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 Methane and dinitrogen are abundant precursors to numerous valuable chemicals such as 

methanol a nd ammonia, r espectively.  However, gi ven t he r obustness o f t hese s ubstrates, 

catalytically circumventing the high t emperatures an d pressures r equired for s uch 

transformations has been a challenging task for chemists. In this work, computational studies o f 

various transition metal catalysts for methane C-H activation and N2 activation have been carried 

out. 

 For methane C -H act ivation, cat alysts o f t he form L nM=E ar e s tudied, w here Ln is t he 

supporting ligand ( dihydrophosphinoethane o r β-diketiminate), E  t he activating ligand (O, 

NCH3, N CF3) a t w hich C -H activation takes p lace, a nd M  t he late t ransition metal 

(Fe,Co,Ni,Cu). A hydrogen a tom a bstraction ( HAA) /  r adical r ebound ( RR) mechanism is 

assumed for methane functionalization (CH4  CH3EH). Since the best energetics are found for 

(β-diket)Ni=O and (β-diket)Cu=O catalysts, w ith or  w ithout C F3 substituents a round the 

supporting ligand pe riphery, c omplete methane-to-methanol c ycles w ere s tudied for s uch 

systems, for w hich N 2O was used as oxygen a tom t ransfer (OAT) reagent. Both monometallic 

and bimetallic OAT pathways are addressed. 

 Monometallic F e-N2 complexes o f va rious s upporting ligands ( LnFe-N2) are s tudied at 

the beginning of the N2 activation chapter, where the effect of ligand on N2 activation in end-on 

vs. s ide-on N 2 isomers is d iscussed. For ( β-diket)Fe-N2 complexes, the additional influence o f 

diketiminate donor atom (N(H) vs. S) is briefly addressed.  The remainder of the chapter expands 

upon the treatment of β-diketiminate complexes. F irst, the act ivation a nd relative s tabilities o f 



side-bound and end-bound N2 isomers in monometallic ((β-diket)M-N2) and bimetallic ((β-

diket)M-N2-M(β-diket)) f irst r ow transition metal co mplexes ar e addr essed. Second, t he 

thermodynamics o f H /H+/H- addition to (β-diket)Fe-bound N2, f ollowed by subsequent H  

additions up t o release o f a mmonia, is d iscussed, f or w hich t wo m echanisms ( distal a nd 

alternating) ar e co nsidered. F inally, the c hapter co ncludes w ith p artial d istal a nd alternating 

mechanisms for H a ddition t o N 2 in bimetallic (β-diket)Fe-N2-Fe(β-diket) an d (β-diket)M-N2-

M(β-diket) (M = Ti,V,Fe), respectively.      
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CHAPTER 1  

INTRODUCTION 

 Among the elements of the periodic table, those belonging to the d-block or transition 

metals are unique in their richness and diversity of chemical properties. They form compounds 

with coordination numbers from 2 (e.g. Cu2O and [CuCl2
-]1) to 12 (e.g. [Hf(BH4)4]2) and exhibit 

oxidation states (e.g. M(0) to M(VIII) for Ru and Os)3 that are not restricted to positive values 

(e.g. K2[Fe(CO)4] and Na2[Cr(CO)5])4.  In addition, the spin states of transition metal complexes 

may be interesting (e.g. spin crossover complexes)5 and have important ramifications for 

properties, such as geometry and reactivity.3,6  For example, the triplet [NiCl4]2- is tetrahedral 

whereas the singlet is square planar.3  

  In transition metal chemistry, bonding modes are more broadly defined than for organic 

compounds. One of the leitmotifs of organometallic chemistry is ligand hapticities greater than 

η1.  When the structure of ferrocene, consisting of two cyclopentadienyl ligands coordinated in 

an η5 fashion to a central Fe, was confirmed by Nuclear Magnetic Resonance (NMR) 

spectroscopy and X-ray crystallography in 1956,7 the excitement led to the proliferation of 

organometallic chemistry research resulting in the discovery of numerous analogues as well as 

metallocenes with hapticities up to η8.3 The interaction of transition metals with not just ligand 

atoms but the electron densities between such atoms was made explicit with the X-ray crystal 

structure of Zeise’s salt (K[PtCl3(η2-C2H4)])8, consisting of ethylene coordinated to Pt via 

donation of the electron density of the π-bonding molecular orbital in a σ-fashion.6 Although 

there is additional back donation of electron density from a filled Pt d-orbital to the empty π* 

antibonding orbital of ethylene, this is not the case for agostic interactions in which the electron 
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density of a C-H bond is donated to an empty d-orbital of a coordinatively unsaturated complex, 

yielding a three center two electron bond.9 

 Multiple ligand coordination modes are also available in several transition metal 

complexes. In the case of the thiocyanate complex [Pd[(C6H5)2PCH2CH2CH2N(CH3)2] 

