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Oxygen activation and binding to two transition-metal systems: late transition-metal 

system Pd(L1)(L2) (L1 = NHC, L2 = NHC or PR3, NHC = N-heterocyclic Carbene) and 

early transition-metal system V(N(tBu)Ar)3 (Ar = 3,5-Me2C6H3) was explored in order to 

gain information about the thermodynamics, kinetics and mechanism of  O2 binding to 

metal complexes. In this work, a novel oxygen binding mode was discovered and the 

resulting complex Pd(IPr)2(η1-O2)2 was reported as the first η1 oxygenation palladium 

complex. This reaction was further studied and a plausible mechanism of O2 binding to 

Pd(L1)(L2) system was proposed, in which the effect of ligands bulkiness and an 

equilibrium between η1-O2Pd and η2-O2Pd were highlighted. In addition, an early 

transition-metal peroxo complex V(N(tBu)Ar)3(η2-O2) has been prepared directly by 

reaction with O2. Its equilibrium with V(N(tBu)Ar)3(η1-O2) and its reactivity were 

investigated. In the end the binding and activation of a potent oxygen atom transfer 

reagent MesCNO were studied. 
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 1 

“It was the best of times, it was the worst of times, it was the age of wisdom, it was the age of 
foolishness, it was the epoch of belief, it was the epoch of incredulity, it was the season of Light, it was the 
season of Darkness, it was the spring of hope, it was the winter of despair.” 

                                                                               Charles Dickens, A Tale of Two Cities 
 

Chapter 1: Introduction 

1.1     Overview 

The quotation above from Dickens seems characteristic of scientific research in 

general, and particularly true for those working in catalytic chemistry—research is made 

of ups and downs and that pattern was followed in development of this thesis.  

An alternative title for this dissertation might be “A Tale of Two Complexes”—

both of which bind O2 but in ways that are both different and the same. The two “cities” 

in this work are: the late transition-metal complex Pd(IPr)2 (IPr = 1,3-

bis(diisopropyl)phenylimidazol-2-ylidene) and the early transition-metal complex 

V(N(tBu)(Ar))3 (Ar = 3,5-Me2C6H3). The study of these two complexes and how they 

bind O2 evolved out of solution calorimetric studies of which led beyond the initial 

research goal. Dickens’ motif of doubles is also reflected in the two different ways (end-

on and side-on) in O2 binding to Pd(IPr)2 and V(N(tBu)(Ar))3, two intermediates involved 

in reaction of O2 with Pd(IPr)2, and the distinctive reactivities the two demonstrate. All of 

these studies will be discussed in the following chapters. 

The first project the author worked on was binding of a series of nitriles to the 

Kubas complex Mo(CO)3(PiPr3)2 to form a series of brightly colored adducts shown in 

Figure 1.1. This work was extended to a collaborative project with Professor Kit 

Cummins (MIT) and Elena Rybak Akimova (Tufts) on binding of the same set of nitriles 

to the paramagnetic complex V(N(tBu)Ar)3 in work that remains in progress. 
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Figure 1.1 Colors of the Mo(PiPr3)2(CO)3(RCN) complexes studied. From left to right: R 
= Ad; 4-NMe2C6H4; 2,4,6-Me3C6H2; C6H5; 2,6-F2C6H3; 4-CF3C6H4; F5C6. 

Calorimetric measurements in the V(N(tBu)Ar)3 system were difficult since the 

paramagnetic compound was found to bind most ligands weakly. This leads to the 

question of what would be the strongest possible ligand binder to V(N(tBu)Ar)3 which 

has two unpaired electrons. It was decided that O2 (which also has two unpaired electrons) 

should be the ideal partner. At first this idea was dismissed due to the steric crowding 

present in the V(III) system. In spite of that dismissal, the reaction was attempted and a 

green diamagnetic product was formed. The investigation of the structure and mechanism 

of formation of that complex is presented in chapter 4 of this thesis.  

 The other major "city" in this work is quite different. Although it has a different 

beginning and in many cases differing results, it shares some surprising features in 

common with its "sister city". This project began as a simple study of the enthalpy of 

binding of O2 to a series of Pd(L1)(L2) complexes in which L1 and L2 can be a phosphine 

ligand (PR3) or an N-heterocyclic carbene (NHC) ligand. A range of steric and electronic 

factors can be varied in these ligand systems and the goal was to see how that has 

influenced the energetics of binding of O2 to form cis- Pd(L1)(L2)(η2-O2). As described in 

chapter 2, ligand variation was proven to affect not just the energetics of binding, but the 

outcome as well. In contrast to all other systems of this type studied to date, a new type of 
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binding was observed for very bulky NHC ligands and the paramagnetic complexes 

trans-Pd(L)2(η1-O2)2 were formed instead ( L = IPr, SIPr, IPr = 1,3-

bis(diisopropyl)phenylimidazol-2-ylidene, SIPr = 1,3-bis(diisopropyl)phenylimidazolin-

2-ylidene).  

 These discoveries—the unexpected formation of a stable V(V) peroxo complex 

and a Pd(II) bis-superoxo complex led to more detailed investigations of the nature of 

binding of O2 in these systems. These studies led to questions outside the expertise of the 

Hoff group, and collaborative work was initiated--structural studies with Professor 

Captain (Miami), computational studies with Professor Prabhakar (Miami) and Temprado 

(Spain), stopped flow kinetic studies with Professor Rybak-Akimova (Tufts), magnetic 

studies with Professor Wieghardt (Mülheim), and 51V NMR and other studies with 

Professor Cummins (MIT) and Professor Nolan (St. Andrews). The author wishes now to 

acknowledge the many contributions of these groups. Learning to collaborate and 

"multitask" has been an added benefit to this work and is the way of modern science. 

Unless stated otherwise, all synthetic, crystal growth, solution calorimetric, FTIR kinetic, 

NMR kinetic, and other studies have been performed by the author. The collaborative 

work has enhanced the quality of this project, and the fact that these investigators from 

other laboratories were interested to work on this project attests to the significance of the 

questions being addressed in this thesis. 

 The first chapter of this thesis provides an introduction to the vast literature of 

catalyzed oxidations. Of necessity, this is selected to highlight principles and applications 

of direct relevance to our research. Since work with O2 is new to the Hoff group, the 

background literature can only be summarized briefly. The second chapter describes our 
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initial research efforts in O2 binding. Due to a basic interest in oxygen activation at metal 

centers and organometallic thermochemistry, kinetic and thermodynamic studies of O2 

binding to Pd(L1)(L2) (L1,L2 = NHC and/or PR3 ligands) systems were probed. This led 

ultimately to discovery of a novel end-on O2 binding mode to the palladium center 

forming Pd(IPr)2(η1-O2)2. Characterization of this complex, its reactions, and properties 

occupy the majority of Chapter 2. While the room temperature product of oxygenation is 

Pd(IPr)2(η1-O2)2, at low temperatures we obtained evidence that a more conventional, but 

less stable and more reactive adduct was formed, namely Pd(IPr)2(η2-O2). 

Characterization and reactivity of this complex are described in Chapter 3 where it is 

compared to the related complex Pd(IMes)2(η2-O2) (IMes = N,N’-bis(2,4,6- 

trimethyl)phenylimidazol-2-ylidene) discovered by Stahl and coworkers. The majority of 

oxidation catalysts fall into two categories—low valent late transition metal complexes 

and high valent early transition metal complexes. In Chapter 4 investigation of binding of 

O2 to a high valent Vanadium complex is reported--here as well a two-step binding of O2 

was discovered, and the nature of this addition is compared to that of the Pd complexes 

discussed in the earlier chapters. While O2 has a desirable use as an oxidant in "green" 

catalytic chemistry it has the disadvantage of delivering two oxygen atoms at once. A 

number of additional oxidants, most notably pyridine oxide have been used in catalytic 

studies to deliver a single oxygen atom. Chapter 5 reports studies of a more reactive OAT 

(oxygen atom transfer) reagent, mesityl nitrile oxide (MesCNO) to a series of phosphines 

and a terminal metal phosphido complex as well as to selected metal complexes. A 

summary of what has been learned and a prognosis for future studies in this area is 

included in the end of Chapter 5. 
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1.2     Selective Oxidation 

The oxidation of organic compounds by molecular oxygen has a long history. As 

early as in the 18th century, French chemist Lavoisier explored the secret of combustion, 

which is generally viewed as the start of the modern chemistry. Nowadays chemists are 

more interested in selective oxidation of organic chemicals instead of the total destruction 

that occurs in uncontrolled oxidation. This is especially vital today since petroleum 

hydrocarbon feedstocks are the primary source (>90%) of the world’s industrial organic 

chemicals.1 

Selective oxidation can be either the preferred attack on one of the components by 

oxidants or abscission of specific hydrogen atoms in a material. Many traditional 

selective oxidants, such as chlorine and metal oxides, have serious problems of dumping 

waste, polluting the environment. In addition, they also function at an economic loss 

compared to molecular oxygen, which constitutes 20.8% of the volume of air and has the 

advantages of being cheap, readily available and environmentally benign. Whereas 

molecular oxygen is viewed as the ideal oxidant it is generally highly exothermic and 

non-selective in its reactivity. As a result uncontrolled aerobic oxidation reactions usually 

lead to unselected products or even complete combustion of the starting materials instead 

of producing useful and expected products. A relevant recent discovery is "direct" 

production of H2O2 from a H2 and O2. Once started, explosive production of H2O rather 

than controlled production of H2O2 is the ever present hazard in this chemistry. Recently 

Meier and Braun2 have reported selective production of H2O2 at a Rh(I) catalyst utilizing 

formate as the ultimate source of H2.   
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The challenges remained in the research of selective oxidation are, as described in 

a paper of Oyama,3 “1) Substitution of raw materials. 2) Formulation of alternative 

catalysts. 3) Reduction in the number of process steps. 4) Elimination of waste by-

products. 5) Development of new processes.” 

 
Scheme 1.1 Desired catalytic transformations and their advantages over traditional 
routes.4 (Drawing taken from reference 4) 

A number of catalytic systems employed in aerobic oxidation reactions have been 

reported up to date.5,6  Industrial applications generally prefer use of heterogeneous 

catalysts such as nanoparticles, metallic carbon nanotubes, SiO2 supported metallic 

complexes and metal clusters. Mechanistic information of use in catalyst design is 

generally easier to obtain for their soluble homogeneous counterparts.  

One of the most successful oxidation catalysts to date is the Wacker process for 

production of acetaldehyde as shown in Eqn. (1.1). The basic individual steps for this 

process were actually known in the literature but were only put into practice in 1959 by a 

group of German scientists.6a  

                              
  (1.1) 
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Eqn. (1.2) is the primary alcohol oxidation catalyzed by Pd(OAc)2/O2/DMSO 

system reported by Peterson and Larock in 1997.6c Eqn. (1.3) describes the osmium(VI) 

oxide catalyzed dihydroxylation of olefins by using O2 or air as the terminal oxidant.7 

                 

 

 

1.3     Oxidase and Oxygenase 
In nature there are many metalloenzymes that catalyze selective aerobic oxidation 

reactions, serving as the framework and blueprint for chemists to design, modify and 

optimize new catalysts. These enzymes can be categorized into two classes: oxygenases 

and oxidases. 

            
Scheme 1.2 In a selective aerobic oxidation reaction, a) The oxygenase pathway. b) The 
oxidase pathway.8 (Drawing taken from reference 8) 

 The catalytic cycle for oxygenase and oxidase pathways in selective aerobic 

oxidation reactions is illustrated in Scheme 1.2 respectively. They differ with the respect 

to whether oxygen atoms of molecular oxygen are incorporated into the final product. In 

(1.2) 

 (1.3) 
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oxygenase catalysis (Scheme 1.2a) molecular oxygen is first bound and activated by 

catalysts forming highly reactive metal oxides which then transfer oxygen atom to 

substrates. In oxidase catalysis (Scheme 1.2b) molecular oxygen only serves as an 

electron/proton acceptor. The hydrogen atoms extracted from substrates end up 

combining with oxygen forming water or hydrogen peroxide. Binding and activation of 

O2 is a fundamental step in both oxygenase and oxidase catalysis. 

 
Scheme 1.3 The Wacker process reaction equations.9 

                        
Scheme 1.4 The simplified catalytic cycle of Wacker process. (Drawing taken from 
reference 8) 

The catalytic cycle of Wacker Process is a best example of illustrating the oxidase 

pathway in aerobic selective oxidation reactions. Simply judging from the net reaction 

equation (Eqn. (1.1)) may lead to a false conclusion that the oxygen in product is from O2 

and this reaction follows the oxygenase pathway. However, a closer investigation to the 
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mechanism of this process (Scheme 1.3, 1.4) shows that O2 actually only serves as proton 

acceptor and oxidant of regenerating catalysts Pd2+ and Cu2+. 

Compared to catalysis by the oxidase there are far fewer reported studies in 

catalysis of the oxygenase pathway.7,10,11 In the oxygenase pathway molecular oxygen 

first binds to metallic catalysts and becomes activated by forming metal oxides, such as 

ruthenium porphyrin oxide, osmium(VI) oxide and ruthenium substituted 

polyoxometalate, which then transfer oxygen atom to substrates. An example illustrating 

this oxygenase pathway is shown in Scheme 1.5. 

 
Scheme 1.5 Catalytic cycle of ruthenium porphyrin catalyst catalyzed aerobic 
epoxidation of olefins.10 (Drawing taken from reference 10) 

The design of an effective oxidase or oxygenase catalyst system is clearly a 

complex procedure. It provides motivation for the work described here but detailed 

investigation of a full catalytic cycle is beyond the scope of the current work which 

focuses on the first step in oxidation—simply binding and activation of O2 itself. The 

next section describes some of the complexities involved in this first step.   
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1.4     Binding Modes of Molecular Oxygen to Transition-metals 

The fundamental step in both oxygenase and oxidase pathways is: the binding and 

activation of molecular oxygen. Understanding of the mechanism of this crucial step 

enables chemists to design, modify and optimize the properties of transition-metal 

catalysts in aerobic selective oxidation reactions. Any discussion of ligand binding starts 

with description of the ligand itself. Coordination chemists typically view binding of a 

ligand to a metal as donation of a pair of electrons on the ligand to a vacant orbital on the 

metal.  

The process of O2 binding is more complex since O2 is a rather unique ligand. 

First of all it is a diradical with two unpaired electrons in the 2pπ*x and 2pπ*y orbitals. In 

bonding, the net effect is often reduction of O2 to O2
-2 in which two electrons from the 

metal are donated to the 2pπ* orbitals of O2. Inorganic chemists often think of ligand 

binding in terms of an initial donation of a lone pair of electrons on the Lewis base ligand 

to a vacant orbital on the Lewis acid metal complex. However, the situation is more 

complex regarding binding of O2 since the net transfer of electrons is not from the ligand 

to the metal, but from the metal to the ligand. The first step may involve donation of a 

lone pair of electrons on O2 to the metal, as in conventional ligand binding, but the net 

process involves subsequent transfer of electron density from the metal to O2. Along the 

way, in many cases a change in spin state occurs--as shown for binding to Vaska's12 

complex in eqn. (1.4) 

Ir(CO(Cl)(PPh3)2 + O2  à  Ir(CO(Cl)(PPh3)2(η 2-O2)   (1.4) 

S =                   0                   1       0 
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The reactants of reaction (1.4) have Σ S = 1, whereas the products have Σ S = 0. In 

principle this reaction is spin forbidden and should not occur. In many organic reactions, 

such reactions in fact do not occur and this is why, in spite of its great thermodynamic 

reactivity that 3O2 is inert and present in the atmosphere. While the reaction between 

triplet oxygen and singlet organic substrates is spin-forbidden, “the limitation is lifted in 

reaction between triplet oxygen and paramagnetic species such as organic radicals or 

transition metal ions or complexes.”13 The spin paired form of oxygen 1O2 is much more 

reactive since it does not violate the conservation of angular momentum which is the 

basis of the spin conservation rules. For transition metals, however, spin-orbit coupling 

often allows such formally spin forbidden reactions to take place.  

In analysis of these reactions, the potential energy surface is often drawn for 

reaction of both higher energy 1O2 and lower energy 3O2 with the metal complex. The 

reaction of 1O2 is not spin forbidden. The minimum energy point of the crossing curve 

where the two potential energy surfaces cross (reaction of the metal with both spins states 

of O2) is called the MECP (Minimum Energy Crossing Point). Exactly where this 

happens as a function of the metal, its oxidation state, and ligand set is a topic of current 

interest in inorganic chemistry, and the full details of what controls this spin crossover 

are still in the process of being worked out. A leader in this field has been Harvey14 and it 

can be expected that future work will allow better understanding of the entire process.  

The important conclusion at this point, to the author, is that metal complexes 

often eliminate the spin forbidden nature of O2 reactivity. A way to test whether the spin 

crossover retards the reaction rate is to compare rates of ligand binding which do not 

involve spin crossover to rates that do for the same complex. It will be discussed later for 
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the systems we have studied but no general conclusions can be reached at this time and 

each complex must be studied on a case by case basis.  

The oxygen coordination modes in metal-oxygen complexes are various and can 

be categorized into: one-electron reduction superoxides, two-electron reduction peroxides 

(η2) and high-valent metal-oxo complexes. For dioxygen it can coordinate end-on (η1) or 

side-on (η2) to one metal center; if there are more than one metal centers present, it may 

form bridging coordination geometries (µ-). Typical oxygen binding modes to one or 

more metal centers are shown in Figure 1.2. 

                  
Figure 1.2 Typical oxygen coordination modes in metal-oxygen complexes.13 (Drawing 
taken from reference 13) 
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It is generally held that the η1 binding motif is more reactive than the 

η2 motif.15 The formation of side-bound O2 complexes can proceed by initial end-on 

binding followed by isomerization or possibly by concerted binding of O2 to form the 

side-bound product.16 

 
Scheme 1.6 Possible reaction pathways in oxygenation of mononuclear non-heme iron 
(II) complexes.17 (Drawing taken from reference 17) 

In the cases of biological systems and biological mimics, oxygenation of active 

metal complexes yields various products and the mechanism is complex, which normally 

involves several binding modes of oxygen to one or more metal centers. Scheme 1.6 

illustrates the possible reaction pathways in oxygenation of mononuclear non-heme iron 

(II) complexes.17 The initial product is an end-on iron (III) superoxide, which then 1) 

oxidizes another iron (II) forming a dinuclear iron (III) peroxo complex; or 2) gains an 

electron forming an end-on iron peroxo complex; or 3) does a ring-closure step and 
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converts to a side-on superoxo species. There is not always crystallographic or structural 

evidence for the presumed intermediate binding forms, often only the end product can be 

fully characterized and the intermediate binding stages are subject to calculations.  

            Numerous structures have been reported for O2 binding. One of the first is that of 

the Vaska's12 complex (see Eqn. (1.4) above). While the Vaska’s complex may be most 

famous for its reversible binding of H2 it also reversibly binds O2 and the structure of the 

octahedreal Ir(III) (18 electron complex) is shown in Figure 1.3 a).13 Though discovered 

nearly 45 years ago complexes of this type continue to be or interest and the more recent 

structure of Pr(IMes)2(O2) reported by Stahl18 is also shown in Figure 1.3 b) for 

comparison. 

a) b)  

Figure 1.3 a). ORTEP diagram of Ir(CO(Cl)(PPh3)2(O2) —a coordinatively saturated 18 
electron complex of Ir(III) discovered by Vaska.12 b). ORTEP diagram of Pd(IMes)2(O2) 
reported by Stahl.18  

            The O-O distances for the two complexes are 1.475 and 1.443 Ǻ for the Ir and Pd 

complexes respectively and are in keeping with a peroxo formulation. The Vaska’s 

complex can be viewed as a distorted octahedral, and the Stahl complex as a distorted 

square planer. The bidentate O2
-2 ligand must occupy cis position, but leaves a relatively 

large unoccupied area for the remaining ligand set as can be seen looking at the planer 

arrangement in the Vaska’s complex of the O2
-2, Cl, and CO ligands, or in the Stahl 
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complex the relatively large area occupied by the two IMes ligands. Following 

publication of the Vaska’s structure, a large amount of side-on (η2) dioxygen complexes 

have been discovered with O2 coordinated to various transition-metal centers, particularly 

for late transition metal complexes of Ir, Pt, Pd, Co.19 There are relatively fewer 

structures of end-on (η1) dioxygen complexes, a recent Cu(I) structure20 is shown in 

Figure 1.4 below. Of particular note is the O-O bond length in the end-on binding form 

which is 1.280 Ǻ is much shorter, indicating less reduction in the O=O bonding and 

formulation as an O2
-1 is indicated.  

 
Figure 1.4 ORTEP diagram of [TMG3trenCu(O2)]+. (tren = tris(2-aminoethyl)amine, 
TMG = tris(tetramethylguanidino)) 

            In many cases the final structure is an η2 complex but it may go through an initial 

η1 bonding form which then converts. This is a matter of some controversy in recent 

literature. Roth21 has published detailed kinetic isotope binding studies of 18O2 and 

concluded that "the absence of spectrophotometrically detectable intermediates further 

argues against the two-step mechanism for forming η2 peroxide complexes". In contrast, 

Stahl22 has performed calculations in contradiction to that in which both η1 and η2 
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binding are stable minima and the conversion of η1 to η2 occurs as a separate step in O2 

binding. 

            This is of clear importance to the reactivity of bound O2. It is generally held that 

the η1 form is more kinetically reactive form of O2 binding. That was found to be the case 

in the binding of nitrile ligands to the complex Mo(NtBu(Ar))3
23

 as shown in Scheme 1.7.  

 
Scheme 1.7 Potential energy diagram for trapping of an η1 nitrile product. (It has a 
relative energy of -17 ± 3 (calculated) which is closer to the transition state (-9.8 ± 1.8) 
than the η2  form (22 ± 1 kcal/mol). (Drawing taken from ref 23) 

            For this complex with dimethyl cyanamide, the ultimate form of binding of the 

nitrile ligand is as an η2 ligand as determined by its crystal structure. Stopped flow kinetic 

studies in this system were able to detect a two-step binding kinetic pattern with initial 

formation of an η1 nitrile radical complex which subsequently converted (even at -78 oC) 
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to an η2  form. The η2 was known to react slowly with PhSSPh to cleave the S-S bond of 

the disulfide and form a ketinimide complex. At room temperature the half life for this 

reaction under typical conditions was on the order of one half hour for the η2-preformed 

complex. However, it was discovered that if the PhSSPh was added (also at -78 oC) and 

present in ten fold excess, that the intermediate η1 complex could be intercepted before it 

had the opportunity to form the η2  complex which is totally inert at that temperature. 

This is summarized in the potential energy diagram shown in Scheme 1.7. It provides 

hope in catalyst design that a fleeting intermediate η1 complex that is more reactive than 

its η2 counterpart can be trapped under appropriate conditions.  

             The same type of effect could exist in O2 chemistry. A question arises if the η1 

form of ligand binding will always be more reactive than the η2 form. No definite answer 

can be given to that for all reactions, but in most cases the η2 form is more stable and 

hence less reactive. In addition, the reaction products usually involve cleavage of one or 

both of the bonds to the metal, and so an η1 bound form would be closer to the transition 

state for most reactions.  This discussion is meant to highlight the importance of 

understanding the rate and mechanism for interconversion of η2 and η1 binding modes.  

1.5     Palladium Catalysts bearing N-heterocyclic Carbene (NHC) Ligand(s) in 
Selective Oxidation  

Different metal catalysts have been used in aerobic selective oxidation reactions, 

such as Ru,24 Co,25 and Cu26. Interest in using palladium compounds as catalysts in 

selective oxidation reactions started in the middle 1950s. After about 60 years of 

development, today palladium has become one of the most important catalysts in this area 

mainly because it is able to coordinate a large number of different organic substrates and 
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is highly effective in almost all fundamental organometallic reactions, including 

oxidative addition, reductive elimination, nucleophilic addition, insertion reactions, and 

β-elimination.27  Its balance and stability of different oxidation states may be key to the 

apparent unique position of palladium in selective oxidation catalysis.  

