 
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4.4. Generation of the Active Catalyst 

 

Figure 4.9. Precatalyst [(Y)M(L)(Me)(NCMe)]
n+

; [Y = Mp, n = 1; Y = Tp, n = 0; M = 

Fe, Ru or Os; L = PMe3, PF3, or CO], that reacts with benzene to produce methane and 

the sixteen-electron active species e.  

 

In one variation of the catalytic reactions using the TpRu systems, the catalyst precursor 

is a methyl complex, TpRu(L)(Me)(NCMe) (Figure 4.9). In order for these systems to enter the 

catalytic cycle, they must undergo benzene/NCMe ligand exchange followed by benzene C-H 

activation to yield methane and TpRu(L)Ph, which is the starting point for our calculations of 

ethylbenzene production (see above). In this section stationary points a through e (Figure 4.10), 

which correspond to overall benzene C-H activation, for model methyl precatalysts Figure 4.9, 

are discussed. 

Focusing on steps a through e in Scheme 4.2 reveals an endergonic barrier towards 

generation of the active catalyst for all model complexes 1 through 6 (Figure 4.10); however, the 

conversion of sixteen-electron complexes 1b - 6b to the phenyl complexes 1e - 6e and methane 

is exergonic in all cases. For all of the complexes, the rate determining step (RDS) en route to 

generating the active catalyst is the C-H activation of benzene.
22,182,194

 Consistent with studies of 

the catalytic cycle, the lowest activation energy is calculated for the TpOs complex. The 

increased predilection of the Os system (compared to the Ru systems) for benzene C-H 

activation is demonstrated by inspecting the ΔG
‡
's from the benzene adducts (thus, removing the 
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energetics of NCMe/benzene exchange). For the osmium system, the conversion of 4c to the 

transition state 4d occurs with a calculated ΔG
‡
 of 3.5 kcal/mol, while the ΔG

‡
's for the Ru 

systems are between 11.1 and 14.9 kcal/mol. Similar results have been obtained by Eisenstein et 

al. for related systems.
197

 Interestingly, no stable Os(IV) complex could be identified in the 

vicinity of TS 4d akin to that found within the catalytic loop. A salient prediction from these 

calculations is that the barriers should not change dramatically for aromatic C-H activation of 

cationic MpRu(II) systems relative to the TpRu(L)R motif. 

 

Figure 4.10. Reaction coordinates for generation of the active catalyst for complexes 1 

through 6 (6 is the THF solvated complex of 5). ΔG values reported in kcal/mol. 
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Comparison of the Ru methyl systems reveals that changes in the overall activation 

barriers are not substantial, which is consistent with previous experimental and computational 

studies.
22

 Complex 1, TpRu(CO)(CH3)(NCMe), defined as our "baseline" system, has a 

calculated overall C-H activation barrier of 39.1 kcal/mol. Complexes 3, 

TpRu(PF3)(CH3)(NCMe), and 5, [MpRu(PMe3)(CH3)(NCMe)]
+
, have higher barriers to C-H 

activation than 1. Specifically, 3d is increased by 1.4 kcal/mol from 39.1 kcal/mol to 40.5 

kcal/mol while 5d is elevated by 4.8 kcal/mol to 43.9 kcal/mol. Although the overall activation 

barrier is changed by 4.8 kcal/mol from 1 to cationic 5, the ΔΔG
‡
 for the benzene C-H activation 

step (c  d) is only 0.8 kcal/mol. Furthermore, inclusion of solvation (THF) for 5 results in a 

decrease in ΔΔG
‡
 for overall benzene C-H activation (a  d) by 1.1 kcal/mol.  

 

Scheme 4.2. Stepwise conversion of [(Y)M(L)(Me)(NCMe)]
n+

; [Y = Mp, n = 1; Y = Tp, 

n = 0; M = Ru or Os; L = PMe3, PF3, or CO] and benzene to [(Y)M(L)(Ph)(NCMe)]
n+

 via 

acetonitrile-benzene exchange (a  b  c) and C-H activation (c  d). 

 

Figure 4.11 shows the calculated energetics of the iron catalysts 7 through 10 for steps a 

through e based on Scheme 4.2. Similar to the ruthenium analogues, the overall reaction to 

generate the active catalyst is endergonic except for catalyst 8 which is calculated to be 



 

95 

exergonic by 11.6 kcal/mol. As previously discussed, the triplet state of 
3
TpFe(CO) (8) may 

impart difficulty in selectivity for larger alkenes and may be problematic. However at the 

transition state, catalyst 7, 
1
TpFe(CO), has a calculated G

‡
 of 36.5 kcal/mol for C-H activation, 

16.4 kcal/mol lower than the triplet configuration. Additionally, the calculated G
‡
 for 7 is 2.6 

kcal/mol lower than the baseline catalyst TpRu(CO), 1, showing improvement in the RDS for 

generation of the active catalyst from the methyl precursor. 

The energy barriers of complexes 9, TpFe(PMe3), and 10, TpFe(PF3), towards C-H 

activation are calculated to be 37.4 kcal/mol and 39.2 kcal/mol, respectively (Figure 4.11). The 

G
‡
 for 9 and 10 compared to their Ru congeners 2 and 3 are 0.5 kcal/mol and 1.3 kcal/mol, 

respectively, favoring the Fe complexes. Following the trend of the carbonyl complexes 

discussed above, the substitution of Fe for Ru lowers the C-H activation barrier (RDS) for all 

catalyst motifs. However, the osmium catalyst, 4, still exhibits the lowest activation barrier for 

C-H activation. 