(NCS)(SCN)], the ambidentate nature of [SCN]-, with the M-NCS and M-SCN combinations 

linear and bent at the S atom respectively, was comfirmed by X-ray crystallography.10 Isomers of 

a given complex may also exhibit metastability, as is the case for the [NO-Ru(NO)4(OH)]2- 

isomer of [Ru(NO)5(OH)]2- relative to the more stable form [ON-Ru(NO)4(OH)]2-.11 

 Of all the properties of transition metal complexes, the one with the widest implications 

for industry is undoubtedly their chemistry. The existence of well-known classes of reactions, 

such as oxidative addition (e.g. IrCl(CO)[P(C6H5)3]2 + H2  IrH2Cl(CO)[P(C6H5)3])12, reductive 

elimination (microscopic reverse of oxidative addition), insertion reactions (e.g. CH3Mn(CO)5 + 

CO  CH3(C=O)Mn(CO)5)13, and abstraction reactions (e.g. (nacnac)Ti(iBu)2 + AgOTf  

(nacnac)Ti=CHiPr(OTf) + CH3
iPr + Ag(0))14 enable the construction of catalysts for virtually 

any chemical transformation. Indeed, most of these component reactions are represented in the 

Monsanto acetic acid and Cativa processes (CH3OH + CO + ([M(CO)2I2]-/HI)  CH3COOH; M 

= Rh and Ir, respectively)6,15, the Wacker (Smidt) process (H2C=CH2 + ([PdCl4]2-/H2O)  

CH3(C=O)H)6, and hydrogenation via Wilkinson’s catalyst (RCH=CH2 + H2 + ([Rh(Cl)(PPh3)3]) 

 RCH2CH3)6, all of which are of industrial relevance given their potential to transform organic 

feedstocks into more valuable organic precursors. 

 While there have been important advances in experimental techniques used to study each 

of the foregoing experimental properties, the tools arising from the advent of the rapidly 

developing field of computational chemistry (addressed in Chapter 2) have been revolutionary in 
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two important ways. First, it allows a facile study of unstable or air-sensitive transition metal 

complexes that would otherwise necessitate air-free techniques16 and second, computational 

chemistry may be employed in a predictive fashion, such as the design and "tuning" of Ru-

carbene complexes (Grubb's catalysts) to achieve ideal performance for olefin metathesis.17    

 For the present work, the latter role of computational chemistry (predictability) is 

prominently featured. In Chapter 3, the computational-aided design and tuning of first-row late 

transition metal catalysts for methane C-H activation and functionalization are addressed, along 

with two conceivable pathways for catalyst regeneration, to yield a complete methane-to-

methanol catalytic cycle. Another small molecule, dinitrogen, is the focus of Chapter 4, where 

DFT calculations are used to postulate the conditions under which ligated N2 is expected to be 

significantly activated in low coordinate late transition metal dinitrogen complexes as well as to 

elucidate the various mechanisms by which N2 is completely hydrogenated to ammonia within 

these complexes. Part of the work in Chapter 4 has been performed in collaboration with the 

experimental group of Pat Holland at the University of Rochester.  
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CHAPTER 2  

COMPUTATIONAL METHODS 

 For most computational methods in quantum chemistry, the ultimate goal is approximate 

solution of the non-relativistic, time-independent Schrödinger equation: 

                                     (2.1) 

 or  

                                                                                            (2.2)                             

                                                                   

 

                                                    

                                                                  

                                                                 

 

    

 

 

where  is the wavefunction of the ith state of the molecular system consisting of N electrons 

and M nuclei,  the corresponding energy, and  the Hamiltonian operator consisting of five 

terms: The electronic ( ) and nuclear ( ) kinetic energy operators as well as potential energy 

operators accounting for electron-nuclear ( , nuclear-nuclear ( ), and electron-electron 

( ) interactions. In practice, however, solution of (2.2) is extremely challenging for all but the 
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smallest systems due to the dependence on 4N + 3M coordinates (three spatial coordinates of 

electrons and nuclei and electron spin). Fortunately, there is a simplification based on the 

difference in mass of electrons and nuclei: Since nuclei are at least three orders of magnitude 

heavier than electrons and thus move more slowly, it is reasonable to consider only electron 

motion in a field of fixed nuclei. With this assumption, known as the Born-Oppenheimer 

approximation,18  vanishes and (2.2) no longer depends explicitly on nuclear coordinates, 

giving                                                                                                                             

                                                                                          (2.3) 

 where , r a vector of 3N components , and the total energy of 

the ith state is obtained by adding the constant nuclear repulsion term ( ) to the 

electronic energy ( ). In most systems, the error introduced by this 

approximation is negligible. 