 The ancillary ligands bound to Pd in oxidation catalysis play a major role, even 

though that role is often not fully understood. As is the case of the Wilkinson’s complex28 

Rh(PPh3)3Cl, the starting complex is best viewed as a pre-catalyst and some loss of 

ligand to form a vacant site at the metal occurs to form Rh(PPh3)2Cl which is best viewed 

as the true catalysts in the Wilkinson’s system.  

The same is likely true in oxidation chemistry, but it does not remove the interest 

in searching for new ligands and new pre-catalysts. One of the major moves in this area 

has been away from the use of popular phosphine ligands. For one thing, under oxidative 

conditions the formation of phosphine oxides is thermodynamically very favorable and 

high turnover numbers are generally not found if phosphine modified catalysts are used. 

One of the most popular ligands today is NHCs. These were first prepared by Wanzlick 

who synthesized the first salt-carbene complex in 1968.29 However the area of NHCs did 

not become active until Arduengo isolated the first stable carbene in 1991 and low-valent 

carbene complexes of Ni and Pt in 1994.30 Since then NHCs have been employed as 

useful ligands to coordinate a large range of transition-metals and tune the properties of 

catalysts in various reactions.31  

As two electron donors NHCs resemble phosphines, but in many cases they form 

more thermally stable complexes with higher catalytic reactivity. NHCs are principally σ-

donors and were historically thought to be poor π-acceptors.32 This view has changed 
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over the past few years with the emergence of some computational studies.33 The 

interactions between NHCs and transition metals can be modulated by tuning the steric 

and electronic components of NHCs. The steric factor can be varied by modifying the N-

substitutes on NHCs, for example using bulky ligands, which can dramatically change the 

reactivity of NHC-ligated metal complexes. The electronic factor of NHCs can be 

modified by incorporation of heteroatoms into the backbone, variation of the ring size, 

and/or addition of electron-donating or electron-withdrawing groups.34  

 

Figure 1.5 Some N-heterocyclic carbenes (NHC).35 (Drawing taken from ref 35) 

Selective oxidation utilizing 14-electron Pd(0) complexes bearing NHC and/or 

PR3 ligands is an area of growing interest.36 These NHC-ligated palladium compounds 

are newly-risen catalysts to compete with traditional palladium catalysts, which are 

mainly simple palladium salts, such as palladium acetate and palladium chloride. 

However, little quantitative data on the kinetics and thermodynamics of oxygen binding 

to Pd(L1)(L2) (L1,L2 = NHC and/or PR3 ligands) systems have been reported, and the 

mechanistic study on these systems is not complete either. 
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1.6     Statement of Purpose 

             The following chapters will discuss the thermodynamic, kinetic and mechanistic 

investigations in binding and activation of two oxidants (O2 and MesCNO) with an 

emphasis on the comparison in the role of the binding mode in activation of oxidants. 

These investigations will add to the current reservoir of knowledge in activation of small 

molecules and organic oxidants in terms of exploring reaction mechanisms, finding 

environmental-friendly reaction conditions and discovering new efficient transition-metal 

catalysts. The ultimate goal of this work is to shed light on designing, modifying and 

optimizing transition-metal catalysts in selective oxidation reactions. 
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Chapter 2: Oxygen Binding to Pd(L1)(L2) (L1 = NHC, L2 = NHC or PR3, 
NHC = N-Heterocyclic Carbene). Synthesis and Structure of a 
Paramagnetic trans-Pd(NHC)2(η1-O2)2 Complex 
2.1     Background 

Homogeneous catalytic oxidation is of fundamental importance, especially in its 

incarnation where molecular oxygen is used as oxidant.37 In this context, catalytic 

oxidation utilizing 14-electron Pd(0) complexes bearing N-heterocyclic carbene (NHC) 

and/or PR3 ligands is a fast growing area and under extensive studies over the past few 

years.36  

In 1977 Otsuka and Yoshita38 studied dioxygen binding to a series of palladium 

and platinum complexes with phosphine ligands. They found Pd(PPh(t-Bu)2)2, Pd(P(c-

C6H11)3)2 and their platinum analogues are sensitive to air even in the solid state and 

dioxygen binds to these metal centers in a side-on (η2) fashion. One of the complexes 

they discovered, Pd(PPh(t-Bu)2)2O2, is known to be the only PdII-peroxo complex to 

undergo simple dissociation of O2. In 2004 Stahl and co-workers18 have reported that 

binding of O2 to Pd(IMes)2, yielding cis-Pd(IMes)2(η2-O2), is rapid, even at -78 oC.  

It is known that Pd(II) complexes serve as in situ precursors for active catalyst 

functioning by an oxidase pathway.8, 39 This is shown in Scheme 2.1 for Pd(IMes)2(η2-O2) 

in spite of the fact that to the author's knowledge Stahl and coworkers have not reported 

catalytic studies for this complex. As discussed later in Chapter 3, they have studied 

reactions of this complex with acetic acid to produce the first hydroperoxy Pd(II) 

complex18 which would be an intermediate in the catalytic cycle in Scheme 2.1. Since 

then, a number of additional dioxygen-bound palladium (II) and platinum (II) complexes 

have been reported and all of them to date have been found in a side-on fashion.40 
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Scheme 2.1 Potential catalytic cycle of selective oxidation reaction catalyzed by 
Pd(IMes)2(η2-O2) in oxidase pathway. 

Dioxygen is known to be able to bind to single metal center in two ways: end-on 

(η1) and side-on (η2). However, the end-on (η1) way of dioxygen is only well-known to 

bind to the Fe (III) center in hemoglobin, myoglobin and related proteins, and a recently 

discovered Cu(I) complex.20 This raises the question: Is O2 able to bind to Pd(L1)(L2) 

(L1,L2 = NHC and/or PR3 ligands) systems in an end-on fashion and if so how will this 

change in binding mode affect its reactivity? The answer to that question is "yes", and 

this chapter reports the discovery of a novel dioxygen binding mode to Pd(L1)(L2) (L1= 

NHC, L2= NHC or PR3, NHC = N-Heterocyclic Carbene), synthesis and structure of a 

paramagnetic trans-Pd(NHC)2(η1-O2)2 complex. 

2.2     Results and Discussion 

 Discovery of the novel complexes trans-Pd(NHC)2(η1-O2)2  (NHC = IPr, SIPr) 

was fortuitous. This work began as a systematic study of the enthalpies of binding of O2 

to a series of Pd(PR3)2, Pd(PR3)(NHC), Pd(NHC)2 to see how sequential introduction of 

the NHC influenced the energetics of O2 binding for a range of PR3 and NHC compounds.  
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Initial studies of Pd(IPr)(PPh3) were changed to Pd(IPr)(P-p-tolyl3) due to the enhanced 

solubility of the later complex in toluene, and are described in the section below.                                   

O2 binding to Pd(IPr)(P-p-tolyl3). The structures of both Pd(IPr)(P-p-tolyl3) and its O2 

adduct Pd(IPr)(P-p-tolyl3)(η2-O2) have been reported.40d Adding O2 to solution of 

Pd(IPr)(P-p-tolyl3) in toluene causes immediate bleach of the yellow solution as indicated 

in Figure 2.1. Even in solid state, Pd(IPr)(P-p-tolyl3) loses its golden yellow color very 

quickly when exposed to O2 and formsη2-O2 adduct as described in Eqn. (2.1). The 

oxygen adduct is best viewed as a distorted square planar Pd(II) complex of the peroxide 

ligand, which is typical of all O2 binding modes to Pd(L1)(L2) systems reported to date.40 

Pd(IPr)(P-p-tolyl3) + O2    Pd(IPr)(P-p-tolyl3)( η 2-O2)             (2.1) 

	
  

Figure 2.1 UV-Vis spectra in toluene of Pd(IPr)(P-p-tolyl3) before (green spectrum) and 
after (orange spectrum) addition of O2. 

Before O2 

After O2 

Wavelength/nm 

Intensity 
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Stopped-flow kinetic studies, performed in collaboration with Professor Elena 

Rybak-Akimova at Tufts, confirmed that O2 binding to Pd(IPr)(P-p-tolyl3) was first-order 

in metal complex and in oxygen and that it was rapid in THF, even at -90 °C. As 

spectroscopically observed (see Chapter 2.4 Experimental Section), rapid bleaching 

occurs, and no intermediate complexes are detected on the way to forming the η2-O2 

adduct. Activation parameters for O2 binding, ΔH‡ = 2.2 kcal/mol and ΔS‡ = -28 

cal/mol●K, are in keeping with a very small enthalpic barrier to O2 addition. Solution 

calorimetric measurements performed in Miami yield a net enthalpy of O2 addition to this 

complex ΔH = -26.2 ± 1.9 kcal/mol. The exothermic nature of this binding is in keeping 

with the essentially irreversible addition of O2. This value can be compared to that of 

Vaska41 who utilized temperature variation of Keq and a van't Hoff plot to derive ΔHo =    

-17.1 kcal/mol and ΔSo = -37 cal/mol●K. Assuming similar values for ΔSo, the net ΔGo  

for binding in the Pd system should be an approximately 10 kcal/mol more favorable. 

This explains the reversible nature of O2 addition to the Ir(I) complex compared to the 

irreversible nature of O2 addition to the Pd(0) complex.  

 The combination of kinetic and thermodynamic data allows construction of the 

complete reaction profile for O2 binding in this system as shown in Scheme 2.2. 

 In view of the low enthalpy of activation and high negative entropy of activation, 

the transition state for O2 binding in the mixed NHC/phosphine system is ascribed to 

simple formation of the initial L2Pd-O2 contact interaction. The nature of initial binding 

of O2 to Pd(IPr)(P(p-tolyl)3), namely whether it occurs through an initial end-on η1-

adduct or side-on η2-adduct, probably cannot be determined on the basis of experimental 
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data. Even at -90 ºC, the rate is so rapid and the enthalpy of activation is so low that 

trapping or observation of an intermediate could not be achieved. 

 
Scheme 2.2 Potential energy diagram (kcal/mol) derived for O2 binding to Pd(IPr)(P-p-
tolyl3).  
O2 binding to Pd(IPr)2. Extension of these physical studies from Pd(IPr)(PR3) to 

Pd(IPr)2 led to unexpected complexities. Qualitative visual studies showed that, at -78 ºC, 

binding of O2 to Pd(IPr)2 as described in Eqn. (2.2) was much slower than the rapid 

reaction of O2 with Pd(IPr)(P(p-tolyl)3) described above. In addition, at room temperature, 

binding of O2 to Pd(IPr)2 did not result in bleaching of its red-orange color but in 

development of a yellow-orange color instead (see Figure 2.2). The NMR spectrum of the 

bound adduct in Figure 2.3 was clearly in keeping with a paramagnetic and not a 

diamagnetic complex. Elemental analysis was in agreement with the Pd(IPr)2(O2)2 

formulation. 

                  Pd(IPr)2 + 2 O2    Pd(IPr)2(η 1-O2)2                               (2.2) 
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Figure 2.2 UV-Vis spectra in toluene of Pd(IPr)2 before (blue spectrum) and after (pink 
spectrum) addition of O2. The red spectrum is of a more concentrated toluene solution of 
Pd(IPr)2O2. 

 
Figure 2.3 1H NMR spectrum of Pd(IPr)2(η 1-O2)2 in C6D6. 
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Intensity 

Before O2 
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The crystal structure42, 43 of the complex (Figure 2.4) unambiguously shows 

oxygen binding consistent with a trans-Pd(IPr)2(η1-O2)2 composition with an average O-

O bond length of 1.327(18) Å, in keeping with formulation of this complex as a bis-

superoxo in which two paramagnetic O2-ligands are bound to Pd(II). This result was 

surprising since binding of O2 to Pd(L1)(L2) complexes studied to date had yielded 

exclusively cis-Pd(L1)(L2)(η2-O2) structures.  

 
Figure 2.4 ORTEP diagram of trans-Pd(IPr)2(η1-O2)2, showing 30% thermal ellipsoid 
probability. Selected interatomic distances (Å) and angles (deg) are as follows: Pd-O1 = 
2.010(8), Pd-O3 = 2.012(8), Pd-C1 = 2.059(11), Pd-C31 = 2.065(11), O1-O2 = 
1.314(11), O3-O4 = 1.340(11), O3-Pd-O1 = 178.8(3), O3-Pd-C31 = 88.7(4), O1-Pd-C31 
= 92.3(4), O3-Pd-C1 = 90.1(4), O1-Pd-C1 = 88.9(4), C31-Pd-C1 = 178.2(4). 

There are only limited reports on η1-O2 complexes of Pd with some in situ 

spectroscopic characterization of PdII superoxides generated by KO2
44

 and a (FPNP)PdO2 

complex45 reported after our discovery46. Pd(IPr)2(η 1-O2)2 is square planar, with trans-O2 

ligands formulated as superoxides on the basis of the average O-O distance of 1.327(18) 
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Å, which is closer to the O-O bond distance value of 1.280(3) Å reported in a Cu 

superoxide complex20 and 1.293(2) Å reported in the (FPNP)PdO2 complex45 than to the 

value of 1.443 Å reported for the Stahl complex.18 The C31-Pd-C1 = 178.2(4) angle 

shows the nearly linear nature of binding of the trans-IPr ligands.   

Study on Pd(IPr)2(OOH)2.  As a second method of characterization of the complex a 

method to prepare a derivative of it was sought. The paramagnetic nature of a trans-

Pd(IPr)2(η1-O2)2 and its formulation as a bis-superoxide complex with spin density on the 

terminal O2 atoms suggested that it might readily undergo H atom transfer reactions, as 

shown in Eqn. (2.3). Since the H-Mo bond in HMo(Cp)(CO)3(Cp = η5-C5H5) (65 

kcal/mol) is weaker than the ROO-H bond (85 kcal/mol for H2O2), hydrogen atom 

transfer from molybdenum to oxygen should be thermodynamically favorable.47 

 The reaction was performed and found to be rapid and quantitative at room 

temperature. Attempts to grow X-ray-quality crystals of trans-Pd(IPr)2(OOH)2 proved 

unsuccessful in spite of elemental analysis, NMR, and IR spectroscopic evidence for its 

formation. However, for the saturated NHC analogue SIPr, this proved possible, and the 

crystal structure of the obtained trans-Pd(SIPr)2(OOH)2 complex is shown in Figure 

2.5.42,38 Only a few structures of the LnPd(OOH) type have been reported,49 and we are 

unaware of any Pd(L)n(OOH)2 of Pd(II). 
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 (2.3) 

 
 

 
Figure 2.5 ORTEP diagram of trans-Pd(SIPr)2(OOH)2, showing 30% thermal ellipsoid 
probability. Selected interatomic distances (Å) and angles (deg) are as follows: Pd-O1 = 
2.0172(16), Pd-O3 = 1.9925(16), Pd-C1 = 2.065(2), Pd-C31 = 2.064(2), O1-O2 = 
1.392(3), O3-O4 = 1.452(2), O3-Pd-O1 = 177.38(7), O3-Pd-C31 = 87.98(8), O1-Pd-C31 
= 91.67(8), O3-Pd-C1 = 89.72(7), O1-Pd-C1= 90.62(7), C31-Pd-C1 = 177.68(8). 
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Magnetic property of Pd(IPr)2(O2)2. Magnetic susceptibility studies on the isolated 

solid of Pd(IPr)2(O2)2 showed it to have 1.8 unpaired electrons as measured using a Guoy 

balance at FIU with permission of Professor Konstantinos Kavallieratos. A more detailed 

study of the magnetic properties of this complex was performed by Professor Karl 

Wieghardt of the Max Planck Institute for Bioinorganic Chemistry (Mülheim) and is 

included in Appendix.  

Table 2.1 Summary of enthalpy measurement of O2 addition to a series of Pd(L1)(L2) 
(L1= NHC, L2= NHC or PR3). 

 
a. Measurements were done in toluene solution. 
Thermodynamic studies on O2 binding to Pd(L1)(L2) system. The enthalpies of O2 

addition to several complexes were measured by solution calorimetry in toluene solution 

and are summarized in Table 2.1. It is somewhat surprising that binding of two moles of 

O2 (which is irreversible at room temperature) has the lowest enthalpy of binding of all 

the systems studied. It would be expected that the entropy of binding of two moles of 

gaseous O2 would be highly unfavorable--however based on the structure of the complex, 



31 
 

 

it might be expected that there would be less loss of entropy in the ligand system for the 

trans-Pd(NHC)2 framework. As the geometry of the complex approaches that of a cis-

complex, steric interlocking of the two NHC ligands might be expected to cause a large 

unfavorable entropic interaction.   

Finally it should be mentioned that the enthalpy of binding of O2 to Pd(PtBu3)2 

was attempted. The thermogram is shown in Figure 2.6 below. The data in Figure 2.6 

shows an initial enthalpy of reaction in the range of ≈ - 30 kcal/mol, followed by a large 

exothermic signal of ≈ - 120 kcal/mol. This is attributed to initial binding of O2 in 

moderately exothermic reaction, followed by an induction period and then the more 

exothermic oxidation one of the phosphine ligands to a phosphine oxide. There is 

literature precedent for this type of reactivity.38  For that reason this reaction was not 

studied further, but it is of note that while the bis-NHC, and mixed NHC, PR3 complexes 

are highly stable to auto oxidation, bis-PR3 complexes are not.   

 
Figure 2.6 Thermogram from Calvet of Pd(PtBu3)2 with O2. 

time 

heat 

ΔH ≈ - 30 kcal/mol 

ΔH ≈ - 120 kcal/mol 
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Calculations on O2 Binding to Pd(IPr)2 and Pd(IMes)2. In collaboration with Professor 

Rajeev Prabhakar, and with the help of Charles L'Hermitte, computational studies were 

performed for the full ligand systems Pd(IPr)2 and Pd(IMes)2. In this case the ligand set 

was not truncated--reduced in size to allow speedier computation. There would be no 

point in that, since it is exactly the large steric bulk that makes the difference in these 

reactions. Stahl, Landis, and coworkers have performed calculations of the "pruned off" 

ligand IMe in which the bulky arene groups of the NHC are replaced by methyl groups. 

However, the enthalpies and entropies computed do not present a consistent picture and it 

is felt that at this time while minimum energy configurations can be computed, the 

energetics of ligand binding requires more accuracy than current calculations allow. 

Mechanism of O2 binding to Pd(L1)(L2) system (L1= NHC, L2= NHC or PR3). One 

significant challenge that remains in using Palladium complexes with NHC ligand(s) as 

catalysts in aerobic selective oxidation is that low valent Pd(0) complexes tend to 

decompose by losing their ligands and aggregating into inactive palladium black. This 

problem can be addressed by stabilizing these Pd(0) complexes with stronger ligands, for 

example pincer ligands,21b and by increasing the rate of oxygenation to the Pd(0) center, 

which makes it important to study the mechanism of O2 binding to the palladium center.  

The sensitivity of reaction product to the sterics of the NHC is highlighted, where 

the change from IMes to IPr results in quite different reactivities with respect to O2 

binding. Stahl, Landis, and co-workers22 have performed calculations for O2 binding to 

Pd(IMe)2 using the truncated ligand “IMe” (IMe = 1,3-dimethylimidazol-2-ylidene) to 

allow faster computation. In view of the observed differing reactivities as a function of 
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ligand sterics, computational studies were begun on the minimum energy structures for 

presumed initial end-on binding of one O2 molecule.  

As determined previously for Pd(IMe)2, the lowest energy structure proved to be a 

paramagnetic T-shaped intermediate with one O2 bound end-on as superoxide. The 

optimized structures at the B3LYP/Lanl2dz level of theory are shown in Figure 2.7 for 

Pd(IPr)2(η1-O2) (Ia), Pd(IMes)2(η1-O2) (Ib), and Pd(IPr)(PPh3)(η1-O2) (Ic). These 

structures have been oriented to show, for each complex, the maximum amount of free 

space available as “wiggle room” for O2. It is clear from these views that the aperture 

available for O2 binding and subsequent rearrangement increases on going from Ia to Ib 

to Ic.  

 
Figure 2.7 Computed geometries for η1-O2 (red) binding to Pd (green) to paramagnetic 
T-shaped complexes (η1-O2)Pd(IPr)2 Ia, (η1-O2)Pd(IMes)2 Ib, (η1-O2)Pd(IPr)(PPh3) Ic. 
Showing increased mobility of O2 to go to (η2-O2)Pd(L)2. Atomic dimensions are the 
atomic van der Waals radii. Pd, green; O, red; N, blue; C, gray; H, white; P, orange. 

A plausible general mechanism for stepwise binding of O2 to Pd(NHC)2 is shown 

in Scheme 2.3. This is proposed to involve, as originally delineated by Stahl,16,22 initial 

formation of a reactive intermediate η1-O2 complex. Complex I is a branching point and 

can undergo O2 loss to regenerate A, rearrange to form the expected diamagnetic η2-O2 
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complex B, or add a second O2 to form paramagnetic C. Once formed, applying vacuum 

does not regenerate A from either B (NHC = IMes) or C (NHC = IPr), and these steps are 

effectively irreversible at room temperature and below.  

The product distribution in Scheme 2.3 is determined by the relative magnitudes 

of k2 and k3, which may depend critically on the specific ligand system involved. 

Examination of Figure 2.7 presents a qualitative picture of how the rate of the 

intramolecular cyclization step k2 may be retarded for Pd(IPr)2(η1-O2) (Ia), thus allowing 

trapping by additional O2 in step k3. Comparison between complex B and C shows that B 

is more thermodynamically (enthalpically) favorable and C is more dynamically 

(entropically) favorable.  

 
Scheme 2.3 Proposed mechanism for the reaction involving Pd(NHC)2 and O2. 

k4 
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For NHC = IPr, at low temperature (i.e. -90 to -70 oC, detail in Chapter 3) entropy 

does not contribute significantly to ΔG. The rate of conversion from peroxide to 

superoxide step k4 is effectively suppressed and B is formed exclusively as a 

thermodynamically-favored product. Whereas at higher temperature (i.e. above -70 oC) 

the ratio of k4 to k2 increases as temperature elevates because entropy is playing a more 

important role in ΔG at high temperature than at low temperature. More palladium 

complex falls into the well of intermediate Pd(IPr)2(η1-O2), which quickly adds a second 

mole of O2 and forms Pd(IPr)2(η1-O2)2. Once this final product forms, applying vacuum 

will not convert it back to A or any other form. For NHC = IMes, the ration of k2 to k3 is 

big due to its intrinsic less steric property. Therefore even at -78 oC, B forms without 

observing any two-stage process of O2 binding. 

2.3      Conclusions 

 The reactivity of a number of two-coordinate Pd(L1)(L2) (L1 = N-heterocyclic 

carbene (NHC) and L2 = NHC or PR3) complexes with O2 has been examined. Stopped-

flow kinetic studies show that O2 binding to Pd(IPr)(P(p-tolyl)3) to form cis-Pd(IPr)(P(p-

tolyl)3)(η2-O2) occurs in a rapid, second-order process. The enthalpy of O2 binding to the 

Pd(0) center has been determined by solution calorimetry to be - 26.2 ± 1.9 kcal/mol. 

Extension of this work to the bis-NHC complex Pd(IPr)2, however, did not lead to 

the formation of the expected diamagnetic complex cis-Pd(IPr)2(η2-O2) but to 

paramagnetic trans-(Pd(IPr)2(η1-O2)2. This novel oxygen binding mode to low valent 

palladium(0) complexes was discovered as the first reported of its kind. This bis-(η1-O2)-

bound complex Pd(IPr)2(η1-O2)2 was fully characterized spectroscopically and chemically 

by X-ray structure, NMR, elemental analysis and magnetic susceptibility. Pd(IPr)2(η1-
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O2)2 is a bi-radical.  A combination of theoretical and experimental approaches were used 

to generate a scheme for O2 binding to Pd(NHC)2 in which the sterics of ligands around 

palladium center plays a crucial role. The comparison between Stahl’s Pd(IMes)2 and 

Pd(IPr)2 showed that these two complexes, in spite of being quite similar in structure, 

display greatly different properties when reacting with O2. This confirms what is already 

known, that synthetic studies involving ligand variation can yield unexpected results on 

occasion. 