Calculations on coordinates a  c were not performed for complexes 11, 12 and 13. 

Only the catalytic loop structures d  j were modeled since the structures of such “green 

solvent” friendly catalysts was exploratory for our own benefit and not based on a 

experimentalist suggestion. The use of non-polar chemicals like ethylene and benzene is 

expected to prove exceedingly difficult for water catalysis and might pose similar problems for 

scCO2 due to their low solubility in such media. 
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Figure 4.11. Reaction coordinates for generation of the active catalyst for complexes 7 

through 10. ΔG values reported in kcal/mol. 

 

4.5. Discussion 

In an effort to expand our understanding of structure/activity relationships for catalytic 

olefin hydroarylation using d
6
 complexes, systematic changes to TpRu(CO)(CH3)(NCMe) (1) 

have been modeled. Catalytic pathways have been explored via DFT simulations to identify a 

transition metal complex that reduces the energetic barriers of two key transition states, which 

are olefin insertion to form the C-C bond of the ultimate ethylbenzene product and the C-H 
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activation of benzene to form ethylbenzene and regenerate the active catalyst species and close 

the cycle.
22,182

  

 

4.5.1. Olefin Insertion  

Figure 4.13 collects calculated results for complexes 1 – 5 for the conversion of the 

sixteen-electron phenyl complexes, ethylene and benzene to ethylbenzene. For complexes 1, 3 

and 5 the calculated ΔG
‡
's for olefin insertion starting from the 

2
-ethylene complexes 1f – 5f 

(Table 4.2) are within 0.5 kcal/mol. Thus, substitution of PF3 for CO is predicated to have a 

negligible impact on the rate of olefin insertion, which is consistent with the similar donor ability 

of these two ligands. The similarity of the calculated barriers for ethylene insertion for 1 and 5 

indicate that the overall positive charge mitigates the increased donor ability of PMe3 compared 

to CO. However, when solvation is included, 6, the ΔG
‡ 

is calculated to be 4.1 kcal/mol larger 

for complex 5.  The difference in olefin insertion activation energy can be attributed to complex 

5 exhibiting a more stable transition state in comparison to 5s. Complexes 5f and 6f are within 

0.2 kcal/mol while the transition states 5g and 6g have a G
‡
 of 3.9 kcal/mol. Since no geometry 

optimization is performed within the solvent model, the difference in activation energies is 

related directly to the inclusion of solvent on the cationic complex. 

In contrast, substitution of PMe3 for CO to give TpRu(PMe3)(Ph) (2) is calculated to 

increased the activation barrier to ethylene insertion by over 3 kcal/mol. This is consistent with 

previously reported experimental and computational studies.
182

 The steric size and electron 

donation of the PMe3 ligand raise the energies for steps f and g compared to complex 1 with the 

smaller, more electron withdrawing CO ligand. Specifically, the G
‡
‟s for olefin coordination 

between catalysts 1f and complexes 2f, 5f and 6f are calculated to be 6.5 kcal/mol, 5.2 kcal/mol, 
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and 5.0 kca/mol, respectively. At the olefin insertion transition state, complexes 2g, 5g and 6g 

again show similar energetics to each other but remain much higher than 1g which has the 

smaller CO ligand. The G
‡
‟s for activation of ethylene between catalysts 1g and catalysts 2g, 

5g and 6g are calculated to be 9.8 kcal/mol, 5.7 kcal/mol, and 9.6 kcal/mol, respectively. 

Table 4.2. Calculated Gibbs free energies of activation for ethylene insertion from the η
2
-

ethylene complexes 1f – 13f. 

Complex ΔG
‡ 
(kcal/mol) 

TpRu(CO)(
2
-C2H4)(Ph) (1f → 1g) 20.1 

TpRu(PMe3)(
2
-C2H4)(Ph) (2f → 2g) 23.4 

TpRu(PF3)(
2
-C2H4)(Ph) (3f → 3g) 20.6 

TpOs(PF3)(
2
-C2H4)(Ph) (4f → 4g) 30.8 

[MpRu(PMe3)(
2
-C2H4)(Ph)]

+
 (5f → 5g) 20.6 

[MpRu(PMe3)(
2
-C2H4)(Ph)]

+THF
 (6f → 6g) 24.7 

1
TpFe(CO)(

2
-C2H4)(Ph) (7f → 7g) 10.6 

3
TpFe(CO)(

2
-C2H4)(Ph) (8f → 8g) 35.8 

TpFe(PMe3)(
2
-C2H4)(Ph) (9f → 9g) 13.4 

TpFe(PF3)(
2
-C2H4)(Ph) (10f → 10g) 10.9 

 TpFe(PTA)(
2
-C2H4)(Ph) (11f → 11g) 7.0 

TpFe(P(CF3)3)(
2
-C2H4)(Ph) (12f → 12g) 11.8 

Tp
CF3

Fe(CO)(
2
-C2H4)(Ph) (13f → 13g) 14.1 

 

Although the Ru-PF3 complex 3f is predicted to have a similar activation energy for 

ethylene insertion to complex 1f, the congeneric Os-PF3 complex 4f is calculated to undergo 

olefin insertion with a G
‡
 = 30.8 kcal/mol, which is a 10.2 kcal/mol increase compared to the 

Ru complex 3. Analysis of the orbital energies of the PF3 containing complexes 3f and 4f reveal 

a destabilized (higher energy) HOMO in the Os fragment, 4e. Specifically, the HOMO of 4e is 
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calculated to be 0.30 eV higher in energy than in 3e, Figure 4.12. Conversely, the LUMO of 3e 

and 4e only differ by a mere 0.05 eV. This difference in HOMO energies makes Os a better 

electron donor (more basic) than the Ru complex, lowering the energy for olefin coordination in 

f. Thus, the large difference in the effective activation energy (G
‡
 = 10.2 kcal/mol) for olefin 

insertion comes from the stabilization of the 4f while the relative energies for olefin insertion of 

3g and 4g remain similar. 