 Methods for solving (2.3) without the introduction of empirical parameters are known as 

ab initio (‘from first principles’) methods. One of the earliest ab initio methods, Hartree-Fock, 

was first employed around 1960 in calculations of properties for first row main group 

diatomics.19 Even though the growth of computing power would enable extension of HF to 

transition metal species, the performance of the method on such systems had serious drawbacks. 

For example, HF significantly overestimates metal-ligand bond lengths20a and fails to account for 

Coulomb correlation, the latter indispensible for a quantitative (in some cases even qualitative) 

treatment of energies of transition metal systems20b. Additionally, given the large number of two-

electron integrals <μν|λσ> necessary for HF which yield N4 scaling, where N is the number of 

basis functions employed, calculations for transition metal systems are quite expensive relative 
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to those for first and second row main group systems. Although Møller-Plesset perturbation 

theory,21 despite drawbacks with respect to convergence at higher orders of perturbation theory,22 

may afford improved energetics via the introduction of electron correlation, the scaling of the 

lowest order MP method (MP2) is N5 (viz. formal N4 scaling for HF, although the scaling is 

normally N2-3 for most systems).23 Scaling constraints are even more severe for more accurate 

post-HF methods such as CISD (N6) and CCSD(T) (N7), which significantly limits the size of 

transition metal complexes which can be accurately modeled.   

 Fortunately, this tradeoff (i.e. accurate energetics with high computational cost vs. poor 

energetics with low computational cost for transition metal systems) can be mollified by the 

introduction of pseudopotentials. In pseudopotential methods, first introduced in 1935 by Hans 

Hellmann,24 only the chemically-relevant valence electrons (and usually the outermost core 

electrons) are treated explicitly, with inert core electrons replaced by a suitable function (“frozen 

core” approximation).25 For each atom, such functions, or pseudopotentials, are parameterized 

either empirically, from atomic spectroscopic data, or theoretically, from all-electron Dirac-Fock 

calculations.25 In either case, relativistic effects such as the lanthanide contraction and spin-orbit 

coupling which are of increasing importance for heavy elements are conveniently folded into a 

single potential term.  

 The introduction of pseudopotentials helps curtail the significant increase in memory and 

disk storage space requirements that would otherwise result for all-electron calculations on heavy 

atomic systems with respect to lighter analogues.26 For instance, in an all-electron Hartree-Fock 

calculation on an Fe complex, if the size of the basis set doubles on moving to the Ru analogue 

(all other factors being equal) and likewise from Ru to Os, the HF calculation for the Os complex 
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would run ~16-256 times longer than that for the Fe complex, owing to the N2-4 scaling (vide 

supra.). Thus, computational time can be drastically reduced by use of pseudopotentials.26 

 In addition to pseudopotentials, another technique amenable to transition metal systems is 

density functional theory (DFT). Rooted in the original work of Hohenberg and Kohn,27 DFT is a 

more suitable alternative than other ab initio methods for such complexes, scaling only as N3. 

Thus, owing to this favorable scaling along with negligible spin-orbit coupling and relativistic 

effects, effective core potentials (ECPs) for first-row transition metals may be replaced by all-

electron basis sets for DFT calculations. This replacement conveniently removes the error 

imposed by ECPs by giving a proper nodal description for core orbitals as opposed to node-less 

potentials, yielding better metal-ligand binding energies28 and geometries29 for suitable choice of 

basis set and DFT method. 

 In most ab initio quantum mechanical methods, the general path from (2.3) to calculated 

observables is30 

 

The Hamiltonian is completely determined by , which is used in the Schrödinger equation 

(SE) to obtain . Subsequently, the observable O is calculated via the expectation value of the 

corresponding operator . By contrast, the analogous sequence for DFT methods is    

                                                                                                                         (2.4) 

where  is the ground-state electron density of the N-electron system, and the observable O 

is determined in a similar fashion. In this case, as O is determined by  which in turn is a 

function of , O[n] is called a functional of . For ground-state systems, the potential  

is uniquely determined by  in accordance with the Hohenberg-Kohn (H.K.) Theorem.27 



 

8 

Although several proofs of the H.K. theorem have been advanced, a proof of the ‘strong form’ of 

the H.K. Theorem will now be given.30 

   Assuming the ground state density  gives rise to two effective potentials   and 

 differing in at least their  terms (the other two terms are universal functionals; see 

Appendix A), - . However, the left side of the following inequality                                                                                

                                                                                                                                                   

                                                                                                                                                    (2.5) 

                                                                                                                                                                                                                                                                    

(for a derivation of (2.5), see Appendix A) vanishes under these assumptions ( , ), 

giving 0 < 0. Thus, the H.K. Theorem is proven by contradiction. 