2.4     Experimental 

A. Synthetic and Thermochemical Experiments. 

General Methods. Unless stated otherwise all reactions were carried out inside an 

MBraun or Vacuum Atmospheres glovebox or utilizing Schlenk tube techniques under 

inert atmosphere conditions. Solvents were purified by distillation under argon from an 

appropriate drying agent into flame dried glassware.  NMR spectra were recorded on 

either a Burker 400 MHz or a Bruker 300 MHz NMR spectrometer. Calorimetric 

measurements were performed using a Setaram Calvet C-80 or modified Guild Solution 

Calorimeter as described previously.50 Elemental analyses were performed at London 

Metropolitan University. Magnetic susceptibility measurements were made using a 

Johnson-Matthey MSB-Auto Magnetic Susceptibility Balance and diamagnetic 

corrections made according to the literature.51 Pd-NHCcomplexes and their O2 

derivatives were prepared by methods strictly analogous to those reported previously.40d 

Representative procedures for preparation and reactions of new complexes are described 

below. 
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NMR Studies of Reaction of Pd(NHC)2  (NHC = IPr, SIPr) and O2 at Room 

Temperature. A sample of 5 mg Pd(IPr)2 was weighed into an NMR tube in the glove 

box and dissolved in 0.5 mL C6D6 fitted with a screw cap and Teflon-lined silicone 

rubber septum.  An NMR spectrum was taken and then 3ml of pure O2 gas was added to 

the tube and it was shaken. A second NMR spectrum recorded 16 minutes later showed 

complete disappearance of the signals due to the diamagnetic starting material and 

conversion to a paramagnetic product as shown in Figure 2.3. 1H NMR (400MHz, C6D6): 

δ = 7.16 (t, under peak of C6D6 at 7.16ppm, 4H), 6.65 (s, broad, 8H), 6.11 (s, broad, 4H), 

3.29 (s, very broad, 32H), 1.67 (s, broad, 24H).  

The spectrum of starting material Pd(IPr)2 and product Pd(IPr)2(O2)2 are shown as 

an overlay in Figure 2.8. 

0.511.522.533.544.555.566.577.5 ppm

 
Figure 2.8 1H NMR spectrum in C6D6 of Pd(IPr)2  before addition of O2 (blue spectrum) 
and after addition of O2 (red spectrum).  The red spectrum has been multiplied by 4 due 
to its broad nature. 
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0.511.522.533.544.555.566.577.58

 
Figure 2.9 1H NMR spectrum in C6D6 of Pd(SIPr)2(O2)2. 

 In a similar manner, a solution of Pd(SIPr)2 in C6D6 was prepared inside the 

glovebox and the Schlenk flask containing the solution was brought out of the glovebox. 

Pure O2 was added to the flask. After shaking the flask for a few minutes, the color of the 

solution changed from orange-red to orange-yellow. Excess O2 was evacuated out of the 

flask. The NMR spectrum of Pd(SIPr)2(O2)2 in C6D6 is shown in Figure 2.9. For both 

Pd(IPr)2(O2)2 and Pd(SIPr)2(O2)2 evacuation to dryness and redissolving in C6D6 did not 

result in regeneration of the starting Pd(NHC)2 complex. 

Synthesis and Recrystallization of trans-Pd(IPr)2(O2)2. In a Schlenk tube in the 

glovebox, 100 mg of Pd(IPr)2  was dissolved in 3 mL of THF and then taken out of the 

glovebox. It was exposed to one atmosphere of pure O2 for 10 minutes and evaporated to 

dryness and dried in vacuo overnight.  The complex so formed is spectroscopically and 

analytically pure in essentially quantitative yield.  Elemental analysis was performed on 
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this sample:  Chemical Formula: C54H72N4O4Pd; Molecular Weight: 947.5: Theoretical: 

C, 68.44; H, 7.66; N, 5.91; Found: C, 68.58; H, 7.71; N, 5.82.  

 Magnetic susceptibility measurements were performed on a sample that had been 

further recrystallized (in ≈ 40 % yield) by filtering a saturated heptane solution into a 

Schlenk tube, reducing the volume and storing overnight in the freezer at -20 oC.  

Crystals suitable for X-ray crystallography were obtained by recrystallization from 

hexane.   

Qualitative Study of Rate of Reaction of Pd(IPr)2 and O2 (1 atm) at -78 oC in 

Toluene Solution. A stock solution of 49 mg recrystallized Pd(IPr)2 was prepared in 5 

mL toluene in the glovebox under an argon atmosphere and divided equally between two 

identical Schlenk tubes. The tubes were taken from the glove box and were identical in 

their yellow-orange color. One of the tubes was exposed to 1 atm of O2 and shaken for 

approximately 5 minutes. During this time the color of the solution changed to the red-

orange color characteristic of Pd(IPr)2(O2)2.  Both tubes were then placed in a dry-

ice/acetone bath at -78 oC and their colors again compared. At that time the atmosphere 

of the tube that had not been exposed to O2 was evacuated and filled with pure O2 gas. 

The solution was shaken but kept at -78 oC. During a period of 5-10 minutes there was no 

visible color change indicating a lack of reaction. The tube was then taking from the dry 

ice bath, and allowed to slowly warm to room temperature. During warm up at a 

temperature estimated to be T ≈ - 40 oC the color of the tube originally under Ar began to 

change color and by the time it had reached T ≈ 0 oC it matched in color the authentic 

sample of  Pd(IPr)2(O2)2.  Identical experiments performed with Pd(IPr) (P-p-tolyl3) and 



40 
 

 

Pd(IMes)2 showed that reaction with O2 was rapid even at -78 oC and only for Pd(IPr)2 

did we observe a slow rate of reaction in a dry ice/acetone bath.  

Synthesis of Pd(IPr)2(OOH)2 and Pd(SIPr)2(OOH)2. In a test tube 0.053g Pd(IPr)2 was 

dissolved in 4 mL of C6D6 inside the glovebox. Then the tube was brought out of the 

glovebox and pure O2 was added to the solution. The color of the solution changed from 

fluorescent orange to orange-red. After evacuating the excess O2, the tube was again 

taken into the glovebox and 0.0255g HMo(CO)3Cp solid was added to the solution. The 

solution immediately turned to the red-purple color characteristic of [Mo(CO)3Cp]2. The 

solution was filtered into an NMR tube and showed quantitative conversion of 

HMo(CO)3Cp to [Mo(CO)3Cp]2  with a chemical shift near 4.65 ppm as shown in Figure 

2.10. A clear red solution was obtained. Peaks assigned to Pd(IPr)2(OOH)2: 1H NMR 

(400MHz, C6D6): δ = 7.28 (t, 4H), (d, under peak of C6D6 at 7.16ppm, 8H), 6.42 (s, 4H), 

3.99 (s, 2H), 3.03 (sept, 8H), 1.17 (d, 24H), 1.00 (d, 24H) (Different chemical shifts of 

protons e and f depend on their relative position to the Pd metal center.) 

            Attempts to grow X-Ray quality crystals of Pd(IPr)2(OOH)2 were not successful.  

Similar procedures were utilized to synthesize Pd(SIPr)2(OOH)2 which yielded X-Ray 

quality crystals upon slow evaporation of a saturated heptane solution kept in a vial inside 

the glovebox. 
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0.511.522.533.544.555.566.577.58
 

Figure 2.10 1H NMR spectrum of the reaction in C6D6 of Pd(SIPr)2(O2)2 and 
HMo(CO)3Cp.  

B. Stopped-Flow Kinetic Measurements 

THF solutions of the reagents were prepared in a MBraun glovebox under Argon and 

placed in Hamilton gastight syringes. Time-resolved spectra (400-650 nm) were acquired 

at temperatures from -90 to -75 °C using a Hi-Tech Scientific (Salisbury, Wiltshire, U.K.) 

SF-61DX2 Multi-Mixing CryoStopped-Flow Instrument and a J&M TIDASDAQ diode 

array detector with a Hi-Tech Scientific LHT50 tungsten lightsource. The stopped-flow 

instrument was equipped with stainless steel plumbing, a 1.00 cm3 stainless steel mixing 

cell with sapphire windows, and an anaerobic gas-flushing kit. The temperature in the 

mixing cell was maintained to 0.1 °C, and the mixing time was 2-3 ms. The driving 

syringe compartment and the cooling bath, filled with ethanol (Fisher), were flushed with 

argon before and during the experiments, using anaerobic kit flush lines. All flow lines of 

the SF-61DX2 instrument were extensively washed with degassed, anhydrous toluene 
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before charging the driving syringes with reactant solutions. The reactions were studied 

by rapid scanning spectrophotometry under stoichiometric conditions (1:1 molar ratio). 

All of the experiments were performed in a single-mixing mode of the instrument, with a 

1:1 (v/v) mixing ratio.   

 
Figure 2.11 Diode array spectrum of O2 (0.125mM) binding to Pd(IPr)(P(p-tolyl)3)  
(0.122 mM) at -90 °C, all concentrations reported after mixing. Reaction kinetics were 
measured by monitoring the decay at λmax = 414 nm.             

A series of three to six measurements at each temperature gave an acceptable 

standard deviation (within 10%). Data analysis was performed with Kinetic Studio 

software from Hi-Tech Scientific, IGOR Pro 5.0 by Wavemetrics, Inc. The kinetics of O2 

binding to Pd(IPr)(P(p-tolyl)3) were measured in THF by stopped flow kinetic methods at 

very low temperature (-90 to -75 °C). The experiment was performed under 

stoichiometric conditions, with a 1:1 molar ratio of Pd(IPr)(P(p-tolyl)3) to dioxygen. The 

O2 solutions were prepared by bubbling a dilute O2 gas mixture into THF (5% O2 /95% 

N2) to saturation, and then further dilutions achieved a final concentration of 0.125 mM 

after mixing (for saturated O2 /THF solutions, [O2] = 10mM). The rapid binding event 
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was monitored by the decay of the Pd(IPr)(P(p-tolyl)3)  peak at λ= 414 nm over 2.5 

seconds (Figure 2.11) with Pd(IPr)(P(p-tolyl)3) = 0.122 mM after mixing. 

The decay curves (Figure 2.12) for each temperature fit to a second order function 

under conditions where [A] = [B], are shown in Eqn. (2.4).  

   

 
Figure 2.82 Decay curves (red) and second order fit curves (black) for -90 °C (dotted), 
and -85 °C (solid) with [Pd] = [O2] = 0.12 M. Decay and growth under 0.2 s is due to 
mixing at low temperature and is not a feature of the reaction.  

Second order rates were collected at each temperature and tabulated in Table 2.2.  

The temperature dependent rate constants measured in this work were extrapolated to 

29 °C and yielded a rate, k = 146,000 M-1s-1. 

Table 2.2 Rate constants measured for O2 binding with Pd(IPr)(P(p-tolyl)3). Stopped-
flow kinetics measured under stoichiometric conditions, Pd(IPr)(P(p-tolyl)3)  = 0.122 
mM and [O2] = 0.125 mM. *Rate constant at 29 °C was extrapolated from low 
temperature measurements.  

T (°C) k2  (M-1s-1) 

-90 8,240 

-85 10,700 

(2.4) 
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-80 12,000 

-75 14,300 

29 146,000* 

 

 
Figure 2.13 Eyring plot for O2 binding with Pd(IPr)(P(p-tolyl)3). 

Activation parameters were obtained from the generated Eyring plot (Figure 2.13). 

The values obtained, ΔH‡ = 2.2 ± 0.3 kcal/mol and ΔS‡ = -28 ± 2 cal/mol●K, describe a 

small kinetic barrier and a binding step that is rate limiting.  These data are combined 

with thermochemical data to generate a combined potential energy diagram shown in 

Scheme 2.2. 

C. Computational Details and Coordinates for Ia, Ib, and Ic 

Computational methods and models.	
   All calculations were performed using the 

Gaussian 03 program.52 The geometries of the structures were optimized in gas-phase 

without any symmetry constraints at the B3LYP/Lanl2dz level of theory using the Hay-

Wadt effective core potential (ECP) for Pd.53 The available X-ray structures of the 
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Pd(IPr)2(η1-O2) (Ia), Pd(IMes)2(η1-O2) (Ib) and Pd (IPr)(PPh3)(η1-O2) (Ic) complexes 

were utilized as the starting points for these calculations.	
  

D. Structural Data for Compounds trans-Pd(IPr)2(η1-O2)2 and trans-
Pd(SIPr)2(OOH)2. 

Crystallographic Analyses for Compound trans-Pd(IPr)2(η1-O2)2: Very small single 

crystals of trans-Pd(IPr)2(η1-O2)2 suitable for diffraction analysis were grown by slow 

evaporation of solvent from a hexane solution at room temperature in a dry box. X-ray 

diffraction studies were performed at 93K using a Rigaku MM007/Mercury/ 

diffractometer  (confocal optics Mo-Kα radiation) Intensity data were collected using ω 

and φ steps accumulating area detector frames spanning a hemisphere of reciprocal space 

(data were integrated using CrystalClear54). All data were corrected for Lorentz, 

polarisation and long-term intensity fluctuations. Absorption effects were corrected on 

the basis of multiple equivalent reflections. The structure was solved by direct methods 

and refined by full-matrix least-squares against F2 (SHELXTL55).  All hydrogen atoms 

were assigned riding isotropic displacement parameters and constrained to idealized 

geometries. The R factor reflects the very small crystal size and the presence of half a 

hexane solvate molecule. 

Crystallographic Analyses for Compound trans-Pd(SIPr)2(OOH)2. Single crystals of 

trans-Pd(SIPr)2(OOH)2 suitable for diffraction analysis were grown by slow evaporation 

of solvent from a heptane solution at room temperature in a dry box. The data crystal of 

compound trans-Pd(SIPr)2(OOH)2 was glued onto the end of a thin glass fiber. X-ray 

intensity data were measured by using a Bruker SMART APEX2 CCD-based 

diffractometer using Mo Kα radiation (λ = 0.71073 Å).56 The raw data frames were 

integrated with the SAINT+ program by using a narrow-frame integration algorithm.56 
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Corrections for Lorentz and polarization effects were also applied with SAINT+. An 

empirical absorption correction based on the multiple measurement of equivalent 

reflections was applied using the program SADABS. All structures were solved by a 

combination of direct methods and difference Fourier syntheses, and refined by full-

matrix least-squares on F2, by using the SHELXTL software package.57 Crystal data, data 

collection parameters, and results of the analyses are listed in Table 2.3. 

Compound trans-Pd(SIPr)2(OOH)2 crystallized in the triclinic crystal system.  

The space group P1 was assumed and confirmed by the successful solution and 

refinement of the structure. All non-hydrogen atoms were refined with anisotropic 

displacement parameters. Hydrogen atoms were placed in geometrically idealized 

positions and included as standard riding atoms during the least-squares refinements. 
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Table 2.3 Crystallographic Data for Compounds Pd(IPr)2(η1-O2)2 and Pd(SIPr)2(OOH)2. 

 Pd(IPr)2(η1-O2)2 Pd(SIPr)2(OOH)2  

Empirical formula PdO4N4 C54H72•½C6H14 PdO4N4 C54H78  

Formula weight 990.64 953.60  

Crystal system Monoclinic Triclinic  

Lattice parameters    

a (Å) 13.766(4) 12.2884(5)  

b (Å) 15.624(4) 12.3340(5)  

c (Å) 25.915(8) 17.2479(7)  

α (deg) 90 82.982(1)  

β (deg) 103.647(7) 87.966(1)  

γ (deg) 90 89.015(1)  

V (Å3) 5416(3) 2592.74(18)  

Space group P 21/c (# 14) P1 (#2)  

Z value 4 2  

ρcalc (g / cm3) 1.215 1.221  

µ (Mo Kα) (mm-1) 0.389 0.404  

Temperature (K) 93 296  

2Θmax (°) 50.00 57.00  

No. Obs. ( I > 2σ(I)) 6664 10468  

No. Parameters 595 586  

Goodness of fit 1.138 1.021  

Max. shift in cycle 0.013 0.001  

Residuals*:R1; wR2 0.1261; 0.2906 0.0375; 0.0848  
Absorption Correction, 
Max/min 

Multi-scan 
1.0000/0.9488 

Multi-scan 
0.7465/0.6552  

Largest peak in Final Diff. Map (e- / Å3) 3.271 0.597  
 
*R = Σhkl(⏐⏐Fobs⏐-⏐Fcalc⏐⏐)/Σhkl⏐Fobs⏐; Rw = [Σhklw(⏐Fobs⏐-⏐Fcalc⏐)2/ΣhklwFobs

2]1/2,  
w = 1/σ2(Fobs); GOF = [Σhklw(⏐Fobs⏐-⏐Fcalc⏐)2/(ndata – nvari)]1/2. 
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Chapter 3: A Tale of Two Dioxygen Adducts: Pd(IPr)2(η1-O2)2 and 
Pd(IMes)2(η2-O2) - Comparison of η1-O2 and η2-O2 in Reactivity 

It is the end-on O2. It is the side-on O2. It is reactive to substrates. It is inert to 

substrates. It is the primary product of O2 binding. It is the secondary product of O2 

binding. It is the unstable intermediate. It is the stable final product. 

 The statement above is a variation on the introduction to Dicken's "A Tale of Two 

Cities". In this section we compare and provide evidence for an equilibrium between the 

η1 and η2-O2 binding forms. No direct detection of the equilibrium is available, but two 

key experiments provide a sound basis for making this claim. The tale of the two 

dioxygen adducts is the detailed mechanism of O2 binding for Pd(IPr)2 in comparison to 

Pd(IMes)2 and the difference in reactivity with water. In spite of the indirect nature of this 

evidence, it points the way towards future studies aimed at direct comparison, including 

additional stopped-flow kinetic as well as 18O2 experiments.    

3.1     Background  

 The Schindler group20 in Germany synthesized and characterized the first 1:1 end-

on Cu-O2 adduct [Cu(TMG3tren)O2]SbF6 (TMG = tris(tetramethylguanidino) at 

temperature of -55 °C by using sterically hindered ligands. Remarkably, the formation of 

Cu-O2 adduct is reversible: warming up of the adduct complex solution to room 

temperature caused the loss of O2 from the superoxo Cu(III) complex, while cooling the 

same solution down to low temperature led to the reformation of the superoxo complex. 

No observable decomposition was found after this transformation cycle was repeated 

many times. This end-on Cu-O2 adduct [Cu(TMG3tren)O2]SbF6 is viewed as the first 
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product formed in the general mechanistic framework of molecular oxygen binding to 

copper complexes as described in Scheme 3.1. 

 
Scheme 3.1 General scheme of O2 binding to copper complexes. 

It is generally believed that the η1-O2 motif is more reactive than the η2-O2 motif 

for its intrinsic radical property.13 The η1-O2 activated by transition metals may also be 

more accessible to substrates than its η2-O2 counterpart due to its hanging structure and 

longer distance from the metal center.  

 
Scheme 3.2 Reactivity of [Cu(TMG3tren)O2]SbF6 with exogenous phenolic substrates. 
(Dark circles represent 18O) (Drawing taken from ref 58) 

 Following the work of Schindler, Karlin and coworkers58 found that 

[Cu(TMG3tren)( η1-O2)]SbF6 readily oxidizes exogenous phenolic substrates as shown in 

Scheme 3.2. Furthermore, it can also undergo intramolecular oxidations forming a 
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hydroxylated product. In contrast, Cu(η2-O2) complexes supported by β-diketiminate and 

anilide-imine ligands show rather inert reactivity with phenols and phosphines, and 

instead lose O2 and form Cu-phosphine adducts.59  The differences in reactivity between 

the η1 and η2-bound forms of O2 is a "frontier" area in inorganic and bioinorganic 

chemistry.  

Since this is a new area of research for the Hoff group it has presented a learning 

experience with numerous failed experiments occurring prior to successful ones. For 

example, the reaction with water described later in this chapter was discovered during 

attempted reactions with carbon dioxide--it later turned out that it was incidental 

exposure and trapping of water at low temperatures that led to formation of a novel 

hydroxyl, hydroperoxy complex. In addition, the reversible nature of initial O2 binding 

arose out of stopped-flow kinetic studies done at -70 to -90 oC where an initial colorless 

product was discovered. NMR studies done at Miami, also at low T, confirmed that the 

first product of O2 addition at low T was a diamagnetic complex and not the 

paramagnetic (η1-O2)2Pd(IPr)2.  

3.2     Results and Discussion 

Two-stage O2 Binding to Pd(IPr)2. Following the synthetic and structural work 

described in Chapter 2, we further investigated the kinetics of O2 binding to Pd(IPr)2. At 

the time these studies were begun, we believed that the sole product of reaction with O2 

was the paramagnetic Pd(IPr)2(η1-O2)2 and spectroscopic changes such as those shown in 

Figure 2.2 (at room temperature) were expected to occur over the entire temperature 

range of binding.  To our great surprise, at very low temperatures in the range of -90 oC  

to -70 oC a nearly complete bleaching of color, similar to what occurs when O2 binds to 
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Pd(IMes)2 to form Pd(IMes)2(η2-O2) were discovered. Furthermore, this rate of binding 

was fast--comparable in speed to that of Pd(IPr)(P-p-tolyl)3.46 Results from stopped-flow 

kinetic studies in the reaction of O2 binding to Pd(IPr)2 show that the reaction between 

Pd(IPr)2 and excess O2 is rapid even at temperatures as low as -90 ºC and the first mole of 

O2 binds in the temperature range -90 to -70 oC following a first-order rate law with ΔH‡ 

= 6.0 kcal/mol and ΔS‡ = -6 cal/mol●K. The UV-Vis spectrum of this intermediate shows 

an intensity decay at all wavelengths and indicates this intermediate is white or pale 

yellow in color. At higher temperatures, near -60 oC, the second mole of O2 adds and the 

yellow-orange complex trans-Pd(IPr)2(η1-O2)2  is formed from the white or pale yellow 

Pd(IPr)2(η?-O2). The spectroscopic changes shown in O2 binding to Pd(IPr)2 forming 

trans-Pd(IPr)2(η1-O2)2 is a two-stage process characterized by stopped-flow and low-

temperature NMR.  

Based on these results low-T NMR is performed on adding O2 to Pd(IPr)2 at a 

series of temperatures as low as -70 oC (Figure 3.1). The diamagnetic characteristics of 

the peaks and the pale-yellow color of the low-T O2 adduct indicate that the first binding 

adduct may be the square planar palladium peroxide complex, Pd(IPr)2(η2-O2). Upon 

elevating the temperature the diamagnetic features of the peaks slowly disappear and the 

emergence of the paramagnetic peaks indicate the formation of Pd(IPr)2(η1-O2)2. No 

spectroscopic evidence for Pd(IPr)2(η1-O2) could be found-it would be expected to be a 

paramagnetic superoxide complex. Attempts to grow single crystals for the interesting 

intermediate Pd(IPr)2(η2-O2) at low temperature have so far been unsuccessful.  
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Figure 3.1 Low-T NMR spectra of adding O2 to tol-d8 solution of Pd(IPr)2 at variable 
temperatures. 

Reversibility of O2 Binding.  An additional interesting aspect of the complex 

Pd(IPr)2(η2-O2) is its reversible nature of O2 binding. Even at low temperatures, 

evacuation of O2 causes regeneration of the starting Pd(IPr)2 complex. This cycle can be 

performed several times without sample decomposition at low temperature. This is in 

contrast to all other Pd complexes we have studied--for example Pd(IMes)2(η2-O2).18 

Once formed it exhibits irreversible binding and even prolonged evacuation above room 

temperature fails to regenerate Pd(IMes)2.  

The conclusion from these studies is that O2 binds very rapidly at low T to form a 

diamagnetic complex with a very weakly bound O2 which can be removed by evacuation 

even at - 70 oC. The complex gradually loses O2 and converts back cleanly to quantitative 

Pd(IPr)2 in the process of warming up to room temperature under vacuum without any 

spectroscopic degradation. This vacuum/O2 cycle can be repeated many times and no 

decomposition was observed. However if Pd(IPr)2(η2-O2) is warmed up under O2 

atmosphere, a second mole of O2 will add and form the unique final product Pd(IPr)2(η1-

O2)2. Once this forms, applying vacuum does not regenerate the deoxygenated Pd(IPr)2 or 

tol-d8 
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any other complex. This reversible O2 binding provides evidence that the Pd(η1-O2) 

adduct may be accessible. It is the logical first step in loss of O2, as well as in binding of 

O2. From the principle of microscopic reversibility the same transition occurs. Numerous 

calculations, as well as chemical intuition, are in agreement with an initial attachment of 

O2 to a sterically demanding environment would be through one and not both of the O 

atoms. This is illustrated in the earlier picture Figure 2.7. Since there is no spectroscopic 

evidence of significant buildup of the Pd(η1-O2) adduct, it can not be concluded that an 

equilibrium amount of this proposed complex is formed. However, its presence as a 

steady state intermediate in the facile on/off binding of O2 at low T is reasonable.  