 

Figure 4.12. Molecular orbital energy of 16e- fragment 3e and 4e (left) and ethylene 

(right). The higher energy HOMO of complex 4e results in a greater electron donation 

into ethylene‟s * orbital compared to 3e.  

 

We have previously reported that complex 2 is not an effective catalyst for ethylene 

hydrophenylation, which is a result of the large G
‡
 for ethylene insertion. Thus, it follows that 

complexes with calculated G
‡
„s for ethylene insertion that are larger than 2 are not viable 
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catalyst targets. As a result, the Os complex 4 is not a good catalyst candidate. In addition, while 

cationic Ru(II) systems ligated by poly(pyrazolyl)alkanes, such as 5, might be viable catalyst 

precursors, the incorporation of the PMe3 ligand likely provides too much electron-donation and 

5 is not predicted to be a viable catalyst for ethylene hydrophenylation.  

 

Figure 4.13. Comparison of pathways for catalytic olefin hydroarylation by complexes 1 

– 6. Red atoms indicate changes made to each complex. G values reported in kcal/mol.  

 

Upon substitution of the Ru center with Fe, calculations predicts a stabilization of the 

olefin insertion TS barrier by -1.2 kcal/mol by complex 7 compared to the baseline catalyst, 1. 

To fully map the potential energy surface of the reaction, the triplet state, 8, for the first row 

transition metal was modeled. Calculations of the singlet (7) versus triplet (8) Fe complexes 
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show preference for the triplet state for a portion of the stationary points, except the two 

transition states, Figure 4.14, which energetically favor the singlet complex. Most interesting is 

that the energy of the active catalyst, e, favors the triplet configuration by 14.6 kcal/mol relative 

to the singlet. Clearly more work is warranted for these promising iron complexes, both from an 

experimental perspective but also a computational perspective given the vagaries of DFT 

modeling of systems with differing spin states. 

Inspection of Table 4.2 shows that replacing the ruthenium center with an iron atom 

decreases the olefin insertion energy barrier from coordinate f  g for all complexes except the 

triplet iron-carbonyl, 8. Moreover, the trends in energies (G
‡
) of states f and g previously 

discussed for TpRu(CO), 1, versus the catalysts containing the larger PMe3 ligand, 2, 5, 6, also 

hold true for the iron catalysts, TpFe(CO), 7, and TpFe(PMe3) 9. Specifically, the G
‡
 for 

olefin insertion between 7 and 9 is calculated to be 6.7 kcal/mol in favor of 7, while the 

activation of ethylene, g, has a calculated G
‡
 of 9.5 kcal/mol favoring 7. 
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Figure 4.14. Comparison of pathways for catalytic olefin hydroarylation by complexes 7 

– 13. Red atoms indicate changes made to each complex. ΔG values reported in kcal/mol. 

Reference values of baseline TpRu(CO)(Ph), 1, given in parentheses for comparison. 

 

Figure 4.15 shows the difference in geometries between the singlet, 7g, and triplet, 8g. 

The most striking features are the change in support ligand coordination and the angle of 

ethylene plane. The support ligand, Tp, varies from 
3
 coordination in 7g, to 

2
 in 8g where the 

pyrazolyl group trans from the carbonyl group is at a distance of 2.76 Å in the triplet compared 

to 2.10 Å for the singlet. As a consequence of the triplet states reduction of orbital overlap, 
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producing the strained geometry, it remains 23.2 kcal/mol higher in energy at the olefin insertion 

transition state, Figure 4.14. 

   

Figure 4.15. Transition state geometries of 
1
TpFe(CO)(Ph)(C2H4), 7g, left, and 

3
TpFe(CO)(Ph)(C2H4), 8g, right, showing the bonding changes in the support ligands and 

torsion differences between CCO-Fe-C-Cipso angles. Hydrogen atoms removed for clarity. 

Bond lengths reported in Å and torsion angles in degrees. 

 

It is clear from the comparison of the Ru complexes (Figure 4.13) to their Fe analogues 

(Figure 4.14) that the utilizing the smaller iron center increases the steric demand, which also 

increases the energetics from olefin coordination. Olefin coordination, f, for all iron catalysts is 

calculated to be endothermic compared to the calculated exothermic values of the ruthenium 

catalysts. The environment becomes even more sterically congested when larger ligands, 11 – 

13, are employed with the iron complexes. The endothermicity of coordinating ethylene 

decreases the olefin insertion activation barrier (f  g) for the iron systems (Table 4.2), but, the 

effective barrier for olefin insertion becomes the sum of steps f and g resulting in G
‡
 values 

larger than the ruthenium systems, except for the TpFe(CO)(Ph) system, 7. It is therefore 

realized that the steric requirement, while important for regiochemistry of larger alkenes, plays 

an important role in governing the activation energies of olefin insertion. 
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4.5.2. Benzene C-H Activation 

Among the Ru complexes (for gas phase calculations), the calculated energetics from the 

sixteen-electron complexes 1e – 5e to the transition states for benzene C-H activation, 1i – 5i, are 

similar, with a difference of only 2.9 kcal/mol from the lowest to the highest calculated ΔG
‡
. The 

PMe3 complexes 2 and 5 exhibit the largest G
‡
 (17.7 and 18.0 kcal/mol, respectively), while the 

PF3 and CO complexes have G
‡
‟s that are smaller at 16.1 and 15.1 kcal/mol, respectively. 