 These observations can be compared to the conclusions of Stahl and coworkers 

who calculated that O2 binding to Pd(IMe)2 with truncated ligands “IMe” has ΔG0 = +3.6 

kcal/mol in gas phase and ΔG0 = -5.7 kcal/mol in toluene.22 The ΔG0 is low--actually 

similar to that of the Vaska’s complex (ΔG0 = -5.9 kcal/mol) which is known to bind O2 

reversibly. This serves to point out the difficulty in calculation of binding energetics to 

heavy metal complexes. In spite of the low calculated free energy of binding, Stahl 

determined that dissociation of O2 from Pd(IMes)2O2 experimentally was unsuccessful. 

This complex forms rapidly even at -78 oC after the introduction of O2. Sparging the 

toluene solution of Pd(IMes)2O2 with inert gas and evaporating all the solvent cannot 

regenerate the deoxygenated material, and heating up a solid sample of Pd(IMes)2O2 to a 

high temperature for one week only resulted a small percentage of conversion.22 A 

proposed scheme for binding of O2 to Pd(IPr)2 is shown in Scheme 3.3 below.  
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Scheme 3.3 General Scheme of O2 binding to Pd(IPr)2.	
  

This scheme involves initial reversible formation of an end-on η1 adduct in the 

k1/k-1 step. This key intermediate (η1-O2)Pd(IPr)2 is at a branching point in the 

mechanism--it could conceivably convert to (η2-O2)Pd(IPr)2 in the k2/k-2 step, or add a 

second mole of O2 in the k3 step. The mechanism proposed for binding to Pd(IMes)2 

corresponds to only the top line of Scheme 3.3 and is shown in Scheme 3.4 below: 

 
 

Scheme 3.4 General Scheme of O2 binding to Pd(IMes)2. 

The difference between these two schemes ultimately lies in the magnitudes of the 

relative rate constants. The observed reactivity of Pd(IMes)2 implies that the Scheme 3.3 

for Pd(IPr)2 has been altered--either a much larger value exists for k2 driving the initial 

adduct swiftly to product, or k-2 is much smaller for Pd(IMes)2 and reverting back to the 

Pd(η1-O2) adduct is thermodynamically disfavored for the IMes complex but not for the 
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IPr complex. The final possibility, that the k3 step which is present in Scheme 3.3 is not 

available to Pd(IMes)2 is unreasonable since, if anything, it would be expected to be both 

faster and more favorable for the smaller IMes system. The most likely conclusion based 

on these observations is that the Pd(η2-O2) adduct for the IPr system is destabilized and 

the Pd(η1-O2) adduct is closer in energy to it than is the case for the IMes system. This 

implies a possible equilibrium buildup of the Pd(η1-O2) adduct, and a probable kinetic 

accessibility to it. That accessibility might lead to different reactivity patterns, and our 

initial probing of that question is described in the next section.  

Reaction of H2O with Pd(IPr)2(η2-O2) and Pd(IMes)2(η2-O2). This reaction was 

discovered accidentally. Initially, we investigated the reaction of Pd(IPr)2 with oxygen 

followed by reaction with carbon dioxide. It was hoped that we would produce a 

peroxycarbonate complex as is known to occur with related complexes40c as shown in 

Scheme 3.5. 

 
Scheme 3.5 Reaction of  Pd(ITmt)2 with O2 and CO2. (ITmt = 1,3-bis(2,2’’,6,6’’- 
tetramethyl-m-terphenyl-5’-yl)imidazol-2-ylidene) 

This reaction was investigated several times under different conditions and was 

found to be difficult to reproduce. In spite of that a solid complex was formed, isolated, 

and a preliminary crystal structure determined by Professor Captain. Surprisingly this 

structure, as well as the NMR spectra indicated that the complex did not involve carbon 

dioxide binding at all, but rather was of the form: Pd(IPr)2(OH)(OOH). In addition, full 
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analytical results (C, H, N, Pd, O) was in keeping with this formulation.  At that time 

direct reaction with water was attempted--the reaction must be done at low T because 

only at low T is Pd(IPr)2(η2-O2) stable. Due to the freezing point of water, use of toluene 

as a solvent did not give good yields of products since the water froze out of solution. It 

was found that reaction in CH3OH/H2O mixtures in ether or toluene gave good yields of 

Pd(IPr)2(OH)(OOH). The complex Pd(IPr)2(η2-O2) synthesized at -78 oC converted 

cleanly to trans-Pd(IPr)2(OOH)(OH) (Figure 3.2) in 4 hours at -78 oC.  

Under these conditions, and depending upon the CH3OH/H2O ratio small amounts 

of a second complex could be detected by NMR. This is proposed to be trans-

Pd(IPr)2(OMe)(OOH). Under identical conditions, reaction of Pd(IMes)2 was found to 

not occur--the complex Pd(IMes)2(η2-O2) was unchanged even for three days at room 

temperature. The reactions with H2O and CH3OH are proposed to proceed as shown in 

eqns. (3.1) and (3.2). 

Pd(IPr)2(η2-O2)  Pd(IPr)2(η1-O2) + H2O  trans-Pd(IPr)2(OOH)(OH)        (3.1) 

Pd(IPr)2(η2-O2)  Pd(IPr)2(η1-O2) + CH3OH  trans-Pd(IPr)2(OMe)(OOH)   (3.2) 

The crystal structure of trans-Pd(IPr)2(OOH)(OH) is shown in Figure 3.2. It is 

viewed as a near perfect square planar Pd(II) complex with two near 180° angles (O2 – 

Pd1 – O1 = 177.64(13)° and C1 – Pd1 – C31 = 179.30(13)°) and two equal lengths Pd-O 

bonds (Pd1 – O1 = 2.009(3) Å and Pd1 –  O2 = 2.009(3) Å). 
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Figure 3.2 ORTEP diagram of Pd(IPr)2(OOH)(OH). Pd1 – O1 = 2.009(3) Å, Pd1 –  O2 = 
2.009(3) Å, O1 – O3 = 1.465(6) Å, Pd1 – C1 = 2.051(3) Å, Pd1 – C31 = 2.050(3) Å; O2 
– Pd1 – O1 = 177.64(13)°, C1 – Pd1 – C31 = 179.30(13)°, Pd1 – O1 – O3  = 111.1(3)°. 

This kind of Pd(II)-OOH complexes is considered as important intermediate in 

selective oxidation reactions. The author is unaware of any other report in which reaction 

of O2 and H2O lead directly to a complex of this type. So far, attempts to use this 

complex in catalytic or stoichiometric oxidations have not been successful. As discussed 

later, that is presumably due to the absence of an accessible vacant coordination site at 

the Pd center. Pd(IMes)2(η2-O2) is known to be able to do rapid acetic acid addition at 

room temperature (Eqn. (3.3)).  

     (3.3) 
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The attack of the peroxo O2 ring by hydrogen on the acetic acid to force it to open 

and be protonated may depend considerably on the acidity of the electrophile. Compared 

to acetic acid (pKa = 4.76 in H2O, pKa = 12.3 in DMSO), H2O (pKa = 15.7 in H2O, pKa 

= 32 in DMSO) is a much weaker acid and therefore may not be able to “crack” the Pd-

O-O ring to open up and do protonation. However in the case of Pd(IPr)2, while the Pd-

O2 complex mainly exist as Pd(IPr)2(η2-O2), Pd(IPr)2(η1-O2) may be kinetically 

accessible, which is able to be protonated by H2O and may go through a radical pathway 

(Scheme 3.5). 

a)               b)  

Scheme 3.6 Reaction of H2O with a) Pd(IPr) (η2-O2) and b) Pd(IMes)2, respectively. 

3.3     Conclusions 

 Molecular O2 binding to Pd(IPr)2 is a two-stage process as characterized by 

stopped-flow and low-temperature NMR. The first mole of O2 binds to Pd(0) forming 

Pd(IPr)2(η2-O2) at temperatures lower than -70 oC with ΔH‡ = 6.0 kcal/mol and ΔS‡ = - 6 

cal/mol●K. The second mole of O2 binds at higher temperature forming the final product 

Pd(IPr)2(η1-O2)2. An equilibrium is proposed to exist between the η1-O2 form and η2-O2 

form in the Pd(IPr)2 system. It is not favorable enough to allow detection of η1-O2 form 

but does serve to allow it to be more accessible to reactivity that is indicated for the very 



59 
 

 

similar Pd(IMes)2 system. This unique property of Pd-O-O ring opening up to end-bound 

Pd-O2 enables the spliting of H2O forming Pd(IPr)2(OOH)(OH) and reversible O2 binding 

at low temperature.  

 

Scheme 3.7 Designed catalytic system for selective oxidation by using O2 and H2O as 
oxidants. L1 and L2 are modified to tune the binding properties of M1 and M2. L3 is a 
bindentate ligand. 

The fact that small changes in the ligand system can result in these observed 

changes in reactivity provides hope for catalyst design. Since the Pd system that binds 

and activates O2 will likely not be the site that activates the substrate, this will require a 

two site catalyst as illustrated in Scheme 3.6--one for binding of O2 and rection with H2O 

and a second proximate site to bind a substrate for oxidation.   
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3.4     Experimental 

A. Synthetic Experiments. 

General Methods. Unless stated otherwise all reactions were carried out inside an 

MBraun or Vacuum Atmospheres glovebox or utilizing Schlenk tube techniques under 

inert atmosphere conditions. Solvents were purified by distillation under argon from an 

appropriate drying agent into flame dried glassware.  NMR spectra were recorded on 

either a Bruker 400 MHz or a Bruker 300 MHz NMR spectrometer. Calorimetric 

measurements were performed using a Setaram Calvet C-80 or modified Guild Solution 

Calorimeter as described previously. Elemental analyses were performed at London 

Metropolitan University. Pd-NHCcomplexes and their O2 derivatives were prepared by 

methods strictly analogous to those reported previously. Representative procedures for 

preparation and reactions of new complexes are described below. 

Low-Temperature NMR study on O2 binding to Pd(IPr)2. In an NMR tube 8 mg 

Pd(IPr)2 was dissolved in 1 mL of tol-d8 inside the glovebox. Then the tube was brought 

out of the glovebox and put into a Bruker 400 MHz NMR spectrometer, which was tuned 

to -70 ºC and equilibrated for 10min. When the temperature of the solution in the NMR 

tube was at -70 ºC and steady for 10min, a spectrum was taken for the stock solution. 

Then pure excess O2 was introduced by a tight syringe and the tube was shaken to make 

sure of good mixing. The tube was then put back into the NMR machine and waited until 

its temperature reached -70 ºC and steady for 10min. A series of NMR spectrum were run 

at the temperature range of -70 ºC to 20 ºC. 

Reversible O2 Binding to Pd(IPr)2 at Low Temperature. 5ml Pd(IPr)2 toluene solution 

of 0.0045M (20mg Pd(IPr)2) was made and filled in a Schlenk tube in the glovebox. The 
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tube was brought out of the glovebox and cooled down to -78 ºC in a dry ice/acetone bath 

until the temperature was stable, followed by introduction of excess O2. The tube was 

shaken with the solution part emerged in the bath all the time to keep it at -78 ºC. The 

color of Pd(IPr)2 solution faded from fluorescent yellow-orange color to light yellow in 

less than 2min. Then vacuum was applied to the tube and it was taken out of the bath. 

The tube was shaken and kept under vacuum while warming up. The light yellow color 

turned back to yellow orange in less than 2min. This whole O2 addition/vacuum 

procedure was repeated 10 times. In the end the Pd(IPr)2 solution was dried up under 

vacuum and an NMR spectrum was taken for its C6D6 solution. 

Synthesis of Pd(IPr)2(OOH)(OH). 60 mg of Pd(IPr)2 was dissolved in 8ml Et2O and the 

solution was filled into a Schlenk tube inside the glovebox. The tube was then brought 

out of the glovebox and cooled down to -78 ºC in a dry ice/acetone bath until the 

temperature was stable, followed by introduction of excess O2. The color of Pd(IPr)2 

solution faded from fluorescent yellow-orange color to light yellow in less than 2min. 

Then vacuum was carefully applied to the tube at -78 ºC without shaking in order not 

form any Pd(IPr)2. A 4.5ml mixture of MeOH/H2O containing 4ml MeOH and 0.5ml 

H2O was premade. Under Argon gas flow, 4 drops of this MeOH/H2O mixture was added 

to the solution under -78 ºC. Off-white precipitates were observed immediately floating 

in the solution. The reaction mixture was kept under Ar at -78 ºC for 4h before it turned 

yellow/orange. The liquid part of the mixture was evacuated off and the remaining 

yellow-orange solid was dried under vacuum for 1h. The yield of the synthesis of 

Pd(IPr)2(OOH)(OH) is 73.8%. Peaks assigned to Pd(IPr)2(OOH)(OH): 1H NMR 

(300MHz, tol d8): δ = 7.28 (t, 4H, p-Ar), 7.13 (d, 8H, o-Ar), 6.36 (s, 4H, backbone of IPr), 
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3.77 (s, 1H, OOH), 2.97 (hep, 8H, CH on iPr), 1.12 (d, 24H, tBu on iPr), 0.98 (d, 24H, tBu 

on iPr), -4.71 (s, 1H, OH). 

 

Figure 3.3 1H NMR spectrum in tol-d8 of Pd(IPr)2(OOH)(OH) 

Synthesis of Pd(IPr)2(OOD)(OD). In an NMR tube, 5 mg Pd(IPr)2(OOH)(OH) was 

dissolved in 1ml tol-d8. An NMR spectrum was taken at room temperature of this 

solution. Peaks at 3.77 ppm and 2.97 ppm show the presence of hydroxide and 

hydroperoxide groups. 1 drop of D2O was added to the same NMR tube by pipette and 

NMR spectrum was taken again. The disappearance of these two peaks shows the 

replacement of H by D. 
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Controlled Experiments of H2O with Pd(IPr)2(η2-O2) and Pd(IMes)2(η2-O2).  

7 mg Pd(IPr)2 was dissolved in 3ml toluene and the solution was filled into a 

25ml Schlenk tube. Then the procedure described above in synthesis of 

Pd(IPr)2(OOH)(OH) was followed. An NMR spectrum was run for the final product and 

confirmed it was Pd(IPr)2(OOH)(OH).  

7.3 mg Pd(IMes)2(η2-O2) was dissolved in 3ml toluene and exactly the same 

procedure was followed. An NMR spectrum was run for solid left after vacuum and 

drying. The starting material Pd(IMes)2(η2-O2) was retrieved and there was no evidence 

that any other products were made. 

B. Stopped-Flow Kinetics 

Toluene solutions of complex Pd(IPr)2 were prepared in an MBraun glovebox 

filled with ultra high purity argon (Airgas) and loaded in Hamilton gastight syringes 

equipped with three way valves. Saturated solutions of ultra high purity O2 (ultra dry 

grade, Airgas) were prepared by bubbling gas into gastight syringes containing dry 

toluene for at least 20 minutes; dilutions of the O2 saturated solvent were performed 

anaerobically to obtain the desired [O2]. The solubility of O2 in toluene was taken as 8.3 

mM at 20 °C. Time resolved spectra (λ = 400–800 nm) were acquired over a range of  

temperatures (-80 to -70 °C) using a Hi-Tech Scientific KinetAsyst SF-61DX2 

CryoStopped-Flow system (TgK Scientific Ltd.) equipped with a quartz tungsten halogen 

light source, a J&M TIDAS diode array detector and a Brandenburg 4479 Series PMT 

monochromator. The instrument was equipped with stainless steel plumbing lined with 

PEEK tubing and a 1.00 cm3 quartz mixing cell submerged in an ethanol cooling bath. 

The temperature in the mixing cell was maintained to ± 0.1 °C. Data acquisition was 
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performed using TIDAS-DAQ and/or Kinetic Studio software programs and mixing 

times were 2–3 ms. All flow lines were washed extensively with Ar-saturated dry toluene 

prior to loading reactant solutions. All experiments were performed in a single-mixing 

mode of the instrument with a 1:1 (v/v) mixing ratio. Reactions were studied under 

pseudo-first order conditions using excess O2. Data analysis was performed using Kinetic 

Studio and IGOR Pro 5.0 (Wavemetrics, Inc.) software programs. Decay over the entire 

spectrum is observed for this rapid binding event.  Single wavelength measurements were 

taken at λ = 474 nm in an effort to quantify kinetic parameters.   Reasonable data was 

acquired at four different temperatures thus far (-85, -80, -75, -70°C) using 30 to 80 fold 

excess of dioxygen.  The kinetic traces were fit to either a single exponential (traces at T 

= -80°C and higher) or double exponential equation (traces at T = -85°C) which gave the 

value of the pseudo first order rate constant (kobs).  All kobs values reported represent an 

average from at least three runs. 

 
Figure 3.4 Diode array spectrum of Pd(IPr)2 (0.2 mM unmixed). 
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Figure 3.5 Diode array spectra of the reaction between Pd(IPr)2 (0.1 mM) and excess O2 
(4.1 mM) over 3 seconds at -80°C (concentrations after mixing).  The rapid binding of 
dioxygen leads to decay at all wavelengths. 

Table 3.1 Temperature dependent pseudo first order rates and second order rate constants 
for Pd(IPr)2 decay at λ = 474 nm with 0.05 mM Pd(IPr)2. 
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Figure 3.6 Bimolecular rate plot for reaction of Pd(IPr)2 with excess O2 at various 
temperatures.  The bimolecular rate constants were obtained from the slopes. 
 

 
Figure 3.7 Eyring plot for O2 binding with activation parameters. 

 The data clearly indicates reversible binding of dioxygen at the three higher 

temperatures.  The next step is to monitor the longer process where two molecules of 

dioxygen bind to the complex and result in the formation of a red species.  For these 

measurements, preliminary data suggests that much higher temperatures (> -30°C) are 

necessary to observe this process in a timely fashion.  
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Chapter 4: Two-Step Binding of O2 to a Vanadium(III) Trisanilide 
Complex To Form a Non-Vanadyl Vanadium(V) Peroxo Complex 

4.1     Background 

 Activation of dioxygen at a single transition-metal center can yield either end-

bound (η1) or side-bound (η2) complexes.13 It is generally held that the η1 binding motif is 

more reactive than the η2 motif.60 The formation of side-bound O2 complexes can proceed 

by initial end-on binding followed by isomerization or possibly by concerted binding of 

O2 to form the side-bound product.  

 In spite of the fact that the two-step activation of O2 to form a side-bound adduct 

is logical, limited evidence for this pathway exists. Cases where both forms of binding 

can be observed are rare, and there are few quantitative kinetic studies in which the rates 

of binding and interconversion have been directly measured. Kinetic data obtained for the 

treatment of four- and five-coordinate iridium(I) complexes with oxygen are in keeping 

with initial end-on binding followed by rapid rearrangement upon dissociation of a 

ligand,61 but since ligand dissociation is a prerequisite for η2 coordination, that result is 

not reflective of systems having an open coordination site, where η2 binding could in 

principle occur directly. Treatment of a CuI complex with O2 leads to a side-bound 

O2 complex that density functional theory (DFT) calculations indicate is formed by initial 

end-on binding followed by a low-barrier isomerization to give the final side-bound 

product.62 As reported in previous chapters that increasing the steric constraints with 

bulky ligands yields bis-superoxo binding of O2 in the complex (η1-O2)2Pd(IPr)2
43 as 

opposed to single peroxo binding in (η2-O2)Pd(IMes)2.22  
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Vanadium peroxo complexes are important as both natural63 and 

industrial64 oxidation catalysts. Vanadium peroxides are typically formed from VIV or 

VV by reaction with hydrogen peroxide or alkyl hydroperoxides;65 there are limited 

examples where O2 is the oxidant.66 In fact, there are only a limited number of cases in 

which structurally characterized early transition-metal peroxo complexes have been 

prepared directly by reaction with O2.67 In the case of VIII complexes, oxidation by 

O2 typically produces a VV oxo species resulting from a bimetallic, four-electron 

reduction of O2.68 This Chapter is on studies of O2 binding to the sterically crowded early 

transition-metal complex V(N[tBu]Ar)3 (Ar = 3,5-Me2C6H3), which proceeds through an 

η1-peroxo complex. 

4.2     Results and Discussion 

The reactions of V(N[tBu]Ar)3 with a variety of oxygen atom transfer (OAT) 

reagents to form cleanly the vanadium oxo complex O≡V(N[tBu]Ar)3 were recently 

investigated.69 The O≡V bond in O≡V(N[tBu]Ar)3 (154 ± 3 kcal/mol)69 is strong enough 

that the reaction of V(N[tBu]Ar)3 with O2 to generate an O atom is thermodynamically 

favorable, as shown in Eqn. (4.1): 

V(N[tBu]Ar)3 + O2 → O≡V(N[tBu]Ar)3 + O           ΔH = -35kcal/mol                    (4.1)  

The reaction of V(N[tBu]Ar)3 with excess O2 in toluene at −78 °C irreversibly 

produced a forest-green-colored solution, in contrast to the red-orange color 

of O≡V(N[tBu]Ar)3. NMR studies showed the green complex to be a diamagnetic species 

that slowly decomposed upon warming with minimal production of O≡V(N[tBu]Ar)3. 

Addition of excess V(N[tBu]Ar)3 followed by warming to room temperature did lead to 
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production of O≡V(N[tBu]Ar)3. These observations suggested the sequence of reactions 

shown in Scheme 4.1. 

                 .       

Scheme 4.1 Reaction of O2 with V(N[tBu]Ar)3 

 Initial attempts to isolate pure crystals of (η2-O2)V(N[tBu]Ar)3 were frustrated by 

contamination with O≡V(N[tBu]Ar)3, which has the same unit cell parameters as (η2-

O2)V(N[tBu]Ar)3 and readily cocrystallizes with it. Since the reaction of (η2-

O2)V(N[tBu]Ar)3 with V(N[tBu]Ar)3  produces O≡V(N[tBu]Ar)3, it was felt that reaction 

of a weakly bound nitrile adduct of V(N[tBu]Ar)3 would minimize the concentration of 

free V(N[tBu]Ar)3, resulting in cleaner formation of (η2-O2)V(N[tBu]Ar)3 with less 

production of O≡V(N[tBu]Ar)3 when O2 was delivered to a concentrated solution 

of V(N[tBu]Ar)3. Stopped-flow kinetic and NMR studies would later show that at 

temperatures below −30 °C, the reaction of (η2-O2)V(N[tBu]Ar)3 and V(N[tBu]Ar)3  is 

sufficiently slow that tempering the reactivity of V(N[tBu]Ar)3 by this weak ligand 

binding is not required when O2 is present in excess. A fortuitous byproduct of the 
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“nitrile method” was the accidental discovery of the pivaloylimido 

complex tBuC(═O)N≡V(N[tBu]Ar)3, as discussed later. 

 The “nitrile method” proved to be a facile way to prepare and ultimately to isolate 

gram quantities of (η2-O2)V(N[tBu]Ar)3 at room temperature. 51V NMR spectroscopy 

showed no contamination by O≡V(N[tBu]Ar)3 (−171 ppm) and only a peak at 198 ppm 

due to (η2-O2)V(N[tBu]Ar)3. This is a very high frequency relative to those for known 

VV peroxides (−520 to −650 ppm)70 and is reflective of the unique ligand environment 

used to support the vanadium peroxide moiety in (η2-O2)V(N[tBu]Ar)3, including the lack 

of a vanadyl moiety. Diffraction-quality crystals of (η2-O2)V(N[tBu]Ar)3 were obtained 

by recrystallizing (η2-O2)V(N[tBu]Ar)3 from pentane at −35 °C. The asymmetric unit 

consists of one-third of a molecule, the remainder being generated by a crystallographic 

threefold axis (Figure 4.1). This necessitates the disorder of the peroxo moiety over three 

positions, as clearly seen in the density map (Figure 4.2). The full molecule has a five-

coordinate VV center with two of the coordination sites occupied by the two oxygen 

atoms of the peroxo ligand. This is the first structurally characterized example of a non-

vanadyl (i.e. containng a V=O group) peroxo species,71 with the exception of 

per(peroxo)vanadium structures.72 The structure exhibits unequal V–O bond distances 

(1.777(4) and 1.908(4) Å), the average of which (1.843 Å) is shorter than the average V–

Operoxo distance of structurally characterized vanadium peroxo systems (1.878 Å).73 The 

oxygen atom that is farther away (O2) appears to engage in a weak hydrogen bond with a 

neighboring CHaryl-Me (O···H = 2.68 Å, C(H)···O = 3.36 Å;)74 and furthermore is located 

trans to a V–N bond [141.5(1)°]. Thus, the V–O2 bond is likely lengthened because of the 

synergistic influences of the hydrogen bond and the trans anilide ligand. The O–O 
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peroxide bond length [1.416(5) Å] is also short compared with the average O–O bond in 

known VV(O2) complexes (average 1.430 Å, median 1.436 Å).73 

 
Figure 4.1 ORTEP diagram of (η2-O2)V(N[tBu]Ar)3 with thermal ellipsoids at 50% 
probability. H atoms, symmetry-related O atoms, and disordered tBu groups have been 
omitted for clarity. Selected distances (Å) and angles (deg): V1–N1, 1.887(1); V1–O1, 
1.777(4); V1–O2, 1.908(4); O1–O2, 1.416(5); O1–V1–O2, 45.1(2). 

 
Figure 4.2 Electron density map (e/Å3) from crystal structure of (η2-O2)V(N[tBu]Ar)3 cut 
through the O2 plane. Atom positions are indicated with blue spots and bonds are 
indicated with white lines.This shows the disordered structure which was modeled to get 
the final crystal structure. 
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Figure 4.3 Second order rate plots for O2 binding (η1-peroxo formation, first process) at 
various concentrations (1.66 mM – 4.15 mM) over a temperature range of –80 °C to –53 
°C. [V(N[tBu]Ar)3] = 0.3 mM, concentrations after mixing. 

        
Figure 4.4 Eyring plot for O2 binding to V(N[tBu]Ar)3 (first process) with activation 
parameters. 

Stopped-flow kinetic studies gave clear evidence for a two-step binding process. 

All reactions were studied under pseudo-first-order conditions using excess O2. Binding 

of O2 to V(N[tBu]Ar)3 occurred within seconds at low temperatures (-80 to -53 °C). Upon 

mixing, a rapid growth in absorbance was observed across most of the spectrum (λ = 

400–682 nm) with concomitant decay occurring at longer wavelengths (λ = 682–800 nm). 
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The first process showed a linear dependence on [O2] (Figure 4.3) and a low activation 

enthalpy (ΔH‡) of 3.3 ± 0.2 kcal/mol (Figure 4.4), typical of O2 binding at a vacant metal 

site.43,75  

This rapid, low-barrier process was followed by a slower process characterized by 

an increase in absorbance at λ = 400–682 nm with concomitant decay occurring at λ = 

682–800 nm. This second slower step, which was found to be independent of [O2] and to 

have a much higher ΔH‡ and much lower activation entropy (ΔS‡) than the initial 

bimolecular reaction step (ΔH‡ = 10.3 ± 0.9 kcal/mol and ΔS‡ = −6 ± 4 cal mol–1 K–

1; Figure 4.5), is assigned to the rearrangement of (η1-O2)V(N[tBu]Ar)3  to (η2-

O2)V(N[tBu]Ar)3  (Scheme 4.1). Solution calorimetric studies of the reaction 

of V(N[tBu]Ar)3 with O2 to form (η2-O2)V(N[tBu]Ar)3  (10 °C in heptane) yielded ΔH = 

−75.0 ± 2.0 kcal/mol.  

 

        
Figure 4.5 Eyring plot for isomerization from (η1-O2)V(N[tBu]Ar)3 to (η2-
O2)V(N[tBu]Ar)3 (second process) with activation parameters. 

 Binding of O2 to V(N[tBu]Ar)3 was investigated computationally, and DFT 

geometry optimizations of the η1-O2 and η2-O2 complexes were carried out for both the 
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singlet and triplet spin states. The minimal-energy triplet geometry was found to be 26.2 

kcal/mol higher than the minimal singlet geometry. For the singlet manifold, two stable 

structures were computed, corresponding to the η1 complex (η1-O2)V(N[tBu]Ar)3 and the 

η2 complex (η2-O2)V(N[tBu]Ar)3. A small energy difference of only 4.2 kcal/mol was 

found for the two isomers, favoring η2 binding. The DFT-minimized structure of (η2-

O2)V(N[tBu]Ar)3 contains a more symmetrical peroxo ligand than found experimentally. 

The computed V–O distances are 1.830 and 1.851 Å, and the O–O distance is 1.471 Å. 

Minimization of (η2-O2)V(N[tBu]Ar)3 while constraining it to have the crystallographic 

V–O and O–O metrics gave an energy that is only 2.4 kcal/mol higher, an increase for 

which the formation of the weak hydrogen bond (<4 kcal/mol) compensates.74a 

 The computed metrical parameters and electronic structure of (η1-

O2)V(N[tBu]Ar)3 are consistent with its formulation as a VV peroxo as opposed to a 

VIV superoxo species. The DFT-calculated η1-O2complex has a V–O distance of 1.676 Å, 

an O–O distance of 1.307 Å, and a V–O–O bond angle of 179.3°. The Mayer bond 

order76 of the O–O bond decreases upon isomerization, going from 0.98 in (η1-

O2)V(N[tBu]Ar)3 to 0.82 in (η2-O2)V(N[tBu]Ar)3, consistent with a more activated, albeit 

less accessible, O2 in the side-bound adduct. The end-bound complex has a Mayer bond 

order of 1.13 for the V–O bond, which is an increase in multiple-bond character with 

respect to the V–O bonds in (η2-O2)V(N[tBu]Ar)3 (ave 0.93 Å), consistent with the short 

V–O bond length. In fact, the main contributing resonance structure according to natural 

resonance theory analysis77 contains a V–O double bond and an O–O single bond; the 

main contributing resonance structure for (η2-O2)V(N[tBu]Ar)3 contains two V–O single 

bonds and an O–O single bond.  
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The potential energy surface for the isomerization of (η1-O2)V(N[tBu]Ar)3 to (η2-

O2)V(N[tBu]Ar)3 was mapped by varying the V–O–O bond angle from 180 to 67° 

(Figure 4.6). A transition state ([(η1-O2)V(N[tBu]Ar)3] ‡) was located at a V–O–O angle 

of 109.8°, providing an activation energy of 12.2 kcal/mol for the η1 to η2 process, which 

is in good agreement with experiment.  

The isoelectronic chromium nitrosyl complexes, which are known to be N-bound, 

have been previously isolated and were readily deoxygenated by (THF)V(Mes)3 to give 

the terminal CrVI nitrido species.78  

If the analogous η1-O2 species exists in equilibrium with peroxo (η2-

O2)V(N[tBu]Ar)3, then addition of V(N[tBu]Ar)3 could be used to deoxygenate 

peroxo (η1-O2)V(N[tBu]Ar)3 to give 2 equiv of oxo O≡V(N[tBu]Ar)3 (Scheme 4.1). 

Indeed, 1H NMR spectroscopic kinetic studies of the reaction of (η2-

O2)V(N[tBu]Ar)3 with V(N[tBu]Ar)3 confirmed this, and an activation energy of 14 ± 3 

kcal/mol was determined for this process. The computed ΔH‡ for conversion of (η2-

O2)V(N[tBu]Ar)3 to (η1-O2)V(N[tBu]Ar)3 (16.4 kcal/mol) is in good agreement with the 

experimental value. Despite the fact that it is thermodynamically comparable to N2O as 

an OAT reagent, the deoxygenation of peroxo (η2-O2)V(N[tBu]Ar)3 by vanadium(III) 

complex V(N[tBu]Ar)3 is relatively slow. This is interpreted to be a result of the requisite 

formation of (η1-O2)V(N[tBu]Ar)3, which is sterically more accessible for OAT 

with V(N[tBu]Ar)3 than is (η2-O2)V(N[tBu]Ar)3, as illustrated by the Fukui functions 

when plotted on the electron density.79 
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Figure 4.6 DFT-calculated potential energy surface for isomerization of (η1-
O2)V(N[tBu]Ar)3 to (η2-O2)V(N[tBu]Ar)3. 

 

 
Scheme 4.2 Experimental and DFT-calculated (in parentheses) potential energy diagram 
for the reaction between O2 and V(N[tBu]Ar)3 to ultimately form (η2-O2)V(N[tBu]Ar)3. 
Energies are given in kcal/mol. (1 = V(N[tBu]Ar)3, 2 = (η1-O2)V(N[tBu]Ar)3, 3 = (η2-
O2)V(N[tBu]Ar)3) 

Scheme 4.2 shows a combined potential energy diagram for this system in which 

the experimental energy of O2 binding has been combined with the computed relative 

energies for (η1-O2)V(N[tBu]Ar)3 and (η2-O2)V(N[tBu]Ar)3 binding and interconversion; 

also incorporated in the diagram are the activation energies from the stopped-flow 

experiments and the 1H NMR experiments. For reasons that are not yet understood, the 
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overall computed ΔH of binding of O2 to V(N[tBu]Ar)3 to yield (η2-O2)V(N[tBu]Ar)3 is 

−51.2 kcal/mol, which is in nontrivial disagreement with the experimental value of −75 

kcal/mol. In contrast, good agreement between theory and experiment was found for the 

computed O≡V bond strength in O≡V(N[tBu]Ar)3.69             

 
Figure 4.7 ORTEP diagram of tBuC(═O)N≡V(N[tBu]Ar)3 with thermal ellipsoids at 50% 
probability and H atoms omitted for clarity. Selected distances (Å) and angles (deg): V1–
N1, 1.695(3); V1–N2, 1.875(2); V1–N3, 1.888(2); V1–N4, 1.894(3); N1–C1, 1.390(4); 
C1═O1, 1.218(4); V1–N1–C1, 151.9(2); N1–C1═O1, 120.8(3); N1–C1–C11, 118.0(3). 
Inset: 51V NMR spectrum of tBuC(═O)N≡V(N[tBu]Ar)3 in THF. 

Finally, during attempts to obtain pure (η2-O2)V(N[tBu]Ar)3 by addition of tBuCN 

to V(N[tBu]Ar)3 followed by reaction with O2, it was observed that at −45 °C a change in 

color from royal purple to dark green occurred over the course of 1 h. The reaction 

mixture was assayed by 51V NMR spectroscopy and found to contain (η2-

O2)V(N[tBu]Ar)3 and a new product whose 51V NMR signal was split into a 1:1:1 triplet 

(Figure 4.7 inset). Crystals of the new product were isolated manually and determined to 
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be the result of oxidation of the bound nitrile to form the acylimido 

species tBuC(═O)N≡V(N[tBu]Ar)3 (Figure 4.7). Acylimido moieties have been prepared 

by the treatment of terminal metal nitrides with acylating agents.80 Rarer is the direct 

oxidation of a metal-bound nitrile to form the acylimido.81 In tBuC(═O)N≡V(N[tBu]Ar)3, 

the spin–spin coupling is assigned to 1J14
N–

51
V coupling (83 Hz). The identity 

of tBuC(═O)N≡V(N[tBu]Ar)3 was confirmed by its independent synthesis from 

Na[N≡V(N[tBu]Ar)3]82 and pivaloyl chloride.  

Despite the industrial and biological importance of oxidation reactions mediated 

by metal centers,63,64 the formation of early metal peroxides by the direct reaction of a 

low-valent and unsaturated transition-metal complex with O2 is still remarkably rare. The 

first non-vanadyl VV peroxide from the controlled reaction of an unsaturated VIII complex 

with O2 has been isolated and structurally characterized. Moreover, the η1–η2 conversion 

in O2 binding, which is a pathway that has been proposed as a general step in η2-peroxide 

formation from O2, has been observed.13 Solution calorimetric studies of the binding of 

O2 to V(N[tBu]Ar)3 suggest that peroxo (η2-O2)V(N[tBu]Ar)3) should be a potent oxidant. 

It is encouraging that careful tailoring of the reaction conditions led to the clean 

generation of peroxide (η2-O2)V(N[tBu]Ar)3) from O2, suggesting that similar control 

may be applied more generally to other low-valent and unsaturated early transition-metal 

complexes, leading to a class of thermodynamically potent OAT reagents. 

4.3     Conclusions 

Treatment of V(N[tBu]Ar)3 (Ar = 3,5-Me2C6H3) with O2 was shown by stopped-

flow kinetic studies to result in the rapid formation of (η1-O2)V(N[tBu]Ar)3 (ΔH‡ = 3.3 ± 

0.2 kcal/mol and ΔS‡ = −22 ± 1 cal/mol K), which subsequently isomerizes to (η2-
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O2)V(N[tBu]Ar)3 (ΔH‡ = 10.3 ± 0.9 kcal●mol and ΔS‡ = −6 ± 4 cal●mol–1
●K–1). The 

enthalpy of binding of O2 to form (η2-O2)V(N[tBu]Ar)3 is −75.0 ± 2.0 kcal/mol, as 

measured by solution calorimetry. The reaction of (η2-O2)V(N[tBu]Ar)3 and  

V(N[tBu]Ar)3 to form 2 equiv of O≡V(N[tBu]Ar)3 occurs by initial isomerization of (η2-

O2)V(N[tBu]Ar)3 to (η1-O2)V(N[tBu]Ar)3. The results of computational studies of this 

rearrangement (ΔH = 4.2 kcal/mol; ΔH‡ = 16 kcal/mol) are in accord with experimental 

data (ΔH = 4 ± 3 kcal/mol; ΔH‡ = 14 ± 3 kcal/mol). With the aim of suppressing the 

formation of O≡V(N[tBu]Ar)3, the reaction of O2 with V(N[tBu]Ar)3 in the presence 

of tBuCN was studied. At −45 °C, the principal products of this reaction are (η2-

O2)V(N[tBu]Ar)3 and tBuC(═O)N≡V(N[tBu]Ar)3, in which the bound nitrile has been 

oxidized. Crystal structures of (η2-O2)V(N[tBu]Ar)3 and tBuC(═O)N≡V(N[tBu]Ar)3 are 

reported. 

4.4     Experimental 

A. Synthesis 

General Methods. Unless otherwise stated, all manipulations were carried out either in a 

Vacuum Atmospheres model MO-40M glovebox under an atmosphere of N2 or using 

standard Schlenk techniques. All solvents were degassed and dried using a solvent-

purification system provided by Glass Contour. After purification, all solvents were 

stored under an atmosphere of N2 over 4 Å molecular sieves. Deuterated benzene, 

deuterated toluene and deuterated chloroform (Cambridge Isotope Labs) was dried by 

stirring over CaH2 for 24 h and was subsequently vacuum-transferred onto 4 Å molecular  

sieves. Complexes V([tBu]Ar)3 and Na[N≡V([tBu]Ar)3] were prepared according to 

literature methods83, 84 and tert-butyl nitrile was distilled from CaH2. All other reagents 
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were used as supplied by the vendor without further purification. Celite 435 (EMD 

Chemicals), alumina (Aldrich) and 4 Å molecular sieves were dried prior to use by 

heating at 200 °C for 48 h under dynamic vacuum. All glassware was oven dried at 

220 °C prior to use. NMR spectra were obtained on either a Varian 500 Inova 

spectrometer equipped with an Oxford Instruments Ltd. superconducting magnet, a 

Bruker 400- 

AVANCE spectrometer equipped with a Magnex Scientific superconducting magnet, or a 

Varian Mercury 300 spectrometer equipped with an Oxford Instruments Ltd. 

superconducting magnet. Proton NMR spectra were referenced to residual C6D5H (7.16 

ppm), residual (CH1D2)C6D5 (2.08 ppm) or residual CCl3H1 (7.26 ppm) and 51V NMR 

spectra were referenced externally to OVCl3. IR spectra were collected on a Bruker 

Tensor 37 FT-IR spectrophotometer. Elemental analysis was performed by Midwest 

Microlab, Indianapolis, IN. 

Treatment of V([tBu]Ar)3 with O2 at 20 °C. A C6D6 solution (0.48 g) of V([tBu]Ar)3 

(0.04 g, 0.07 mmol) was transferred to a J-Young tube. Three freezepump-thaw cycles 

were performed. An atmosphere of O2 was introduced into the thawed solution. The 

solution turned from dark green to orange/red over 5 min. An Evans method magnetic 

susceptibility measurement indicated that the reaction mixture was diamagnetic and 1H 

NMR spectroscopy revealed a complex mixture of species which included 

O≡V(N[tBu]Ar)3 and HN[tBu]Ar. 

Treatment of V([tBu]Ar)3 with O2 at –78 °C. A solution of V([tBu]Ar)3 (0.35 g, 0.61 

mmol) in 10 mL tetramethylsilane was placed in a 100 mL side-arm round-bottomed 

flask. The flask was transferred to the vacuum line, a freeze-pump-thaw cycle was 
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performed before an atmosphere of O2 was introduced at –78 °C. The temperature was 

maintained while the solution was stirred under an atmosphere of O2 for 20 min. A dark 

precipitate began forming as the O2 was added. The solvent was removed at low 

temperature and the solids were transferred to the glove box. Dark green solids (0.11 g) 

were quickly recovered and stored at –35 °C. 51V NMR of the sample revealed a mixture 

of O≡V(N[tBu]Ar)3 and (η2-O2)V(N[tBu]Ar)3. (Figure 4.8) 

 
Figure 4.8 51V NMR spectrum of solids from reaction V([tBu]Ar)3 with O2 at –78 °C 
dissolved in toluene revealing a mixture of O≡V(N[tBu]Ar)3 (–171.00 ppm) and (η2-
O2)V(N[tBu]Ar)3 (198.11 ppm). 

Preparation of tBuC(═O)N≡V(N[tBu]Ar)3. A THF (3 mL) solution of 

Na[N≡V([tBu]Ar)3] (0.10 g, 0.16 mmol) was treated with a THF (2 mL) solution of 

pivaloyl chloride (0.021 g, 0.174 mmol). The solution turned from pale yellow to bright  

red over the course of 10 min. The solution was allowed to stir for 1 h, before the solvent 

was removed under vacuum. The solid was triturated twice with benzene and then taken 
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up in benzene and filtered through Celite. Removal of benzene under vacuum left 0.081 g 

of red solids (0.12 mmol, 75%) 1H NMR (C6D6, δ ppm) 6.70 (3H, p-Ar), 6.6 (3H, br, o-

Ar) 5.2 (3H, br, o-Ar) 2.15 (18H, Me), 1.60 (9H, tBu(CO)), 1.47 (9H, tBu); 1H NMR 

(CDCl3, δ ppm) 6.73 (3H, p-Ar), 6.5 (3H, br, o-Ar) 4.8 (3H, br, o-Ar) 2.14 (18H, Me), 

1.42 (9H, tBu(CO)), 1.23 (9H, tBu). 13C NMR (CDCl3, δ ppm) 155.3 (CAr), 136.1 (CAr), 

127.2 (br, CAr), 126.8 (CAr), 65.5 ((CH3)3C), 40.4 ((CH3)3C(CO)), 32.3 ((CH3)3C), 28.8 

((CH3)3C(CO)), 21.6 (CAr-CH3). Note: the signal for the carbonyl carbon could not be 

located, likely due to 14N coupling. 51V NMR (THF, δ ppm) –6.43 (triplet, 1J⁵ ¹V-¹⁴ N 

83Hz). IR (ATR, cm–1) 2964, 2923, 2862, 1616, 1599, 1584, 1456, 1385, 1357, 1284, 

1257, 1189, 1152, 1042, 1023, 940, 919, 880, 846, 713, 690, 645. Anal. Calcd for 

C41H63N4V1O1: C, 72.54; H, 9.35; N, 8.25. Found: C, 72.49; H, 9.27; N, 8.21. 

 
Figure 4.9 1H NMR spectrum of tBuC(═O)N≡V(N[tBu]Ar)3 in C6D6 
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Figure 4.10 51V NMR spectrum of tBuC(═O)N≡V(N[tBu]Ar)3 in THF. 

Treatment of V(N[tBu]Ar)3 with tBuCN and O2 at –45.2 °C. A solution of 

V(N[tBu]Ar)3 (0.9 g, 1.5 mmol) in pentane (20 mL) was treated with tert-butyl nitrile 

(0.16 g, 1.8 mmol) turning the solution from dark black/green to dark purple. The 

solution of tBuCN·V(N[tBu]Ar)3 was transferred to a 50 mL side-arm round-bottomed 

flask and capped with a septum. The flask was remove from the glove box and cooled to 

–45.2 °C in a dry ice/chlorobenzene bath.85 While stirring, the septum was pierced two 

needles, one delivering a flow of O2 and one acting as a relief needle. A slow color 

change from purple to black/green was observed over the course of 1 h during which time 

a purge of O2 was maintained. The solvent was immediately removed under vacuum. 

Once the solvent was removed, the flask was allowed to warm to 20 °C and held there for 

20 min to ensure that all tert-butyl nitrile has been removed. The flask was transferred to 
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the glove box and the solids were analyzed by 51V NMR spectroscopy and found to be a 

mixture of (η2-O2)V(N[tBu]Ar)3 and tBuC(═O)N≡V(N[tBu]Ar)3. 

 
Figure 4.11 51V NMR spectrum from treatment of V(N[tBu]Ar)3 with tBuCN and O2 at –
45.2 °C. (η2-O2)V(N[tBu]Ar)3 = 3, tBuC(═O)N≡V(N[tBu]Ar)3 = 5. 

Preparation of O2V(N[tBu]Ar)3. A solution of V(N[tBu]Ar)3 (1.3 g, 2.2 mmol) in 

pentane (25 mL) was treated with tert-butyl nitrile (0.21 g, 2.5 mmol) turning the solution 

from dark black/green to dark purple. The solution of tBuCN·V(N[tBu]Ar)3 was 

transferred to a 50mL side-arm round-bottomed flask and capped with a septum. The 

flask was removed from the glove box and, while stirring, the septum was pierced two 

needles, one delivering a flow of O2 and one acting as a relief needle. An immediate color 

change from purple to black/green was observed. Purging with O2 continued for 120 s to 

ensure complete conversion. The solvent was immediately remove under vacuum at such 

a rate that the flask was kept lower than 0 °C as determined by frozen condensation on 
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the exterior of the flask. The flask was kept under vacuum until it had warmed to 20 °C 

and held there for 20 min to ensure that all tert-butyl nitrile had been removed. The flask 

was transferred to the glove box and 0.97 g of black solids were collected (1.6 mmol, 

73%) Due to the thermal instability of the product (vida supra), 13C NMR and elemental 

analysis were not obtained. 1H NMR (CDCl3, δ ppm) 6.76 (1H, p-Ar), 4.50 (br, o-Ar), 

2.20 (3H, Me), 2.09 (3H, Me), 1.17 (9H, tBu); 51V NMR ((CD3)C6D5, δ ppm) 198.1; 

51V NMR (CDCl3, δ ppm) 216.9; 51V NMR (C5H18, ppm) 183.1. IR (ATR, cm–1) 2977, 

2956, 2927, 2863, 1599, 1583, 1460, 1387, 1356, 1285, 1259, 1232, 1170, 1149, 1042, 

1017, 991, 933, 881, 845, 712, 693, 618, 581, 509, 477, 426. 

 
Figure 4.12 51V NMR spectrum of (η2-O2)V(N[tBu]Ar)3 in pentane. 
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1H NMR spectroscopic study of the kinetics of the reaction of O2V(N[tBu]Ar)3 with  
V(N[tBu]Ar)3 to form O≡V(N[tBu]Ar)3. In the glove box, a solution was prepared of 

0.1222 g (0.2108 mmol) V(N[tBu]Ar)3 in 6 mL toluene-d8, yielding a 0.035 M solution. 

To separate NMR tubes, 1 mL (0.0400 mmol) of this solution was added. The tubes were 

sealed with a screw cap and Teflon faced rubber septum and taken from the glove box. 