Similarly, iron complexes 7h, 9h, 10h and 11h exhibit activation energies within 4.8 kcal/mol of 

each other. The PMe3 and PTA complexes 9 and 11 exhibit the largest G
‡
 (26.4 and 27.5 

kcal/mol, respectively) while the CO and PF3 complexes have G
‡
‟s that are smaller at 22.7 and 

24.8 kcal/mol, respectively. It can be deduced that upon substitution of Ru with the smaller Fe, 

the calculated free energies for C-H activation increase. 

Noticeably different is the triplet CO complex, 8h, which has a G
‡
 28.6 kcal/mol higher 

than the preferred singlet complex 7h. Geometric inspection of 8h shows, like the olefin 

insertion geometry (Figure 4.15), one of the pyrazolyl rings sits at an elongated distance of 2.30 

Å compared to the remaining two (2.03 Å and 2.05 Å), Figure 4.16. In addition, the two organic 

ligands, between which the H atom is being transferred, also have elongated bond lengths shown 

in Figure 4.16. This strain in geometry and loss of orbital overlap is manifested in the 

considerably larger energy for 8h. 
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Figure 4.16. C-H activation transition state geometries of 
1
TpFe(CO)(Ph)(ethylbenzene), 

7i, left, and 
3
TpFe(CO)(Ph)(ethylbenzene), 8i, right. Hydrogen atoms removed for clarity. 

Bond lengths reported in Å. 

 

Complexes 12h and 13h have the highest (disregarding triplet 8h) TS activation energies 

of all the complexes. This is due to the small iron center surrounded by the bulkiest ligands of all 

complexes modeled. Examination of the catalytic loop shows that increasing the steric demand 

of the complex (complexes 2h, 3h, 5h, 6h, and 7h – 12h) destabilizes coordinate h and is a 

contributing factor for the trend in energies. In addition, the lack of strong coordination of the 

benzene in coordinate h for the iron complexes also affects free energy, as discussed below. 

Interestingly, complex 13 has the only negative energy at coordinate h; however, upon 

inspection of the geometry, it is found that benzene sits at the farthest distance of all complexes 

modeled, 6.05 Å, Table 4.5. Unfortunately, no strongly coordinated structure was isolated by 

computational methods.  

In contrast, calculations suggest a substantial change in energetics for the Os complex 4, 

with a Gibbs free energy change of only 4.0 kcal/mol for the conversion 4e  4i (Table 4.3).  

Table 4.3. Calculated Gibbs free energies of activation for benzene C-H activation from 

the η
2
-benzene adducts 1h – 13h. 
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Complex ΔG
‡ 

(kcal/mol) 

TpRu(CO)(
2
-C6H6)(Ph) (1h → 1i) 15.4 

TpRu(PMe3)(
2
-C6H6)(Ph) (2h → 2i) 10.4 

TpRu(PF3)(
2
-C6H6)(Ph) (3h → 3i) 16.2 

TpOs(PF3)(
2
-C6H6)(Ph) (4h → 4i) 4.3 

[MpRu(PMe3)(
2
-C6H6)(Ph)]

+
 (5h → 5i) 10.2 

[MpRu(PMe3)(
2
-C6H6)(Ph)]

+THF
 (6h → 6i) 9.1 

1
TpFe(CO)(

2
-C6H6)(Ph) (7h → 7i) 21.4 

3
TpFe(CO)(

2
-C6H6)(Ph) (8h → 8i) 50.0 

TpFe(PMe3)(
2
-C6H6)(Ph) (9h → 9i) 23.2 

TpFe(PF3)(
2
-C6H6)(Ph) (10h → 10i) 21.7  

TpFe(PTA)(
2
-C6H6)(Ph) (11h → 11i) 22.4 

TpFe(P(CF3)3)(
2
-C6H6)(Ph) (12h → 12i) 27.6 

Tp
CF3

Fe(CO)(
2
-C6H6)(Ph) (13h → 13i) 33.8 

 

As previously discussed, H atom transfer in the calculated C-H activation step proceeds 

through an OHM mechanism for the Ru complexes, which is characterized by a short M-H 

distance (Table 4.4).
170,185,197,198

 Frequency calculations on coordinate i complexes exhibit one 

imaginary frequency, 448i cm
-1

 (4i), in which the active H atom transfers between the benzene 

and CH2CH2Ph ligands. Transition state geometries for C-H activation all have similar M-H 

distances (~1.6 – 1.7 Å), Table 4.4. 

The reduction in the activation barrier for benzene C-H activation by the Os complex 

corroborates previous studies of TpM(PH3) (M = Fe, Ru, Os) in which Os was calculated to have 

the lowest energy barrier for hydrogen transfer.
197

 The low energy barrier can be accounted for 

by osmium‟s ability to readily form Os(IV) complexes, which makes the formation of an Os(IV)-

hydride complex competitive.  
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Table 4.4. Calculated metal-hydrogen (M-H) distances in C-H activation transition 

states. 