Kinetic studies were performed at 0, 10, and 22 °C by first tuning on a Bruker 300 or 400 

Avance NMR spectrometer. Following temperature equilibration, 0.1 mL (0.0045 mmol, 

assuming ideal gas behavior) of O2 was added to the solution while it was still in the 

temperature controlled gas stream of the spectrometer. The tube was lowered back into 

the magnetic field and a series of spectra collected. The computed concentration of 

V(N[tBu]Ar)3 under these conditions is 0.0305 M, and of (η2-O2)V(N[tBu]Ar)3 is 0.0045 

M. Thus the reactions were studied under pseudo-first order conditions with a 7 fold 

excess V(N[tBu]Ar)3. 

 Data showed a smooth decrease in the peak due to (η2-O2)V(N[tBu]Ar)3 at 1.37 

ppm and an increase in the peak due to O≡V(N[tBu]Ar)3 at 1.52 ppm. A small amount of 

ligand is always present in the solution but does not interfere with the measurement. The 

majority of the sample is paramagnetic V(N[tBu]Ar)3 which has no resonances in the 

region between 1 and 2 ppm (see Figure 4.16). Some small bands assigned to unknown 

decomposition products were observed but they were below 10 % of the reaction product 

during the start of reaction and were not judged to interfere with the kinetics.  

Pseudo-first order rate constants were obtained from plots of ln[(η2-

O2)V(N[tBu]Ar)3] versus time. Doubling or halving the concentration of V(N[tBu]Ar)3 

did not result in changes outside of the experimental error in the observed rate and 
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indicated that the rate determining step under conditions of 3–7 fold excess of 

V(N[tBu]Ar)3 was conversion of (η2-O2)V(N[tBu]Ar)3 to (η1-O2)V(N[tBu]Ar)3. Due to 

difficulties in integration of the paramagnetic solutions, rate constants are considered 

accurate to 20 %. Representative spectra are shown in Figure 4.13, and a kinetic plot of 

the data in Figure 4.14. Due to the error associated with NMR integration, the reactions 

could only be followed for slightly more than one half life. The average values (s-1) were: 

0.000081 (0 °C), 0.000165 (10 °C), 0.00056 (22 °C). The data were not judge accurate 

enough to warrant making an Eyring plot, and the activation energy (Ea) of 14 ± 3 

kcal/mol was obtained from the Arrhenius plot shown in Figure 4.15. 

 
Figure 4.13 Time dependent 1H NMR spectra for reaction: V(N[tBu]Ar)3 + O2 →  (η2-
O2)V(N[tBu]Ar)3 + V(N[tBu]Ar)3 → 2 O≡V(N[tBu]Ar)3 + V(N[tBu]Ar)3 at 22 °C 
illustrating the decrease in (η2-O2)V(N[tBu]Ar)3 that is coupled with the increase of 
O≡V(N[tBu]Ar)3 in the presence of V(N[tBu]Ar)3. 

(η2-O2)V(N[tBu]Ar)3 O≡V(N[tBu]Ar)3 
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Figure 4.14 Plot for the time dependent reaction in reaction: V(N[tBu]Ar)3 + O2 →  (η2-
O2)V(N[tBu]Ar)3 + V(N[tBu]Ar)3 → 2 O≡V(N[tBu]Ar)3 + V(N[tBu]Ar)3  at 22 °C 
according to 1H NMR spectroscopy. 

 
Figure 4.15 Arrhenius plot for data from reaction: V(N[tBu]Ar)3 + O2 →  (η2-
O2)V(N[tBu]Ar)3 + V(N[tBu]Ar)3 → 2 O≡V(N[tBu]Ar)3 + V(N[tBu]Ar)3 with an Ea of 14 
± 3 kcal/mol. 
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Figure 4.16 1H NMR spectrum of V(N[tBu]Ar)3 (1) in C6D6. 

B. Stopped-Flow Kinetic Measurements 

Toluene solutions of complex V(N[tBu]Ar)3 were prepared in an MBraun 

glovebox filled with ultra high purity argon (Airgas) and loaded in Hamilton gastight 

syringes equipped with three way valves. Saturated solutions of ultra high purity O2 (ultra 

dry grade, Airgas) were prepared by bubbling gas into gastight syringes containing dry 

toluene for at least 20 minutes; dilutions of the O2 saturated solvent were performed 

anaerobically to obtain the desired [O2]. The solubility of O2 in toluene was taken as 8.3 

mM at 20 °C.86 Time resolved spectra (λ = 400–800 nm) were acquired over a range of  

temperatures (−80 to 53 °C) using a Hi-Tech Scientific KinetAsyst SF-61DX2 

CryoStopped-Flow system (TgK Scientific Ltd.) equipped with a quartz tungsten halogen 

light source, a J&M TIDAS diode array detector and a Brandenburg 4479 Series PMT 

monochromator. The instrument was equipped with stainless steel plumbing lined with 

PEEK tubing and a 1.00 cm3 quartz mixing cell submerged in an ethanol cooling bath. 
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The temperature in the mixing cell was maintained to ± 0.1 °C. Data acquisition was 

performed using TIDAS-DAQ and/or Kinetic Studio software programs and mixing 

times were 2–3 ms. All flow lines were washed extensively with Ar-saturated dry toluene 

prior to loading reactant solutions. All experiments were performed in a single-mixing 

mode of the instrument with a 1:1 (v/v) mixing ratio. Reactions were studied under 

pseudo-first order conditions using excess O2. Data analysis was performed using Kinetic 

Studio and IGOR Pro 5.0 (Wavemetrics, Inc.) software programs. Kinetic traces at λ = 

597 nm were fit to a biexponential equation, rate = –A1 * exp(–k1obst) + –A2 * exp(–k2obst) 

+ C, which yielded the observed rate constants (k1obs and k2obs) for η1-peroxo and η2-

peroxo complex formation, respectively. Only k1obs showed a dependence on [O2]. All 

observed rate constants reported represent an average of three to seven measurements 

which gave an acceptable standard deviation (within 5–10%) and all remaining quantities 

derived from the kinetic data (k, k2, Keq and activation parameters) are reported with their 

standard deviations. 

C. Calorimetric Measurements 

In the glove box 0.1922 g (0.3315 mmol) of V(N[tBu]Ar)3 was dissolved in 20 

mL heptane. The solution was loaded into a 25 mL ampoule with a fragile glass bottom 

and a threaded fitting containing a stainless steel plunger rod on the top. The ampoule 

was removed from the glove box and loaded into a modified Guild isoperibol solution 

calorimeter containing 350 mL of heptane which was saturated and purged with dry O2 at 

10 °C (4.46 mmol, 12.7 mM).87 Electrical calibrations were performed before and after 

breaking the ampoule. The ampoule was broken and the enthalpy of reaction recorded 

during the first 100 seconds of reaction. During that time period, at 10 °C, and in the 
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absence of excess V(N[tBu]Ar)3, conversion to (η2-O2)V(N[tBu]Ar)3 is rapid and 

quantitative and conversion to O≡V(N[tBu]Ar)3 is negligible since the t1/2 even in the 

presence of excess trapping V(N[tBu]Ar)3 is 4200 seconds as described. An average 

value of 75.4 ± 2.0 kcal/mol was determined. 

D. Computational Details 

Electronic structure calculations used to obtain thermodynamic values were 

carried out using the BP8687,88 pure density functional method as implemented in the 

Gaussian 09 suite of programs.89 Structures were optimized using the LANL2DZ90–92 

basis (LANL2DZ ECP and basis for V; the Dunning-Huzinaga D95V93 basis for all other 

atoms). Optimizations of several conformers using several anilide environments were 

carried out to determine the geometry of the global minimum in each case. In order to 

obtain more reliable molecular structures, the lowest energy minima derived from these 

calculations were further optimized by including f functions and94 Stuttgart-Dresden  

MDF1095 fully relativistic effective core potential and basis for V, and the triple-zeta 

quality basis set, 6-311G(d,p), for all other elements. To derive binding energies, the 

basis set superposition error (BSSE) was computed using counterpoise calculations.96,97 

Additional calculations, including frequency calculations and those pertaining to 

reactivity, were performed using ORCA 2.8 quantum chemistry program package from 

the development team at the university of Bonn.98 In all cases the LDA and GGA 

functionals employed were those of Perdew S33 and Wang (PW-LDA, PW91).99 In 

addition, all calculations were carried out using the Zero-Order Regular Approximation 

(ZORA),100,101 in conjunction with the SARC-TZV(2pf) basis set for vanadium, the 

SARC-TZV basis set hydrogen, and SARC-TZV(p) set for all other elements.102,103 
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Spin-restricted Kohn–Sham determinants have been chosen to describe the closed-shell  

wavefunctions, employing the RI approximation and the tight SCF convergence criteria 

provided by ORCA. Numerical frequency calculations were performed on the optimized 

structures. NBO calculations were performed using NBO 5.0.104-107 

E. Crystallographic Data 

Diffraction-quality dark green blocks of (η2-O2)V(N[tBu]Ar)3 were grown from 

pentane at –35 °C, and diffraction quality dark red blocks of tBuC(═O)N≡V(N[tBu]Ar)3 

were isolated from a pentane solution of tBuCN·V(N[tBu]Ar)3 following treatment with 

O2 at –45.2 °C . The crystals were mounted in Paraton-N oil (Hampton Research) on a 

MiTeGen MicroMount (Ithaca, NY). Low-temperature data were collected on a Siemens 

Platform three-circle diffractometer coupled to a Bruker AXS Smart Apex CCD detector 

with graphitemonochromated Mo/κ radiation (λ = 0.71073 Å), performing ω- and φ-scans. 

Two domains with minimal overlap were identified in (η2-O2)V(N[tBu]Ar)3. The 

structure solved and refined satisfactorily by integrating only the main domain The two 

domains in the crystal of tBuC(═O)N≡V(N[tBu]Ar)3 were identified using 

CELL_NOW.108 Both structures were solved by direct methods using SHELXS and 

refined against F2 on all data by full-matrix least squares with SHELXL-97.109 A semi-

empirical absorption correction (SADABS or TWINABS) were applied to the diffraction 

data.110,111 All non hydrogen atoms were refined anisotropically. All hydrogen atoms 

were included in the model at geometrically calculated positions and refined using a 

riding model. The isotropic displacement parameters of all hydrogen atoms were fixed to 

1.2 times the U value of the atoms they are linked to (1.5 times for methyl  groups). 

Compound (η2-O2)V(N[tBu]Ar)3 crystallizes in the cubic I-43d space group with one 
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third of a molecule in the asymmetric unit. This enforces disorder of the peroxo ligand 

over three positions. The occupancy of the O atoms was allowed to refined freely to 

allow for the possibility of cocrystallization with O≡V(N[tBu]Ar)3. The tBu group was 

modeled as disordered over two positions (71.9%). Compound 

tBuC(═O)N≡V(N[tBu]Ar)3 crystallizes in P212121 with one molecule in the asymmetric 

unit. Two domains were identified using CELL_NOW and the data was reduced using 

TWINABS. The final data was refined against the HKLF4 data giving a minor 

component of 43.3%. 

Table 4.1 Crystallographic and refinement parameters for (η2-O2)V(N[tBu]Ar)3 (3) and 
tBuC(═O)N≡V(N[tBu]Ar)3 (5). 
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Chapter 5: Oxygen Atom Transfer from Mesityl Nitrile Oxide to Metals 
and Non-Metals 

5.1      Background 

In previous chapters we investigated binding of O2 to metal complexes. In the 

oxygenase pathway, metal-oxo complexes of general formula O=MLn are generated from 

O2, but other sources can also be used in generation of O=MLn in particular where a 

single O atom is transferred. This chapter reports our studies of Oxygen Atom Transfer 

(OAT) based on the reactive OAT donor MesCNO.  

OAT is a fundamental step in biochemical and industrial oxidative reactions.112 

Selective catalytic oxidation of substrates is at the heart of development of many 

environmentally benign processes,113 and understanding the detailed mechanisms of OAT 

reactions will help in design of such catalysts. Nitrous oxide is of interest as a green 

oxidant both because the byproduct of its oxidations is the innocuous N2 molecule, and 

because it is a thermodynamically powerful oxidant (De(N–O) ca. 40 kcal mol−1).114 A 

reality to be dealt with in harnessing N2O for oxidation chemistry is that it exhibits low 

reactivity and often can be regarded as essentially an inert gas.115 Nitrous oxide 

oxidations may in principle be catalyzed, in furtherance of which coordination complexes 

of this small molecule have been studied.116 Recently, an example of such a complex has 

been characterized in the solid state by X-ray crystallography.117 A new approach to N2O 

chemistry has also emerged in the form of its capture by frustrated Lewis pair (FLP) 

systems.118  

 Another common class of compounds frequently used in OAT processes is the 

amine-N-oxides. Here as well, transition metal based catalysis of non-metal oxidations is 
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often required since a number of thermodynamically favorable oxygen atom transfer 

reactions occur at prohibitively slow rates at room temperature. An example is transfer of 

an O atom from pyridine-N-oxide (PyO) to a phosphine as shown in Eqn. (5.1). 

                                                          (5.1) 

In spite of being exothermic by over 70 kcal mol−1 due to the strong P=O bond 

formed, reaction 5.1 does not occur readily since there is no low energy path available. A 

simple explanation is that lone pair/lone pair repulsion yields a high energy transition 

state for this very favorable reaction. This highlights the role kinetic barriers play in 

oxidative chemistry.119 Transition metal based catalytic systems have been developed120 

to lower this barrier by the two general steps shown in Eqn. (5.2) and (5.3) which may be 

representative of a wide range of enzymatic biochemical and catalytic industrial 

oxidations. 

                                 (5.2) 

                                       (5.3) 

The step in Eqn. (5.2) involves OAT from the oxidant to the metal complex. 

Espenson and coworkers have recently shown that this requires a vacant coordination site 

at the metal center to be oxidized.121 The step in Eqn. (5.3) involves OAT from the metal 

oxide to the substrate. Hall has postulated that this involves attack of the lone pair of the 

phosphine on an M=O π* orbital.122 An alternative mechanism involving coupled 

electron transfer/atom transfer has also been proposed for some OAT steps.123 The factors 
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controlling the kinetics of reactions 5.2 and 5.3 remain an area of great activity. These 

two steps serve to bracket the M–O bond strength available for a potential catalyst. 

Ideally this should be stronger than N–O in PyO but weaker than the P=O bond in R3PO. 

Holm and coworkers have highlighted the importance of a thermodynamic scale for 

OAT.124 

 Less well appreciated than N2O and amine-N-oxides for OAT reactivity is the 

class of molecules known as nitrile oxides, RCNO.125 Like nitrous oxide, the 1,3-dipolar 

nitrile oxide functional group contains a linear triatomic sequence with a terminal oxygen 

atom bonded to an sp hybridized nitrogen atom. The dative126 N→O bond distances in 

substituted benzonitrile oxides are for example 1.249(7) and 1.237(10) Å, these being 

shorter than corresponding distances for trimethylamine-N-oxide 1.388 Å or pyridine-N-

oxide derivatives (1.28-1.30 Å),127 while longer than that (1.184 Å) in nitrous oxide.128 

The N–O BDE in MesCNO is only 52.3 kcal mol−1, compared to a value of 63.3 kcal 

mol−1 for the N–O BDE in PyO.129 This makes it a potent OAT reagent 

thermodynamically, even more so than molecular oxygen itself as implied by the 

energetics of Eqn 5.4.130 

          (5.4) 

The endothermic nature of O2 addition to MesCN suggests that this reagent may 

be of value for “difficult" oxidations. Indeed unlike both N2O and amine-N-oxides, nitrile 

oxides are known to effect the oxidation of tertiary phosphines within minutes upon 

mixing in solution at room temperature according to Eqn. (5.5).131 The reasons why Eqn. 

(5.1) requires a catalyst and Eqn. (5.5) does not have not been delineated. 
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                                     (5.5) 

Furthermore, for conversion of the terminal phosphide complex (Ar[tBu]N)3MoP 

to its oxide, (Ar[tBu]N)3MoPO, the harsh oxidant dimethyl dioxirane (DMDO) was 

required, as both N2O and amine-N-oxides failed to react.132 As described in this report, 

MesCNO smoothly effects OAT to (Ar[tBu]N)3MoP, suggesting that this reagent class 

ought to be considered more generally for OAT processes. In this regard, Beck and 

coworkers have reported the oxidation of coordinated phosphines by stable nitrile oxides 

as shown in Eqn. (5.6).133 Fe(CO)5 is capable of deoxygenating nitrile oxides to nitriles in 

moderate yields.134 

                                  (5.6) 

In spite of these attractive results we have found only limited use of MesCNO in 

literature reports of OAT reactions. A characteristic organic reaction of nitrile oxides is 

1,3-cycloaddition.135 Likewise, the use of nitrile oxides in cycloaddition reactions of 

organometallic complexes is well documented.136 

 The work reported here began with an interest in simply utilizing MesCNO as an 

oxidant in calorimetric studies, first for R3P to calibrate it for work in solution 

calorimetry, and then for (Ar[tBu]N)3MoP (Ar = 3,5-C6H3Me2) to generate data on the 

Mo–P and P–O bond strengths in the known unique terminal phosphorous monoxide 

complex (Ar[tBu]N)3MoPO.132 This work extends earlier thermodynamic and kinetic 

studies of chalcogen atom transfer for E = S, Se, and Te (but not O) for R3P, NHC (NHC 
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= N-heterocyclic carbene), (Ar[tBu]N)3MoP and (Ar[tBu]N)3Mo.137 In the studies of 

sulfur atom transfer (SAT) to NHCs, Ph3SbS was utilized as a useful single S atom 

transfer reagent to NHCs as shown in Eqn. (5.7). 

                                                                 (5.7) 

It was hoped in the current work to extend this to the OAT by using MesCNO as a 

single O atom transfer reagent for NHCs as shown in Eqn. (5.8). 

                                                            (5.8) 

To our surprise, full oxidation as shown in Eqn. (5.8) did not occur. The potential 

oxidation of the NHC to a cyclic urea stopped at simple adduct formation and we were 

able to isolate and structurally characterize the blue SIPr·MesCNO complex in which the 

lone pair of electrons of SIPr binds to the electropositive C atom of MesCNO. NHCs 

ligands such as SIPr strongly resemble R3P ligands in their bonding to both metal and 

non-metal acids.138 Isolation of the SIPr·MesCNO adduct led us to postulate that the 

observed kinetic OAT facility of MesCNO to phosphines might be conferred by initial 

attack of R3P at the MesCNO nitrile carbon atom to form an adduct related to that 

observed in SIPr·MesCNO. That hypothesis was confirmed by detailed computational 

studies of the reaction profile which are also reported here.  

 The primary focus of the current work is the energetics and mechanism of 

oxidation of non-metals by MesCNO. Limited preliminary results on reactions of 

transition metal complexes with MesCNO are reported here to confirm mechanistic ideas 

regarding these non-metal reactions. Detailed kinetic and thermodynamic studies of metal 

complex oxidations by MesCNO will be reported separately.139 
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5.2     Results  

Reaction of MesCNO and (Ar[tBu]N)3MoP. The initial target of this work was 

improved synthesis and determination of the thermochemistry of the previously 

characterized purple-blue complex (Ar[tBu]N)3MoPO.132 Attempted preparation from 

PyO as shown in Eqn. (5.9) did not occur at room temperature in toluene solution, which 

is in keeping with the known inability of PyO to oxidize phosphines. 

                                       (5.9) 

In contrast, reaction of MesCNO with the bright yellow complex (Ar[tBu]N)3MoP 

was found to occur rapidly in toluene solution to yield purple (Ar[tBu]N)3MoPO and 

MesCN in quantitative yield as determined by NMR spectroscopy and shown in Eqn 

(5.10). 

                               (5.10) 

Previous preparation of (Ar[tBu]N)3MoPO involved reaction with 

dimethyldioxirane at −78 oC. The pathway in Eqn. (5.10) provides a more convenient 

method for in situ generation of (Ar[tBu]N)3MoPO and basis for further exploration of its 

reactivity.132b 

Thermochemistry of OAT from MesCNO to (Ar[tBu]N)3MoP or R3P. Solution 

calorimetric measurements of Eqn. (5.4) and (5.10) were performed in toluene solution at 

30 °C using Calvet calorimetry with solid mesityl nitrile oxide as limiting reagent. Values 

for the enthalpies of reaction with all species in toluene solution are collected in Table 1 

together with bond strength estimates and earlier reported data for sulfur atom transfer 

(SAT).137 Data on the BDE in toluene solution are considered accurate to ± 3 kcal●mol−1. 
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Table 5.1 Enthalpies of reaction of MesCNO and AnP in toluene solution and derived 
P=O BDE data in kcal mol−1. For comparison purposes previously reported P=S data137 
are also included. 

AnP ∆H P=O BDE P=S BDE 

(Ar[tBu]N)3MoP −56.6 ± 0.8 108.9 78 

Ph3P −79.9 ± 1.7 132.2 88 

Cy3P −85.3 ± 1.8 137.6 98 

Me3P −86.2 ± 1.7 138.5 94 

 

Reaction of MesCNO and Pd(IPr)(P-p-tolyl3). MesCNO was found to react slowly 

with the bright yellow-orange complex Pd(IPr)(P-p-tolyl3), yielding a cyclic Pd(II) 

complex (Figure 5.1) and tritolylphosphine oxide (Eqn. (5.11)). It resembles the reported 

reaction of stable nitrile oxides with Pt(PPh3)4 resulting in oxidation of coordinated 

phosphines (Eqn. (5.6)). More detailed study of the mechanism of formation of this 

unique Pd(II) complex is planned.  

 
Figure 5.1 ORTEP diagram of PdII(IPr)(ONCMes)(NC(O)Mes)(NCMes). 
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                (5.11) 

Computational Data on X–O Bond Dissociation Enthalpies. The X–O bond 

dissociation enthalpy of several species was calculated according to the procedure 

described by Lee and Holm140 computing the enthalpy of reaction with molecular oxygen 

for several X/XO couples as shown in Scheme 5.1 (reaction ii.). The X–O bond 

dissociation enthalpy corresponding to reaction i. in Scheme 5.1 was then derived as 

BDE = −ΔHX/XO + ΔH0
m(O(g)), where ΔH0

m(O(g)) = 59.55 kcal mol−1.141 

 
Scheme 5.1 Thermodynamic cycle used to obtain computationally the BDE. 

  Computed X–O bond dissociation enthalpies performed at the M05-2X/6-

311G(3df,2p) and G3 level, together with experimental values, are collected in Table 5.2. 

G3 theory is known for delivering chemical accuracy, however its high computational 

cost most often give preference to the less computationally demanding DFT methods. 

Cundari and coworkers142 have shown that the G3 method performs within the 

experimental error in calculating the thermochemistry of OAT reactions, while DFT 

methods such as the popular B3LYP functional provided inadequate results. As can be 

seen in Table 5.2, a good agreement between experimental data and calculated values at 

the M05-2X/6-311G(3df,2p) level is obtained for all the species studied. For the smallest 
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molecules where the G3 methodology is applicable, similar results are obtained at the 

M05-2X/6-311G(3df,2p) level. Calculated values using the B3LYP functional give worse 

results as previously shown by Cundari and coworkers142 giving the worst agreement 

with the experimental (or G3-calculated) data with the phosphines. 

Table 5.2 Bond dissociation enthalpies (BDEs) in kcal mol−1 for the reaction XO(g) → 
X(g) + O(g) computed at the M05-2X/6-311G(3df,2p) and G3 levels, and compared to 
experimental data. BDEcalc – BDEexp is shown in brackets beside the computed values. 

X M05-2X/6-311G(3df,2p) G3 Experimentala 

NN 38.0 [−2.0] 40.8 [0.8] 40.0 

PhCN 48.5 50.0 --- 

MesCN 48.1 [−4.2] 48.8 [−3.5] 52.3b 

Pyc 61.7 [−1.6] 63.6 [0.3] 63.3 

NP 74.6 78.3 --- 

THTd 82.1  84.8  --- 

Me2S 88.3 [1.7] 86.0 [−0.6] 86.6 

PP 90.1 90.1 --- 

(Ar[tBu]N)3MoP 105.9 [−3.0]e --- 108.9f 

CO 128.2 [1.0] 128.7 [1.5] 127.2 

Ph3P 130.2 [−2.0] --- 132.2f 

Cy3P 135.3 [−2.3] --- 137.6f 

Me3P 133.0 [−5.5] 134.9 [−3.6] 138.5f 

SIPr 151.5 --- --- 

a Unless stated otherwise, values taken from reference 130; b value taken from reference 
129; c pyridine; d tetrahydrothiophene; e using the Stuttgart-Dresden MWB2831 effective 
core potential and basis including a set of additional f functions for Mo and the 6-
311G(d,p) basis set for all other elements; f this work. 