 

Complex 

TS i 

M-H distance (Å) 

TpRu(CO)(C6H6)(Ph) (1i) 1.63 

TpRu(PMe3)(C6H6)(Ph) (2i) 1.58 

TpRu(PF3)(C6H6)(Ph) (3i) 1.59 

TpOs(PF3)(C6H6)(Ph) (4i) 1.63 

[MpRu(PMe3)(C6H6)(Ph)]
+
 (5i) 1.60 

[MpRu(PMe3)(CH3)(NCMe)]
+
THF, (6i) 1.59 

1
TpFe(CO)(C6H6)(Ph) (7i) 1.59 

3
TpFe(CO)(C6H6)(Ph) (8i) 1.74 

TpFe(PMe3)(C6H6)(Ph) (9i) 1.57 

TpFe(PF3)(C6H6)(Ph) (10i) 1.57 

TpFe(PTA)(C6H6)(Ph) (11i) 1.57 

TpFe(P(CF3)3)(C6H6)(Ph) (12i) 1.58 

Tp
CF3

Fe(CO)(C6H6)(Ph) (13i) 1.57 

 

Geometry optimizations in the vicinity 4i optimized to both a 7 coordinate, Os(IV) local 

minimum, and an OHM transition state in which the hydride is characterized by a shorter Os-H 

bond length, 1.59 Å, in comparison to the slightly longer Os-H distance, 1.63 Å, in the OHM 

transition state (Figure 4.17). Thus, the transition state Os(II) structure and the 7-coordinate 

Os(IV) species are relatively close in energy with only a slight change in geometry, Scheme 4.3. 

The calculated free energy difference between the OHM transition state (formally Os(II)) and 

hydride intermediate (formally Os(IV)) is a mere 1.4 kcal/mol (Scheme 4.3).  
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4i, Os(IV) hydride 

 

 

4i, Os(II) OHM TS 

Figure 4.17. Geometry Optimization results of complex 4i; Os(IV) hydride (top), Os(II) 

OHM TS (bottom). Distances reported in Å. 
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Scheme 4.3. Free energy differences between transition state Os(II) complex and hydride 

Os(II) complex in the catalytic formation of ethylbenzene. Energy in kcal/mol. 

 

One last point to notice is the relationship of electron density and the activation energy of 

coordinate h. Within the ruthenium complexes, 1 – 6 (disregarding the osmium complex, 4) the 

highest barriers to C-H activation are exhibited by the complexes with more electron density at 

the metal center. Specifically in the ruthenium series, the highly donating PMe3 ligand and the 

cationic Mp system exhibit barriers larger than the more electron withdrawing CO and PF3 

ligands, complexes 1 and 3, respectively. The same trend holds true for iron complexes 8 – 13 in 

which complexes with the more electron withdrawing ligands CO, 7, and PF3, 9, are calculated 

to have the lowest energy barriers while the more electron donating ligands exhibit higher 

activation barriers, Table 4.3. However, as previously discussed, steric effects also strongly 

influence the energetic as evident by complexes 12 and 13 which have the largest ligands and 

have the highest energies even though P(CF3)3, in complex 12, is not expected to be as strongly 

donating as PMe3, 9.  
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4.5.3. Benzene Adduct 

While the iron complex 7 lowers the olefin insertion transition state, 7g, the smaller 

covalent radii of Fe(II) (132 pm) in comparison to Ru(II) (146 pm) increases the steric demands 

upon η
2
-coordination of the benzene molecule in step 7h. Geometry optimizations of 7h yields 

an iron complex with benzene in the outer coordination sphere, Figure 4.18; the data quoted in 

Table 4.5 for complex 7 are relative to the lowest geometry optimized structure, 7h, which has a 

nearest M---Cbenzene distance of 3.49 Å.  

 

Figure 4.18. Optimized geometry of 7h showing the benzene “adduct” with elongated 

M-Cbenzene bonds (3.5 Å) due to steric crowding at iron center. 

 

Further studies into the nature of the “benzene adduct” issue will be investigated. All 

modeled Fe/benzene complexes (7h – 13h) exhibit very weak η
2
-benzene coordination and thus 

very long M---benzene bond lengths, Table 4.5. The source of the elongated bonds is 

hypothesized to be a result of the smaller Fe core (covalent radii: 132 pm) in comparison to Ru 

(146 pm) and Os (144 pm).
200

 The steric requirement of the metal core impacts the calculated C-

H activation transition state, h  i, for complexes 7 – 13. If poor benzene binding destabilizes 

ground state h, it is expected that the free energies for the corresponding TS, i, will likewise 
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increase. Moreover, even if poor benzene binding does not impact the thermodynamics of 

hydroarylation, kinetic rates are likely to be greatly affected via the Arrhenius equations‟ pre-

factor, which describes the collision frequency.  

Interesting to note is the distance of M-Cbenzene for complex 13h. This elongated distance, 

6.05 Å, compared to the other iron adduct complexes, is determined to be the reason the energy 

of 13i remains negative compared to all the other iron based complexes modeled. The full 

separation of benzene from the catalyst fragment has a favorable entropic contribution. 

Table 4.5. Calculated metal-carbon (M-Cbenzene) distances in C-H activation transition 

states. Distance measured is metal to closest C atom in benzene ring.  