Synthesis and Structure of SIPr·MesCNO. As discussed earlier, we initially 

studied reaction of SIPr and MesCNO in hopes of using this as an entry to measure 

enthalpies of OAT to NHC ligands forming cyclic ureas as shown in Eqn. (5.8). OAT did 
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not occur in spite of being thermochemically highly favorable (see Table 5.2), but simple 

binding of the SIPr to MesCNO as shown in Eqn. (5.12). The crystal structure of the 

adduct shows binding between the lone pair of electrons of the NHC at the electrophilic 

C atom of MesCNO as shown in Figure 5.2. 

                                                        (5.12) 

 

Figure 5.2 ORTEP diagram (40% probability) of the SIPr·MesCNO adduct. Selected 
distances (Å) and angles (º): C1–C8, 1.521(4); C8–N2, 1.326(2); C10–N2, 1.451(2); N1–
C1–C8–N2, 84.6. Complete structural data is available in supporting information. 

This mode of binding resembles that to CS2 which is displayed for both NHC and 

R3P ligands.138a Loui and coworkers138b have even reported adducts between CO2 and 

NHCs. Based on the analogous Lewis basicity of NHCs and R3P compounds, the 

isolation and characterization of the adduct shown in Figure 5.2 suggested that attack of 

R3P at MesCNO might also proceed by initial attack at the C atom rather than the O atom 
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and that this was the explanation of why it, and not PyO is an efficient OAT reagent for 

phosphines. This prompted kinetic and computational study of the reaction mechanism of 

phosphines and MesCNO. Detailed synthetic and computational study of the adducts 

between a range of NHCs and MesCNO are in progress.143 

UV-vis Kinetic Study of Reaction of MesCNO with (Ar[tBu]N)3MoP. Kinetic analysis 

of the reaction of MesCNO with (Ar[tBu]N)3MoP was performed on a UV-vis 

spectrophotometer under pseudo first order conditions with large excess of MesCNO in 

both CH2Cl2 and toluene solution. Time-resolved spectra show the appearance and 

growth of the peak at 550 nm that corresponds to the absorbance of independently 

prepared (Ar[tBu]N)3MoPO. The exponential growth of this peak was used for kinetic 

analysis. Kinetic traces were fit to a single exponential function and rate constants were 

obtained, kobs = k1[MesCNO] (Figure 5.3). 

 
Figure 5.3 First-order fit of data of 25 mM MesCNO at 15 °C in CH2Cl2 with 
([(Ar[tBu]N)3MoP] = 0.6mM). 

Under high concentrations of MesCNO (100 mM), complete formation of 

(Ar[tBu]N)3MoPO was followed by its slow partial decomposition, which could be seen 

as a minor decrease in the intensity of the peak at 550 nm and a slow appearance of a 
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shoulder at 440 nm over longer periods of time (3-4 hours, Figure 5.4). The minor 

decomposition was judged to not compromise kinetic analysis of the (Ar[tBu]N)3MoPO 

formation step. The identity of the decomposition products was not established. Plots of 

kobs versus [MesCNO] gave straight lines as shown in Figure 5.5, and were used to derive 

second-order rate constants in CH2Cl2: k15 °C = 0.11 M−1s−1; k22 °C = 0.15 M−1s−1; k30 °C = 

0.20 M−1s−1. 

 
Figure 5.4 UV-vis spectrum of reaction of MesCNO with (Ar[tBu]N)3MoP. Spectral data 
as a function of time taken at 15 °C in CH2Cl2 with 25 mM MesCNO ([(Ar[tBu]N)3MoP] 
= 0.6 mM), over a time interval of 60 min showing the rise in the band at 550 nm due to 
increase in [(Ar[tBu]N)3MoPO]. 

 
Figure 5.5 Plot of kobs, versus the [MesCNO] at 15, 22, and 30 °C used to calculate 
second order rate constants for OAT to ([(Ar[tBu]N)3MoP] in CH2Cl2. 
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 Identical kinetic experiments were repeated in toluene solution. Reaction rate as a 

function of temperature was measured with [MesCNO] = 50 mM and [(Ar[tBu]N)3MoP] 

= 0.6 mM at five different temperatures: 15, 22, 30, 38 and 45 °C. In the replicate 

experiments for the same temperature in each solvent, kobs in CH2Cl2 and toluene were 

found to be similar. An Eyring plot was generated for the temperature dependence study 

in toluene solution and activation parameters were calculated (Figure 5.6). The graphical 

analysis provided ΔH‡ = 11 kcal/mol and ΔS‡ = −27 cal/mol K. 

 
Figure 5.6 Eyring plot for reaction between MesCNO and (Ar[tBu]N)3MoP in toluene. 

FTIR Kinetic Studies of Reaction of MesCNO with R3P, (Ar[tBu]N)3MoP and SIPr. 

In order to compare the rates of oxidation of tertiary phosphines to that of 

(Ar[tBu]N)3MoP, it was necessary to use vibrational spectroscopy since there is no 

observable color change when the phosphines are oxidized to the phosphine oxides since 

both are colorless.  In addition, discovery of binding of SIPr to MesCNO was 

investigated kinetically for purposes of comparison of simple binding of the NHC to 

binding plus OAT which occurs for the phosphines and phosphide substrates.  Reactions 

were run in a thermostatted FTIR cell under argon atmosphere at a balanced 1:1 ratio of 

[MesCNO]:[R3P]. As a check, the kinetics of (Ar[tBu]N)3MoP oxidation was also 

investigated by FTIR in toluene. A typical difference plot for oxidation of 
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(Ar[tBu]N)3MoP by MesCNO is shown in Figure 5.7 and the linear second order plot 

derived from it in Figure 5.8. 

 
Figure 5.7 FTIR spectroscopic data for reaction of (Ar[tBu]N)3MoP and MesCNO in  
toluene at 4 oC showing the decrease in the band due to ONCMes at 1348 cm−1 and 
increase in the band due to (Ar[tBu]N)3MoPO at 1228 cm−1. 

.  
Figure 5.8 Second order plot of the spectroscopic data in Figure 5.7 for reaction of  
(Ar[tBu]N)3MoP and ONCMes in toluene at 4 oC. 



 
 

 

109 

Attempts to detect intermediates in these reactions were not successful. Even at 

−40 °C, FTIR spectral data for the reaction of Cy3P and MesCNO displayed isosbestic 

points and the rate of decay of MesCNO and the rate of buildup of Cy3PO were equal and 

opposite in sign. Eyring plots are shown in Figure 5.9, rate constants and activation 

parameters are shown in Table 5.3. 
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Figure 5.9 Eyring plots for reaction of MesCNO and SIPr (top line, brown square); Me3P 
(second line, blue squares), Cy3P (third line, green triangles), (p-tolyl)3P (fourth line, pink 
square) and (Ar[tBu]N)3MoP (bottom line, orange triangles). 

Table 5.3 Rate constants at ≈ 20 ºC and derived activation parameters as well as reaction 
enthalpies for interaction between X and MesCNO. 

X k(M−1s−1) ΔH‡(kcal 

mol−1) 

ΔS‡(cal 

mol−1K−1) 

ΔH0(kcal 

mol−1) 

Me3P 1.0 11.5 −19.5 −86.2 

Cy3P 0.45 9.3 −28.4 −85.3 

(p-tolyl)3P 0.20 9.1 −30.9 −79.9a 

(Ar[tBu]N)3MoPb 0.07 11.0 −26.6 −56.6 

(Ar[tBu]N)3MoPc 0.04 11.0 -27.0 −56.6 
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SIPR 3.8 7.4 −30.7  

a Refers to reaction of Ph3P, expected to be similar to (p-tolyl)3P; b values obtained by 
FTIR spectroscopy; c values obtained by UV-vis spectrophotometry. 

The entropies of activation are near −25 cal mol−1K−1 in keeping with an 

associative transition state. The least unfavorable entropy of activation occurs, as might 

be expected, for Me3P since it is sterically the least hindered. The enthalpies of activation 

are in the range ΔH‡ = 10 ± 2 kcal mol−1, except for SIPr which involves only binding and 

not oxidative addition. The data determined by FTIR kinetics for (Ar[tBu]N)3MoP are in 

good agreement with those determined independently by UV-vis studies. The rate and 

activation parameters in Table 5.3 appear in keeping with a common mechanism to these 

reactions.  

Theoretical Mechanism for Reaction of PhCNO and Me3P. Experimental work 

described above prompted theoretical investigation of OAT between Me3P and PhCNO 

as a model system. The reason OAT does not occur in the SIPr·MesCNO adduct is under 

computational study as part of a more detailed investigation of these adducts.143 The 

frontier orbitals for Me3P and PhCNO calculated at the M05-2X/6-311G(3df,2p) level are 

shown in Figure 5.10. The shape of the orbitals suggests that a probable reaction pathway 

would involve attack of the HOMO of Me3P, which is essentially a lone pair orbital (C on 

Figure 5.10), to the LUMO of PhCNO (B on Figure 5.10), which is a delocalized π* 

orbital with a significant lobe on the C atom of PhCNO. 
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Figure 5.10 Computed frontier orbitals for Me3P and PhCNO. A) HOMO of PhCNO; B) 
LUMO of PhCNO; C) HOMO of Me3P; D) LUMO of Me3P. 

This is confirmed in the reaction mechanism obtained by computing the intrinsic 

reaction coordinate (IRC) at the same level of theory which is shown in Figure 5.11. The 

mechanism is composed of three consecutive stages, where three transition states have to 

be overcome, the first one assigned as the rate-limiting step. The structures of the 

computed transition states and intermediates are shown in Figure 5.12.  

-­‐80 -­‐60 -­‐40 -­‐20 0 20 40

-­‐80

-­‐60

-­‐40

-­‐20

0

20

E
ne

rg
y	
  
/	
  k

ca
l·∙m

ol
-­‐1

R eac tion	
  C oordina te 	
  /	
  amu1/2	
  ·∙ 	
  bohr

R
0.0
(0.0)
[0.0] Int1

-­‐16.3
(-­‐46.5)
[-­‐2.5]

Int2
-­‐12.7
(-­‐45.0)
[0.7]

P
-­‐84.5
(-­‐2.1)
[-­‐83.9]

TS1
11.6
(-­‐38.1)
[23.0]

TS2
-­‐10.8
(-­‐50.8)
[4.4]

TS3
-­‐2.8

(-­‐43.8)
[10.3]

 
Figure 5.11 IRCs calculated at the M05-2X/6-311G(3df,2p) level. Relative enthalpies (in 
kcal mol−1) (BSSE corrected), entropies between parentheses (in cal/mol K), and Gibbs 
energies between brackets (kcal mol−1) at T = 298 K. 
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Figure 5.12 Computed structures of intermediates and transition states for reaction of 
Me3P and PhCNO at the M05-2X/6-311G(3df,2p) level. See Figure 5.10 for relative 
energies. 

 Several alternative mechanisms were also considered. Neither minima nor 

transition states were located corresponding to a 1,3-cycloaddition of PhNCO to Me3P 

according to a concerted mechanism. Likewise, direct OAT from PhNCO to Me3P was 

found to be repulsive and did not lead to reaction. A transition state higher in energy with 

a syn disposition of the Cipso–C–N–O moiety was also found (TS1b) which is shown in 

Figure 5.13. This structure resembles that of the SIPr·MesCNO adduct shown in Figure 

5.2. The lower energy of TS1 compared to that TS1b can be attributed to electrostatic 

attraction between the positively charged P atom and the negatively charged O atom. 

Presumably steric forces do not allow this to be established for the SIPr·MesCNO 

adduct.143 
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Figure 5.13 Structure of a higher energy transiton state TS1b for reaction between Me3P 

and PhCNO. 
Reaction of the SIPr·MesCNO Adducts with R3P, (Ar[tBu]N)3MoP or (Ar[tBu]N)3V. 

In view of the proposed mechanism of reaction of MesCNO with phosphines, it was of 

interest to see how blocking the electrophilic C atom of MesCNO in the SIPr·MesCNO 

adduct would affect its OAT reactivity. In that regard, it was important to first establish 

that the OAT ability of the SIPr·MesCNO adduct was not reduced significantly with 

respect to free MesCNO. Therefore, Eqn. (5.13) and (5.14) were investigated 

qualitatively. 

                                         (5.13) 

                       (5.14) 

Based on visual observation, both reactions (5.13) and (5.14) occurred 

immediately upon mixing at room temperature. Stopped flow kinetic studies have shown 

that at room temperature, reaction of the adduct (Eqn. (5.14)) is actually more rapid than 

OAT of MesCNO itself (Eqn. (5.13)).139 It is clear that no significant kinetic reduction in 
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OAT ability through the O atom site occurred for the SIPr·MesCNO adduct compared to 

free MesCNO in its reaction with (Ar[tBu]N)3V. Thus it can be concluded that reaction of 

coordinatively unsaturated metal complexes with the SIPr·MesCNO adduct is not 

impaired by coordination of the NHC, in fact it is slightly enhanced.139 

 In contrast, reactivity with R3P is shut down when an NHC coordinates and 

blocks the C atom binding site of MesCNO. Thus, reaction (5.15) did not proceed at 

room temperature over a four hour period. 

                          (5.15) 

In a similar way (Ar[tBu]N)3MoP, which is efficiently oxidized by free MesCNO, 

undergoes no reaction with the SIPr·MesCNO adduct. 

Reactions where MesCNO did not perform OAT. In addition to the inability of 

MesCNO to oxidize the N-heterocyclic carbenes to form the corresponding cyclic ureas, 

several reactions that are thermodynamically favorable for OAT from MesCNO were 

found not to occur at room temperature in toluene solution. In spite of the fact that 

reaction (5.10) occurs, corresponding reaction of (Ar[tBu]N)3MoN as shown in Eqn.(5.16) 

was not observed.144 

                            (5.16) 

Oxidation of tetrahydrothiophene and of pyridine (Eqn. (5.17) and (5.18)) did not 

occur over four hours time at room temperature.  
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                                              (5.17) 

                                              (5.18) 

Attempts to oxidize dimethyl sulfoxide with MesCNO also showed no reaction at 

room temperature over several hours.  

5.3     Discussion 

 MesCNO has proven to be a useful reagent for OAT to phosphines and 

phosphides for the systems shown in Table 5.1, and this work is now being extended to 

metal complexes.139 OAT reactions of MesCNO can follow two different reaction 

channels: reaction with a Lewis acid may occur at the terminal O, but OAT reactions with 

a Lewis base may occur by attack at the electrophilic C atom. This second mechanistic 

possibility was envisioned only after stable adducts between NHC and MesCNO were 

discovered and shown to involve coordination of the nucleophilic carbene to the 

electrophilic C atom of MesCNO as shown in Figure 5.2. Since there is a strong 

similarity between NHCs and R3P in their coordination chemistry to metals,145 this 

suggested that non-metal oxidation by MesCNO may proceed through a similar adduct 

for the phosphine as that found to be stable for the NHC. The discussion focuses on two 

areas: i. thermochemistry of OAT and its implication for the Mo–P bond in 

(Ar[tBu]N)3MoPO, ii. The mechanism of OAT to phosphines and phosphides.  

Thermochemistry of OAT Reactions. Much thermochemical data on organophosphines 

date back to work done in the 1950's to 1960's, and modern compilations of experimental 

data usually can be traced back to work done a half century ago. An exception to that is 
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Domalski's determination by rotating bomb calorimetry of accurate data for Ph3P and 

Ph3PO.146 The data for Ph3P were found to differ by ≈ 5 kcal mol−1 from work done by 

Mortimer using static bomb calorimetry.147 Classic work in reaction calorimetry by 

Skinner and coworkers on enthalpies of reaction of trialkyl phosphines with H2O2 

includes in its final paragraph the possibility that the oxidation reactions may not have 

been quantitative due to possible formation of trialkyl phosphine peroxides and concludes 

with the statement: "In our opinion, the thermochemical results given here need 

independent verification, possibly by oxidation studies based on some other agent than 

hydrogen peroxide".148 The value for the P=O BDE in Ph3PO determined in this work in 

toluene solution of 132.2 ± 3.0 kcal/mol is in good agreement with the gas phase value of 

Domalski120 of 135.4 ± 2.8 kcal/mol. The data for Me3P and Cy3P are also in reasonable 

agreement with values quoted for other trialkyl phosphines reported in the literature.149 In 

addition, computed BDE values at the M05-2X/6-311G(3df,2p) level are in excellent 

agreement with experimental data as shown in Table 5.2. 

It is of interest to compare the data in Table 5.1 for OAT to earlier data for SAT. 

Surprisingly, there is a smaller gap between Ph3P and Cy3P bonded to O than to S. This 

may be due to a greater significance to π bonding in the P=O compared to P=S bond in 

R3PE (E = O, S). Thus, the weaker basicity of Ph3P compared to Cy3P may be 

compensated in its bonding to O by an increased π bonding capacity in Ph3P which 

would be expected to be a poorer σ donor but better π acceptor than Cy3P. For S, since π-

bonding would be expected to be of less importance than for O, the difference between 

Ph3P and Cy3P would be greater since it is now dominated by the σ-donor ability of the 

phosphine. 
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The P=O BDE in Me3PO (138.5 kcal mol−1) is similar to the fundamental P=O 

BDE (140.8 kcal mol−1) for the gas phase diatomic molecule phosphorous monoxide. The 

enthalpy of OAT from MesCNO to (Ar[tBu]N)3MoP is nearly 30 kcal mol−1 lower than 

that for Me3P and yields a very low P–O BDE. Detailed discussion of why the P–O BDE 

in (Ar[tBu]N)3MoPO is so low is not warranted beyond noting that upon loss of an O 

atom, the Mo complex has a stronger Mo–P bond (Mo–P BDE of −92.2 kcal mol−1 in 

(Ar[tBu]N)3MoP vs −60.2 kcal mol−1 in (Ar[tBu]N)3MoPO, see below), whereas this does 

not happen in the case of phosphines. Furthermore, it was considered of interest to 

compare the data for (Ar[tBu]N)3MoPO to P≡P=O and N≡P=O. Computational studies 

(see Table 5.2) yielded the following values for the P–O bond dissociation enthalpy (kcal 

mol−1): (Ar[tBu]N)3MoPO [105.9], P≡P=O [90.1], and N≡P=O [78.3]. This trend appears 

to follow the expected decreasing basicity of the lone pair on P for (Ar[tBu]N)3MoP 

versus P≡P versus N=P. Moreover, dissociation of an O atom from (Ar[tBu]N)3MoPO 

forms (Ar[tBu]N)3MoP; dissociation of an O from PPO forms P≡P, and from NPO forms 

N≡P. Since it might reasonably be expected that the strongest triple bond in that series 

would be N≡P, then it seems reasonable the NPO would be more susceptible to O loss. 

 Since the enthalpy of formation of PO is known150 the thermochemical data 

determined previously for the Mo–P bond in (Ar[tBu]N)3MoP151 can be combined with 

the oxidation of (Ar[tBu]N)3MoP to (Ar[tBu]N)3MoPO reported here to calculate the 

enthalpy of coordination of PO to the (Ar[tBu]N)3Mo fragment as shown in Scheme 5.2. 

Data are also included in Scheme 5.2 for N for comparison purposes.152 The 60.2 kcal 

mol−1 Mo–P BDE in (Ar[tBu]N)3MoPO represents a strong metal–ligand bond but is still 

lower than the Mo–N BDE in (Ar[tBu]N)3MoNO of 82.5 kcal mol−1. 
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Scheme 5.2 Measured and derived enthalpies for the (Ar[tBu]N)3MoEO (E = P, N) all 
data in kcal mol−1. For data relevant to (Ar[tBu]N)3MoNO binding and the 
(Ar[tBu]N)3MoN BDE see ref 52. 

It is noteworthy that based on step i. in Scheme 5.2, and a value of 59.5 kcal mol−1 

for step iii. of Scheme 5.1 that oxidation of (Ar[tBu]N)3MoE by 1/2 O2 to 

(Ar[tBu]N)3MoEO is exothermic by 18.6 kcal mol−1 for E = N, and 49.3 kcal mol−1 for E 

= P. Thus, air oxidation of both the nitride and phosphide to the NO and PO complexes is 

thermodynamically favored. Oxidation of (Ar[tBu]N)3MoN is not as favorable as for 

(Ar[tBu]N)3MoP and this may be due to in part to the greater strength of the Mo≡N bond 

in (Ar[tBu]N)3MoN. The Mo–N distance in the nitride is shorter than in the nitrosyl 

complex. That is in keeping with the stronger Mo–N bond in (Ar[tBu]N)3MoN 

(BDE=155.3 kcal mol−1) than that for (Ar[tBu]N)3MoNO (BDE = 82.5 kcal mol−1). 

However, as first pointed out by Cummins,132 the Mo–P distance of 2.079 Å in 

(Ar[tBu]N)3MoPO is  0.04 Å shorter than the Mo–P distance in (Ar[tBu]N)3MoP. This 

has led to speculation that the longer Mo–P bond in the phosphide may in fact be weaker 

than that in the (Ar[tBu]N)3MoPO complex. Computations by Frenking and coworkers153 

are in agreement with the experimental bond distances and they have also concluded that 

the Mo–P BDE in (Ar[tBu]N)3MoPO is higher than that of (Ar[tBu]N)3MoP. That 

conclusion is at odds with the data in Scheme 5.2 where the Mo–P BDE is nevertheless 
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30 kcal mol−1 higher in the phosphide than in (Ar[tBu]N)3MoPO in spite of its longer 

distance. Bond length and bond strength  do not always correlate with each other.154 The 

BDE is the enthalpy of a homolysis reaction (Eqn. (5.19) and (5.20) for the Mo–P bonds 

in both species) and thus depends exclusively on the relative stability of reactant and 

product states. 

                                                     (5.19) 

                                             (5.20) 

The difference between the two BDEs is related to the fact that when 

(Ar[tBu]N)3MoPO dissociates it produces the stable molecule PO. There is a large 

increase in the P–O BDE which follows that dissociation. Subtracting Eqn. (5.19) from 

Eqn. (5.20) yields Eqn. (5.21). 

                                      (5.21) 

The difference in BDEs relates directly to the OAT value in Eqn. (5.20). The fact 

that PO has a stronger P–O Bond (BDE=140.8 kcal mol−1) than does (Ar[tBu]N)3MoPO 

(BDE=108.9 kcal mol−1) accounts for the apparent discrepancy in bond length/BDE. 

Mechanism of OAT from MesCNO to Phosphines and Phosphides. Computational 

studies suggest that attack by Me3P at the O atom of MesCNO leads to a repulsive 

surface. The computed mechanism entails a gradual rise in energy as the reactants 

approach each other at 4-5 Å to make an adduct between the Lewis basic lone pair of 

electrons on Me3P, and the Lewis acid site at the electrophilic C atom of MesCNO. The 

first transition state (TS1) has the highest energy along the pathway in keeping with 
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experimental failure to observe buildup of any intermediate adduct in the reaction by 

FTIR or UV-vis spectroscopic studies. The calculated values of ΔH‡ = 11.6 kcal mol−1 

and ΔS‡ = −38.1 cal mol−1K−1 are in reasonable agreement with the experimental values 

determined by FTIR spectroscopy in Table 5.3. In the computed structure of Int1, 

corresponding to an adduct between Me3P and the C atom of MesCNO, there is an 

electrostatic interaction between the positive P atom (formal charge = +1) in the adduct 

and the O of the NO group (formal charge = −1). For Me3P steric hindrance to this 

configuration may be smaller than for bulkier phosphines. A shallow intermediate state 

(TS2) is computed along the second part of the reaction trajectory which corresponds to 

formation of what is approximately a cyclic structure in Int2. The enthalpy of activation 

for the last transition state (TS3) is ΔH‡ = 9.9 kcal mol−1 comparable to the energetic 

barrier in the first step, however the entropy of activation is ΔS‡ = 1.2 cal mol−1K−1 

making this step more favorable in terms of Gibbs energy. Full establishment of the P=O 

bond in Me3PO is a powerful driving force for this highly exothermic reaction which 

proceeds smoothly to completion. This pathway avoids the lone pair-lone pair repulsion 

that would be present if R3P underwent direct attack at the O atom of MesCNO. In this 

type of mechanism the C atom functions somewhat like a metal;155 R3P coordinates and 

as a consequence of its electron donation develops a partial positive charge. The C atom 

gains electron density in this interaction and this is delocalized to the O atom of MesCNO. 

It is noteworthy that blocking the C atom site by prior coordination of an NHC disrupts 

OAT activity for non-metal but not for metal compounds as shown in Eqn. (5.14) and 

Eqn. (5.15). This provides support for two different mechanisms being operative in OAT 

with MesCNO.  
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 There is literature precedent for the second proposed mechanism. Oxidation of 

nitrile oxides by amine oxides has been proposed to yield nitrosocarbonyls which may be 

trapped by dienes or other receptors.156 The proposed first step in this reaction involves 

nucleophilic attack of the O of the amine oxide at the C of MesCNO to produce a 

zwitterionic intermediate which then dissociates as shown in Scheme 5.3. The central 

intermediate zwitterion proposed resembles the computed intermediate Int1 in Figure 

5.11. 

	
  

 
Scheme 5.3 Oxidation of nitrile oxides by amine oxides. See ref 156. 

 Also of interest are the unsuccessful OAT reactions involving non-metals that 

were surveyed here including tetrahydrothiophene, pyridine, and (Ar[tBu]N)3MoN. In 

spite of being computed to be exothermic in each case, for none of these combinations 

was OAT observed. An explanation is that for OAT to occur by the mechanism outlined 

here for non-metals, the nucleophile must be strong enough to form a zwitterionic 

intermediate by nucleophilic attack at the C atom of MesCNO; however it must also be 

capable of forming a cyclic intermediate by utilizing expanded valence. It seems 

plausible that (Ar[tBu]N)3MoN and Py, even if they were to form an adduct at C with 

MesCNO similar to that observed in the reaction of MesCNO with NHCs could not 

readily undergo valence expansion at the N atom beyond lone pair coordination. 

Tetrahydrothiophene may be capable of undergoing subsequent OAT chemistry via 1,3-

cycloaddition but may not be basic enough to form an adduct with MesCNO. At this 
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point, we have found only R3P and, somewhat surprisingly, (Ar[tBu]N)3MoP capable of 

doing this.  

5.4     Conclusions 

Mesityl nitrile oxide is a versatile OAT reagent. Reactivity with coordinatively 

unsaturated metal complexes occurs rapidly through initial coordination of the terminal O 

atom. Oxidation of R3P and (Ar[tBu]N)3MoP on the other hand occurs in minutes at room 

temperature but follows a different mechanism in which nucleophilic attack at the 

electrophilic C atom of MesCNO is followed by a cyclic transition state leading to OAT 

and elimination of MesCN. Reaction of MesCNO with (Ar[tBu]N)3MoP provides ready 

entry to (Ar[tBu]N)3MoPO which is a unique terminal phosphorous monoxide complex. 

However, the P–O BDE in this complex is some 30 kcal●mol−1 lower than in R3PO and 

corresponds more closely to computed values for PPO or NPO. In spite of the fact that 

the Mo–P bond in (Ar[tBu]N)3MoPO is shorter than in (Ar[tBu]N)3MoP, the Mo–P BDE 

in (Ar[tBu]N)3MoPO (60.2 kcal●mol−1) is lower than in (Ar[tBu]N)3MoP (92.2 

kcal●mol−1). This may be attributed to the fact that dissociation of PO results in an 

increase in the P–O bond strength for the free molecule compared to its adduct. Neither 

(Ar[tBu]N)3MoN, THT, nor Py are oxidized under the same conditions in which R3P 

oxidation is facile. It appears that two criteria exist for the OAT via this mechanism: i. the 

reagent must be nucleophilic enough for adduct formation at the C atom, ii. It must be 

capable of expanded valence for a cyclic OAT transition state. Coordination of R3P 

appears to satisfy both these requirements. The novel remote site attack displayed here 

may be of utility in design of other reagents to achieve difficult OAT reactions to other 



 
 

 

123 

non-metal substrates. Additional synthetic, mechanistic, and thermochemical studies are 

in progress to expand understanding and utilization of OAT reactivity of nitrile oxides. 

5.5      Experimental 

A. Synthesis 
Unless stated otherwise, all operations were performed in a Vacuum Atmospheres 

or MBraun drybox under an atmosphere of purified nitrogen or argon. Diethyl ether and 

toluene were dried and deoxygenated by the method of Grubbs.157 C6D6 was purchased 

from Cambridge Isotopes. The deuterated solvents were degassed and dried over 4 Å 

molecular sieves. The 4 Å sieves and Celite were dried in vacuo overnight at a 

temperature just above 200 °C. Mesityl nitrile oxide was prepared and recrystallized 

according to the literature.158 All other compounds were used as received. 1H NMR 

spectra were recorded on a Bruker Avance-400 spectrometer at room temperature. 1H 

NMR chemical shifts are reported in parts per million (ppm) with respect to the protio 

impurities referenced at 7.16 ppm for C6D6 and 2.09 ppm for toluene-d8. FTIR spectra 

were obtained using a Perkin Elmer Spectrum 400 FTIR Spectrometer. Calorimetric 

measurements were made using a Setaram C-80 Calvet microcalorimeter.  

Synthesis of (Ar[tBu]N)3MoPO using MesCNO. In the glove box, 299 mg (0.456 mmol) 

of bright yellow (Ar[tBu]N)3MoP132 was dissolved in 5 ml CH2Cl2 and the solution was 

cooled to −35 oC. A solution of MesCNO, 84 mg (1.1 equiv) in 2 mL CH2Cl2 (also cooled 

to −35 oC) was added rapidly to the yellow solution. An additional 1 mL of chilled 

CH2Cl2 was used to ensure that all MesCNO had been transferred to the reaction mixture. 

Upon warming to room temperature, the reaction mixture changed from yellow to deep 

purple in color. The mixture was stirred for one hour after mixing to insure complete 
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reaction. The mixture was then filtered through a bed of Celite, which was washed with 5 

mL of chilled CH2Cl2. The filtrate was then reduced in volume to ca. 50% of its original 

volume. The purple reaction mixture was cooled and 30 mL of thawing acetonitrile was 

added to precipitate the product. The cold mixture was filtered on a medium-porosity 

glass frit, and the purple solid was washed with 10 mL cold acetonitrile. The solid was 

dried under reduced pressure and yielded (Ar[tBu]N)3MoPO as a deep purple powder 

(175 mg, 0.261 mmol, 57%). 1H and 31P NMR data agreed with previously published 

data.123 

Synthesis of the SIPR·MesCNO Adduct. In the glove box, 0.400 g SIPr in 10 mL 

toluene was added 0.1657 g MesCNO and the mixture was shaken to dissolve the 

MesCNO. The solution turned blue-violet and some solid began to precipitate out. It was 

left undisturbed in the glove box overnight. Evaporation of toluene and addition of 

heptane led to isolation of the pure adduct in 95 % yield. Analysis for C37H49N3O: theory 

(found): C 80.5 (79.2), H 8.9 (8.9), N 7.6 (7.0). The mass spectrum showed a strong peak 

at 552.39 corresponding to P + 1 for C37H49N3O = 551.38. 1H NMR (400M, C6D6): δ= 

6.89 (t, 2H, p-Ph of SIPr), 6.76 (d, 4H, m-Ph of SIPr), 6.45 (s, m-Ph of MesCNO), 3.64 (t, 

4H, CH2 of SIPr), 3.32 (septet, 4H, CH of iPr), 2.04 (s, 3H, p-CH3 of MesCNO), 1.84 (s, 

6H, o-CH3 of MesCNO), 1.26 (d, 12H, CH3 of iPr), 0.95 (d, 12H, CH3 of iPr) ppm. 

Reaction of the SIPr·MesCNO adduct with (Ar[tBu]N)3V and (Ar[tBu]N)3Mo. In the 

glove box, 0.010 g (Ar[tBu]N)3V was dissolved into 1 mL C6D6 and this solution was 

syringed onto 0.0095 g of the blue SIPr·MesCNO adduct in a vial. The mixture was 

shaken and there was an immediate change in color to red-orange. The sample was 

transferred to an NMR tube. Analysis of the NMR spectrum showed complete conversion 
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to MesCN, (Ar[tBu]N)3VO, and free SIPr. Similar results were obtained using 

(Ar[tBu]N)3Mo. 

Attempted Reaction of SIPr·MesCNO and (Ar[tBu]N)3MoP and Cy3P. In the glove 

box, 0.0295 g (Ar[tBu]N)3MoP was dissolved into 2 mL C6D6 and this solution was 

syringed onto 0.025 g of the blue SIPr·MesCNO adduct in a vial. The mixture was 

shaken yielding a green solution. The sample was transferred to an NMR tube. Analysis 

of the NMR spectrum showed no reaction had occurred after a three hour period. Similar 

results were obtained in the attempted reaction of SIPr·MesCNO and Cy3P. In this case 

the solution remained blue in color, and no reaction could be detected by NMR 

spectroscopy.  

Attempted Reaction of MesCNO and Pyridine, Tetrahydrothiophene and 

(Ar[tBu]N)3MoN. Several reagents were checked qualitatively at room temperature for 

reactivity with MesCNO. A total of 27.9 mg MesCNO was dissolved in 1 mL toluene. To 

this was added 1 mL pyridine and the solution was monitored by FTIR spectroscopy. No 

decrease in the band due to MesCNO was observed over approximately four hours. In 

similar experiments, tetrahydrothiophene and also (Ar[tBu]N)3MoN were found to not 

react at room temperature as followed by NMR and FTIR spectroscopy. 

B. Crystallographic Data 

Crystallographic Analyses. Violet single crystals of SIPr·MesCNO suitable for X-ray 

diffraction analyses obtained by evaporation of solutions of toluene at 25 °C, crystallized 

in the monoclinic crystal system. The data crystal was glued onto the end of a thin glass 

fiber. X-ray intensity data were measured by using a Bruker SMART APEX2 CCD-based 

diffractometer using Mo Kα radiation (λ = 0.71073 Å). The raw data frames were 



 
 

 

126 

integrated with the SAINT+ program by using a narrow-frame integration algorithm.159 

Corrections for Lorentz and polarization effects were also applied with SAINT+. An 

empirical absorption correction based on the multiple measurement of equivalent 

reflections was applied using the program SADABS. All structures were solved by a 

combination of direct methods and difference Fourier syntheses, and refined by full-

matrix least-squares on F2, by using the SHELXTL software package.160 Crystal data, 

data collection parameters, and results of the analyses are listed in supporting information. 

The systematic absences in the intensity data were consistent with the unique 

space group P21/c. Half a molecule of toluene from the solvent of crystallization 

cocrystallized with the complex and is present in the asymmetric crystal unit. The toluene 

molecule is disordered about an inversion center, and was modeled in part using 

geometric restraints and refined with isotropic thermal parameters. However, this 

disorder could not be completely resolved, which resulted in the relatively high R value 

(7.46 %). There is not much disorder present in the non-solvent part of the structure. An 

ORTEP drawing of the structure is shown in the results section.  
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C. Calorimetric Measurements 

Calorimetric Measurement of Reaction of (Ar[tBu]N)3MoP and R3P with MesCNO. 

In the glove box a solution of 0.5093 g (Ar[tBu]N)3MoP (0.776 mmol) was dissolved in 6 

mL C6D6 and 1 mL of this stock solution was loaded into an NMR tube. The remaining 5 
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mL of solution were loaded into the Calvet calorimeter cell with MesCNO (0.0100 g, 

0.062 mmol) as limiting reagent. The calorimeter cell was sealed, taken from the glove 

box, and loaded into the Setaram C-80 calorimeter. Following temperature equilibration, 

the reaction was initiated and the calorimeter rotated to achieve mixing. Following return 

to baseline the calorimeter cell was taken into the glove box, opened and 1 mL of the 

solution loaded into an NMR tube. NMR spectra of both the stock solution and 

calorimetry solution were then acquired and the reaction was confirmed as quantitative. 

The enthalpy of three measurements done in this way led to ΔH = −52.3 ± 0.7 kcal mol−1 

based on the reaction: (Ar[tBu]N)3MoP (tol. sol.) + MesCNO (solid) → 

(Ar[tBu]N)3MoPO (tol. sol.) + MesCN (tol sol.). To these data the enthalpy of solution of 

MesCNO in toluene (+4.3 ± 0.1 kcal mol−1) was subtracted to give ΔHrxn = −56.6 ± 0.8 

kcal mol−1 with all species in toluene solution. Reactions of R3P were performed in a 

similar fashion, but typically with five independent measurements on each phosphine.  

D. Kinetic Measurements 

UV-vis Kinetic Study of Reaction of (Ar[tBu]N)3MoP and MesCNO. Solid 

(Ar[tBu]N)3MoP and MesCNO were dissolved in dry dichloromethane or dry toluene 

under Ar in an MBraun glovebox. The solutions of (Ar[tBu]N)3MoP were loaded into 1 

cm path length air tight quartz cuvettes, and solutions of MesCNO were loaded into 

Hamilton gas tight syringes. Initial spectra of (Ar[tBu]N)3MoP (0.6 mM) were collected 

on a JASCO V-570 UV-vis/NIR spectrophotometer, the MesCNO solution was added to 

the cuvette via syringe, and the reaction was monitored in 1-10 minute intervals over a 

total time of 20-60 minutes. Variable temperature (15-45 °C) measurements were 

achieved using the JASCO PSC-498T temperature controller. The kinetic experiments 
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were run under pseudo first order conditions with excess MesCNO (25 mM-100 mM) by 

monitoring the absorbance increase at λ = 550 nm. Data analysis was performed with 

IGOR pro 5.0 by WaveMetrics.  

FTIR Kinetic Study of the Reaction of MesCNO with R3P, and (Ar[tBu]N)3MoP. In 

the glove box, a stock solution of MesCNO was prepared (0.125 g in 20 mL freshly 

distilled toluene). In a separate vial, 0.100 g of (Ar[tBu]N)3MoP was dissolved in 2 mL of 

toluene. A 5 mL syringe was loaded with 4 mL of the MesCNO stock solution and a 2.5 

mL syringe was used to load the 2.0 mL of (Ar[tBu]N)3MoP in toluene. The 4.0 mL 

solution was loaded into a thermostatted reaction vessel and allowed to equilibrate with 

respect to temperature. The 2.0 mL (Ar[tBu]N)3MoP solution was then injected into the 

reactor and the timer started. The thermostatted reaction vessel was fitted via thick wall 

Teflon tubing lines to a thermostatted FTIR cell kept in a temperature and environment 

controlled chamber. A total of 4.0 mL of solution was flushed under Ar pressure through 

the tubing and cell through a valve with tubing leading to a vent. The valve was closed so 

that under Ar pressure, the thermostatted cell was filled with a solution 0.0258 M in 

MesCNO and 0.0254 M in (Ar[tBu]N)3MoP. A series of FTIR spectra were collected of 

the reaction mixture approximately every 20 seconds through the first two half lives, and 

at a slightly slower rate as the reaction progressed. Data for the nearly equimolar reaction 

were analyzed by standard techniques and found to obey second order kinetics. Averaged 

rate data are collected in Table 5.3 for reactions studied by FTIR spectroscopy.  

E. Computational Details 

Electronic structure calculations were carried out using the B3LYP161, 162 and 

M05-2X163 density functionals with the 6-311G(d,p) and 6-311G(3df,2p) basis sets as 
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implemented in the Gaussian 09 suite of programs.164 Minimum energy and transition 

state structures were optimized by computing analytical energy gradients. The obtained 

stationary points were characterized by performing energy second derivatives, confirming 

them as minima or first order saddle points by the number of negative eigenvalues of the 

hessian matrix of the energy (zero and one negative eigenvalues respectively). Computed 

electronic energies were corrected for zero-point energy, thermal energy, and entropic 

effects to obtain the corresponding thermodynamic properties H0 and G0. To derive 

binding energies, the basis set superposition error (BSSE) was computed using 

counterpoise calculations.165 For the metal-containing species (Ar[tBu]N)3MoP and 

(Ar[tBu]N)3MoPO, optimizations were performed using the Stuttgart-Dresden 

MWB28166 quasi-relativistic effective core potential and basis including a set of 

additional f functions for Mo and the triple-zeta quality basis set (6-311G(d,p)) for all 

other elements. 

Intrinsic reaction coordinate (IRC) calculations167 were done in order to describe 

the reaction mechanism for PhCNO and Me3P, providing the connection between the 

minimum energy points through the different transitions states. Further optimization of 

the final points of the IRCs with steepest descent algorithm was done in order to obtain 

the real minimum energy structures. 

Moreover, the energy of the compounds studied was calculated using Gaussian-n 

theory at the G3 level when applicable.168 G3 corresponds effectively to calculations at 

the QCISD(T)/G3large level, G3large being a modification of the 6-311+G(3df,2p) basis 

set, including more polarization functions for the second row (3d2f), less on the first row 

(2df), and other changes to improve uniformity. In addition, some core polarization 
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functions are added. Single-point energy calculations are carried out on MP2(full)/6-

31G(d) optimized geometries, incorporating scaled HF/6-31G(d) zero-point vibrational 

energies, a so-called higher-level correction to accommodate remaining deficiencies, and 

spin-orbit correction for atomic species only. 
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Overview and Future Outlook 

 The work in this thesis has visited a number of small areas (villages) and two 

major ones (cities). The major conclusions compare the energetics and mechanism of 

binding of dioxygen to two quite different complexes--Pd(IPr)2 and V(NtBuAr)3. The 

enthalpies of binding are quite different--binding of O2 to Pd(IPr)2 is exothermic by 24.0 

kcal/mol whereas V(NtBuAr)3 is exothermic by 75 kcal/mol. Compared to Pd(IPr)2, a 

simpler picture emerges for the mechanism of binding of O2 to V(NtBuAr)3--namely 

initial binding to form an η1-O2 complex is rapid (k1(-62 oC) = 26,100 M-1s-1 , ΔH‡ = 3.3 

kcal/mol; ΔS‡ = -22 cal/mol●K). For Pd(IPr)2, the binding is even faster:  (k1(-62 oC) = 

128,100 M-1s-1 (extrapolated from Eyring plot) , ΔH‡ = 6.0 kcal/mol; ΔS‡ = -6 

cal/mol●K).  

 However, an important difference is that in binding to Pd(IPr)2, we are referring 

to binding all the way to the η2 complex--passing through the η1 and going to the η2 

binding mode faster than V(NtBuAr)3 is able to bind η1. For V(NtBuAr)3, conversion of 

η1 to η2, while rapid, occurs as a clearly identifiable second step with ΔH‡ = 10.3 

kcal/mol; ΔS‡ = -6 cal/mol K.  There must be a significantly lower barrier to formation 

of the η2 complex for Pd(IPr)2.  

 Kinetic studies showed that for V(NtBuAr)3, it was conversion of the η2 complex 

to its more reactive η1 form that was rate determining in reaction with a second mole of 

V(NtBuAr)3 to form two moles of oxo. Likewise, the thermal instability leading to 

unknown products is believed to also procced by conversion of the η2 complex to the 
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more reactive η1 which in the absence of an available O acceptor undergoes self-

oxidation and decomposition.  

 The more complex nature of binding of O2 to Pd(IPr)2 incorporates some of the 

features discussed above for V(NtBuAr)3, but a richer chemistry exists in that the η2 

complex complex formed initially at low T, is capable of adding a second mole of O2 at 

higher T to form the bis η1 complex. This is believed to occur via reversion of the η2 

complex back to its η1 form which is then trapped by a second mole of O2. In a similar 

way, reactivity with H2O was believed to be enhanced when an η1-O2 complex was 

kinetically accessible. Both of these areas lead to the conclusion that the factors of what 

controls η1-O2 binding are central to understanding its reactivity.While it is conceivable 

that in some imagined complex the η2-O2 binding motif would be more reactive, that goes 

against the chemical intuition which dictates that in order to react, one end of the bound 

O2 must detach itself from the metal as a first step in the process. This work has added 

insight to the nature of the η1-O2 to η2-O2 conversion in oxygen binding.  

 A number of avenues of research have been opened but their development 

remains to be completed. Additional facts about the mechanism of binding, particularly 

addition of the second mole of O2 needs to be completed. Additional knowledge about the 

reactivity of the η1-O2 complexes needs to be investigated. The basic question addressed 

here-how O2 binds to a vacant coordination site, is not fully answered at this time.  

 The question of how O2 binds and is activated, even when fully answered, will 

still represent only a first step in catalyst design. Detailed knowledge of substrate binding, 

and how the other steps play out will be needed.  For example, none of the complexes we 
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studied proved to be capable of catalysis and were even sluggish at stoichiometric 

oxidations. A dominant reason for that is probably due to the steric crowding present in 

the system. This presents a paradox--in order to form the highly reactive η1 complexes we 

have observed--either as a stable complex (Pd(IPr)2(η1-O2)2) or a fleeting intermediate 

the complex must prohibit rapid rearrangement to the more stable η2 form. The steric 

bulkiness required to achieve this limits the possible utility of the complex itself as a 

catalyst. One possible way to avoid this, as illustrated in Figure 3.6 would be design of a 

binuclear catalyst with a separate binding site in close proximity to the "furnace" where 

the activated form of oxygen is bound. There are no doubt other, possibly better, design 

motifs available. In terms of understanding the binding step, it is hoped that this work has 

made some contributions to that area. If so, they are small compared to the wealth of 

knowledge that will be needed to design real catalysts for future selective oxidation 

chemistry. In spite of that, the author believes, that such a goal is both important and 

attainable, and that it will be achieved in the future.  

  

 

 

 



 

135 
 

Appendix 

 
Figure A.1 Simulated and experimental EPR spectrum of trans-Pd(IPr)2(η1-O2)2 in 
hexane at 10K. 

 
 

Figure A.2 Simulated and experimental EPR spectrum of trans-Pd(IPr)2(η1-O2)2 in 
hexane at 293K.	
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Figure A.3 Simulated and experimental EPR spectrum of trans-Pd(IPr)2(η1-O2)2 in 
hexane at 293K with line broadening of 10K spectrum. 

 

 
Figure A.4 Simulated and experimental EPR spectrum of solid trans-Pd(IPr)2(η1-O2)2 at 
293K. 
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Figure A.5 SQUID magnetometry data of trans-Pd(IPr)2(η1-O2)2 (open circles) along 
with simulated data (red line). 

The data are consistent with a singlet diradical ground state for trans-Pd(IPr)2(η1-

O2)2. The coupling constant (J), determined by SQUID magnetometry is -82(2) cm-1, in 

very good agreement with the DFT-calculated J value of -113 cm-1. The EPR data are 

also in agreement.  Either in the solid state at room temperature or in a frozen hexane 

solution we find a pseudo-axial EPR spectrum with two features on the low-field signal 

(ca. 320 mT).  This splitting results from the small zero-field splitting for this complex (D 

= 0.001 cm-1) and can thus not be fit with an S = 1/2 model. The small D is exactly what 

one would expect for a triplet spin system centered on 2p-element nuclei.  We have also 

collected the room temperature solution-state spectrum, which can be fit well by simply 

applying the same parameters as those used to fit the frozen solution spectrum, changing 

only the anisotropic g-values to a single value that is the average of the three.  Increasing 
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the line broadening slightly then gives an excellent fit between the experiment and the 

model. 

CASSCF and MRCI calculations are performed on a truncated form of this 

complex.  These calculations indicate that the ground state is a nearly equal mixture of 

the closed-shell singlet and the doubly-excited configurations. These results get to the 

same general picture as the broken symmetry DFT methods, but they do so more 

rigorously and also allow us to quantify certain aspects of interest. One of these is the 

diradical index, which for this system is very high (>99%), and the calculations do 

consistently predict the singlet as the ground state. 
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