Complex 
M-Cbenzene distance 

(Å) 

TpRu(CO)(C6H6)(Ph) (1h) 2.72 

TpRu(PMe3)(C6H6)(Ph) (2h) 2.88 

TpRu(PF3)(C6H6)(Ph) (3h) 2.85 

TpOs(PF3)(C6H6)(Ph) (4h) 2.73 

[MpRu(PMe3)(C6H6)(Ph)]
+
 (5h) 2.75 

[MpRu(PMe3)(CH3)(NCMe)]
+
THF, (6h) 2.75 

1
TpFe(CO)(C6H6)(Ph) (7h) 3.49 

3
TpFe(CO)(C6H6)(Ph) (8h) 4.22 

TpFe(PMe3)(C6H6)(Ph) (9h) 3.82 

TpFe(PF3)(C6H6)(Ph) (10h) 3.79 

TpFe(PTA)(C6H6)(Ph) (11h) 3.89 

TpFe(P(CF3)3)(C6H6)(Ph) (12h) 4.37 

Tp
CF3

Fe(CO)(C6H6)(Ph) (13h) 6.05 
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4.6. Conclusions 

The present research has shown that modifications to the hydroarylation catalyst 

TpRu(CO)(Ph) can effectively enhance the component reactions within the catalytic loop, thus 

improving the efficiency of the catalyst. Changes to the scorpionate ligand that makes the system 

cationic, Tp  Mp, decreases the barrier to C-H activation but exhibits a higher energy barrier 

for olefin insertion. It is worth noting that the present calculations also imply that solvent effects 

will be significant for charged hydroarylation catalysts, albeit a negative impact for a polar 

solvent by raising the transition state energy barriers within the catalytic loop. Systematic 

changes to the co-ligand CO, by replacing with either PMe3 or PF3, offer slight advantages to the 

catalytic thermodynamic pathway. In agreement with experimental findings, calculations predict 

TpRu(PMe3)(Ph), 2, to be a slightly more active catalyst than complex 1.
22

 Substitution of PF3 

for CO exhibits similar energetics as expected from the similarity in donor ability between the 

two ligands. The effective barrier towards hydroarylation catalysis is calculated to be 0.5 

kcal/mol higher than complex 1. The electron donating/withdrawing power of the co-ligand has a 

direct effect on relative rates of the catalytic reaction by changing the electron density at the Ru 

center.
22,182

  

Substitution of Os for Ru exhibited the lowest energy barrier for the C-H activation 

transition state in the catalytic loop. Os(IV) hydride complexes have been optimized with near 

identical geometries and energies to C-H activation TSs, as expected from the work of Eisenstein 

et al.,
197

 signaling osmium‟s ability to form Os(IV) complexes in competition with Os(II) 

complexes, which may reduce the overall efficiency of osmium catalysis. In addition, 

comparison of the lowest lying olefin insertion transition state, complex 1g, to the Os system, 4g, 
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shows a slight increase in the free energy barrier. Moreover, the TS free energy is increased for 

the Os complex when compared to the Ru system with the same ligand types, 3g. 

Table 4.6. Calculated Gibbs free energies of activation for the catalytic loop for 

complexes 1 – 13, identifying the highest energy barrier transition state. 

Complex 
G

‡ 

(kcal/mol) 

Highest 

Energy TS
b
 

TpRu(CO)(Ph)(NCMe) (1) 25.7 i 

TpRu(PMe3)(Ph)(NCMe) (2) 23.4 g 

TpRu(PF3)(Ph)(NCMe) (3) 25.2 i 

TpOs(PF3)(Ph)(NCMe) (4) 30.8 g 

[MpRu(PMe3)(Ph)(NCMe)]
+
 (5) 23.4 i 

[MpRu(PMe3)(Ph)(NCMe)]
+THF

 (6)
 

27.3 i 

1
TpFe(CO)(Ph)(NCMe) (7) 22.7 i 

3
TpFe(CO)(Ph)(NCMe) (8) 52.8 i 

TpFe(PMe3)(Ph)(NCMe) (9) 28.4 g 

TpFe(PF3)(Ph)(NCMe) (10) 24.8 i 

TpFe(PTA)(Ph)(NCMe) (11) 26.4 i 

TpFe(P(CF3)3)(Ph)(NCMe) (12) 29.4 i 

Tp
CF3

Fe(CO)(Ph)(NCMe) (13) 32.5 i 

b
g = olefin insertion; i = C-H activation TS. 

 

In summary, several structural changes were made to the well-studied, active 

TpRu(CO)(Ph) catalyst, 1, in order to explore the role steric and electronic effects impart on the 

thermodynamics of catalytic hydroarylation. Modification of the co-ligand, L, from CO to PMe3 

or PF3, 2 and 3 respectively, both exhibit a lower overall effective free energy barrier, Table 4.6, 

and show potential as an active catalyst for the production of ethylbenzene. Substitution of Os 
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for Ru, 4, drastically lowered the barrier to C-H activation; however, it also increased the barrier 

for the olefin insertion TS. The overall energy of activation is calculated to be higher than any 

other catalysts studied and is expected to be a less active catalyst. Changing the anionic Tp 

support ligand to the neutral Mp version, 5, by substituting carbon for boron, resulted in a 

cationic catalyst with a lower overall G
‡
 for the catalytic loop, suggesting enhanced activity 

with a more acidic metal center. However, inclusion of solvation effects, 6, elevated the free 

energy of activation of 5 to above the baseline system, 1. 

Modeling variations of the active baseline catalyst, 1, has provided a detailed analysis 

into the energetics of the system with sterically and electronically different ligands. Similar to 

the electronics of CO, the PF3 catalyst, 3, offers an attractive alternative to 1. In addition to 

improved calculated effective barriers, the steric bulk of PF3 offers a way to control selectivity of 

straight chain products if coupling reactions are pursued with alkenes larger than ethylene. While 

complex 2 shows a lower overall activation energy profile compared to 1, the elevated olefin 

insertion barrier makes this step the rate determining step, introducing a possible bottleneck in 

the catalytic loop. Similarly, the low energy ground state of olefin coordination for the osmium 

complex, 4, makes the barrier for olefin insertion the highest of all modeled complexes. This loss 

of activity at the olefin insertion TS makes this complex a non viable option for hydroarylation 

catalysis. The enhanced acidity of the metal center introduced by complex 5 shows promise in 

the calculated thermodynamics, however, quenching the cationic charge, which is expected to 

happen in solution during experimental techniques, with the inclusion of solvent effects, 6, 

reveals an increase in the effective barrier, lowering the activity of the catalyst.  

Favorable energetics for the catalytic loop were found upon substituting Fe in place of 

Ru. All iron complexes, 7 – 10 (disregarding the triplet catalyst 8) reduced the activation barrier 
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for olefin insertion (f  g) compared to the ruthenium analogues, 1 – 3. However, the activation 

barriers for C-H activation of the 
2
 coordinated benzene (h  i) are higher for the iron catalysts 

compared to the ruthenium catalysts. Employing the smaller iron atom increased the steric 

congestion, weakening the ability to coordinate benzene in step h.  Overall, complexes 7, 

TpFe(CO), and 10, TpFe(PF3), exhibit the lowest effective barriers (G
‡
) of all catalysts 

modeled for the complete catalytic loop (e  j), Table 4.X. Calculations highlight that the steric 

requirement of the complexes directly impact the energetics of the reaction pathway. 

Specifically, in conjunction with the smaller iron atom, catalysts with exceedingly large ligands, 

11 – 13, have the largest calculated free energies for the catalytic loop. Additionally, the 

introduction of intersystem crossing from singlet, 7, to triplet, 8, states may be problematic for 

selectivity of larger straight chain aryl substituted alkanes. 

It is apparent from studying the changes in energetics along the reaction pathway, both 

sterics and electronic factors control the transition state activation barriers. While improvements 

to the C-H activation barrier, g, are found with the more electron rich metal centers (those 

bearing the PMe3 ligand or Os metal) this often leads to elevated olefin insertion TS barriers, i, 

Table 4.6. There appears to be a slight inverse relationship of the two TS‟s and through targeted 

modifications it is possible to lower the overall effective energy barrier by making the metal 

center more electron deficient through the use of electron withdrawing co-ligands (CO, PF3) or 

selecting metals with reduced electron density (Fe). Fine tuning of these two parameters can 

generate catalysts will high efficiency and, in the case of the iron systems, yields a more active 

and cost effective approach the production of ethylbenzene.   
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CHAPTER 5 

SUMMARY AND FUTURE DIRECTIONS 

The work presented in this dissertation provides only a small glimpse of the utility that 

modern computational chemistry methods offer towards understanding important chemical 

transformations, in general, and catalysis, in particular. Specifically, computational 

investigations into organometallic chemistry by density functional theory methods have helped 

shed light on otherwise unclear (from traditional experimental methods) mechanistic details. The 

synergistic relationship of experiment and theory, which has become increasingly recognized as 

crucial in catalysis research, makes available a way for problematic chemical questions to be 

attacked from different perspectives and each (calculations or experiments) can provide 

important information relevant to the other. The previous three chapters have presented detailed 

computational studies on several different aspects of transition metal chemistry catalysis; nitrene 

complexes as catalytic intermediates, oxygen atom transfer, and hydroarylation catalysis. 

Additionally, along with the highlighted computational efforts, experimental corroboration is 

discussed for each project. Each study has provided new insight into catalytic mechanisms, 

overall efficiency of the reactions (via calculated kinetics and thermodynamics), structure-

activity relationships of modified complexes, and maybe most importantly, provided details and 

significant findings that may be used by experimentalist to direct future research in these areas. 

Chapter 2 presented the exploration into new catalyst designs for the isolation and 

characterization of metal-nitrene complexes. Results have shown that accurate methodology 

selection, particularly basis sets, is crucial for understanding the electronic structure and 

reactivity that different nitrene reagents exhibit, particularly those with heteroatom substituents. 
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The trends as a function of basis sets (e.g., CEP-121G(d) and 6-31G(d)) indicate the bonding of 

nitrene sources to the metal fragments are dependent on this important theoretical parameter. The 

propensity for the hybrid functional B3LYP to calculate triplet ground states lower in energy for 

transition metal complexes, due to the added parameterization of Hartree-Fock (HF) exchange, 

may require a change to „pure‟ functionals, those without added HF exchange, which may 

provide further insight into the preferred ground state spin state. Since triplet states are not 

isolated experimentally,
33,34

 computational results must be rigorously inspected and results have 

be carefully rationalized. Moreover, future research may require post-Hartree-Fock methods 

(e.g., coupled-cluster theory) to be the final arbiter of ground state spin state of these late metal 

nitrenes. Ideally, the isolation of well-characterized examples by experimentalists will provide 

important guidance for the hard-to-model intermediates. 

While calculations exhibit energetic differences between the two methods, it is worth 

reiterating that no geometric changes are noted, i.e., the geometries for the heteroatom 

complexes are similar for both basis sets, as are the aryl nitrenes. However, the geometric 

differences between the heteroatom and aryl nitrenes show that the bonding schemes are 

different for the two types of nitrene substituents (X): square planar with an open coordination 

site (T-shaped) for heteroatom-substituted nitrenes or trigonal planar (for aryl-substituted 

nitrenes). Orbital analysis of the nitrene complexes can aid in justifying the bonding schemes and 

true oxidation state of the metal center (i.e., does one consider the NR substituent to be a nitrene 

(NXR
0
) or an imide (NX

2-
) or some intermediate description). Additionally, the use of 

computational Hammett studies with electron withdrawing and donating substituents on the aryl 

nitrene can provide valuable insight into the dependence of reactivity, and hence, the underlying 
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bonding description, on the nitrene substituent and how bonding is affected, oxidation states are 

altered, and electrons are distributed in the reactive nitrene complex intermediates.  

In Chapter 3, the mechanism of oxidation of niobium complexes was modeled in order to 

determine the kinetically favored mechanism for the liberation of the Ph3SnP3 fragment. The 

model catalyst [(
3
-P3)Nb(OMe)3]

-
 was used to explore O-atom insertion into a Nb-P bond by 

either a Baeyer-Villiger mechanism (non-redox), or an oxo pathway (redox). Transition state 

calculations identified TSs for each mechanism and potential energy surface calculations indicate 

the BV pathway to be lowest in energy when the oxidant (PyO) and P3 (
2
-P3SnPh3) ligands are 

in the equatorial/axial positions, respectively. Additionally, calculations on the bulky [(
3
-

P3)Nb(ODipp)3]
-
 complex employed in experimental studies reveal the same trend in energetics 

and have calculated values almost identical to the OMe complex. 

Interestingly, for each structure, OMe and ODipp, the lowest energy oxidant bound 

isomer has PyO and P3 coordinated in the axial positions, axial/axial. A few kcal/mol higher in 

energy is the axial/equatorial isomer, with the equatorial/axial isomer being the highest in 

energy. In order for the lowest energy isomer, ax/ax, to pass through the lowest energy TS, 

eq/ax, the complex must undergo an internal pseudorotation. While literature precedent suggests 

such pseudorotations are facile for five-coordinate d
0
 Nb

V
 and Ta

v
 complexes, future 

investigations into this oxidation process study should identify the energy barrier of such a 

rotation for the specific catalysts at hand. The magnitude of the pseudorotation energy barrier is 

important to accurately determine the energetic pathway of oxidation. Factoring in the steric bulk 

of the ODipp ligands, compared to the model OMe catalyst, may yield different energetic 

requirements for pseudorotations and must be included. 
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The study of rational catalyst design for the ruthenium based hydroarylation catalyst, 

TpRu(CO)(Ph), has provided valuable insight into the factors that lead to a more efficient and 

active catalyst. Specifically, the ruthenium-based catalysts exhibit lower effective barriers with 

electron withdrawing, -acidic ligands; CO, PF3. In comparison, the ligands (PMe3) and metals 

(Os) that engender greater electron density at the metal center exhibit higher effective free 

energy barriers, although they show better energetics for the C-H activation TS. The most 

important result from Chapter 4 is changing the metal center from ruthenium to iron which 

exhibits some signs of steric congestion for the smaller 3d metal, but provides computed data 

that supports the working hypothesis of more efficient hydroarylation catalysis with more 

electron-deficient metals. Overall, the iron complexes with the CO and PF3 ligands exhibit the 

lowest effective free energy barrier for the production of ethylbenzene. 

Results presented direct the design of more efficient catalysts for hydroarylation by 

exploring complexes with more acidic metal centers. This result agrees with the use of active 

acidic catalysts AlCl3 and FeCl3 in traditional Friedel-Crafts C-C coupling reactions. Hence, a 

metal center with a higher oxidation state may exhibit enhanced energetics by reducing the 

barriers to olefin insertion and C-H activation. Complexes containing Ir(III) and Rh(III) centers 

have previously been identified as active hydroarylation catalysts.
166,167,171,201

 Further 

exploitation of transition metals in higher oxidation states may thus identify a new generation of 

catalysts, and could constitute a fruitful direction for future research, experimental and 

computational. Co(III) complexes have been shown to perform C-H activation;
202

 Au(III) 

complexes have been explored for hydroarylation under mild conditions,
203

 as well as Pd(II) and 

Pt(II) complexes.
144,177,178

 Noticeably absent are complexes with Ni and Cu centers in varying 

oxidation states. Complexes with such centers may prove to be valuable starting points for 
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hydroarylation catalyst development, in addition to exploring additional oxidation states and 

ligands with the previously mentioned catalysts.  

Beyond simple metal modification, changing the catalyst framework may produce 

structures with enhanced acidity and activity. For example, research from Omary‟s group has 

developed fluorous metal-organic framework (FMOF) materials that may be suitable as supports 

for atom-economical catalytic reactions.
204

 Similar to the selectivity due to pore sizes in zeolite 

catalysts,
141

 FMOFs may be tuned to provide channels that allow for open coordination sites that 

could bind transition metal complexes and serve as catalytic centers. Additionally, the highly 

fluorinated structures, with hydrogens replaced by fluorine atoms, provide catalytic metal centers 

with enhanced acidity, thermal stability, and selectivity, which our research suggests enhance 

catalytic hydroarylation.
204

 Utilizing FMOFs towards hydroarylation catalysis could offer a 

novel approach to selectively generating straight-chain alkyl-arenes. 

The design and mechanistic descriptions of catalytic reactions benefits greatly from 

theoretical treatments. In collaboration with experimental research, computational efforts present 

a cost effective approach to understand mechanistic details as well as identifying new candidates 

for enhanced catalytic selectivity and activity via targeted modifications. The accuracy that 

calculations currently provide make computational approaches extremely valuable for 

understanding physical properties and structure-activity relationships. The strong emphasis on 

quantum mechanical modeling in this research shows examples of the utility computational 

methods, specifically density functional theory, can have to drive experimental strategies in 

addition to providing detailed mechanistic understanding of chemical transformations that cannot 

be determined from experimental techniques. Following the directions presented in this chapter, 

for each project, will ensure a deeper understanding of the fundamental questions raised and 
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generate stimulating research that will supply the chemical community with high-impact 

scientific and technological findings. 
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