 Taking the expectation value of  in (2.4) with the ground-state wavefunction  

obtained (in principle) from  yields 

 
 

where the total (exact) ground-state energy is expressed as the sum of three terms: the system-

dependent electron-nuclear attraction energy functional , and the two system-independent 

(‘universal’) kinetic energy and electron-electron repulsion energy functionals  and 

, respectively). The latter term may be expressed as31  =  + , where 

 is the classical Coulomb repulsion functional from Hartree-Fock theory and  is the 

non-classical exchange-correlation functional, often split into an exchange and correlation term 

(  = ). The net decomposition gives the following expression for the 

ground-state energy: 

                                                            (2.6) 
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Unfortunately, although the H.K. theorem guarantees the existence of , it offers no 

direction to the exact form of the universal functionals  and . Thus, these functionals 

must be parameterized as with pseudopotentials.  There are two options available for treatment 

of : Either a single parameterized functional is used or a certain percentage of exact 

exchange from Hartree-Fock theory is combined with a parameterized functional. Such 

functionals are termed ‘pure’ and ‘hybrid’ functionals, respectively.  

 Even though the choice of exchange-correlation functional does not necessarily offer 

systematic improvements over calculations utilizing other such functionals, as the variational 

principle does not apply to changes in the Hamiltonian, the three parameter hybrid functional of 

Becke (B3LYP)32 has proven promising in two major respects. First, B3LYP remains one of the 

most popular DFT methods,33 which has generated a correspondingly large literature vis-à-vis 

the strengths and weaknesses of the method. Second, this functional in conjunction with a Pople 

basis set was found to outperform both HF and MP2 for bond energies and geometries of 

transition metal complexes, respectively.34 

 In most cases, computational model complexes are truncated versions of their larger, 

more complex experimental analogues. Although steric and electronic information is lost from 

the truncated portions, this choice is necessary to sidestep the tradeoff inherent in realistic 

models: higher accuracy but computationally-prohibitive quantum mechanical (QM) calculations 

(ab initio or DFT) vs. lower accuracy but computationally-feasible molecular mechanics (MM) 

calculations. Fortunately, a compromise is possible with Quantum Mechanics-Molecular 

Mechanics (QM/MM) methods. In the QM/MM approach, pioneered by Warshel in 1972,35 the 

“chemically-important” portion of a system is treated with a QM method with the remaining 

“less chemically-important” portion treated with a MM force field. The QM/MM Hamiltonian 
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comprises three terms: , where  is the QM Hamiltonian of (1) or 

(3) with summation indices spanning the QM region, the Hamiltonian for the QM/MM 

boundaries (which in turn depends upon the method used to treat this interface36), and  the 

Hamiltonian or Force Field of the MM region. For systems with large MM regions chosen, the 

computational savings viz. full QM calculations can be substantial, given the quadratic scaling23 

of MM methods with the number of atoms vs. the quadratic to quartic scaling of the simplest ab 

initio QM methods with the number of basis functions. 

 Another factor that can be indispensible to an accurate modeling of experimental systems 

is the effects of solvent on select molecular properties. However, for ab initio and DFT 

calculations, explicit modeling of even the first solvent shell can be computationally intractable, 

depending on the solute and solvent size. Fortunately, the solute-solvent system may be treated 

in a layered fashion, analogous to QM/MM methods, by treating the solute with a high-level QM 

method and eliminating almost all of the solvent degrees of freedom in continuum solvation 

models.37 One of the most popular classes of continuum solvation models for incorporating 

solvent effects has been the self-consistent reaction field (SCRF) approach, which originated in 

the early work of Onsager and Kirkwood.38 In the original formulation, the solute is reduced to a 

point dipole (μ) within a spherical cavity and the solvent to a polarizable medium (ε) containing 

the solute cavity. Although the choice of spherical cavity in the Onsager model allows an 

analytic solution of the Poisson equation [∇·(ε(r) ∇φ(r)) = -4πρ(r)] for electrostatic interactions, 

where ε(r), φ(r), and ρ(r) are the dielectric constant, electrostatic potential, and charge 

distribution, respectively, it is nevertheless a severe approximation given the nonspherical nature 

of most solutes. In the polarized continuum method (PCM),39 a more realistic solute cavity is 

represented as the union of scaled van der Waals spheres on each solute atom, which in turn 
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requires numerical solution of the Poisson equation.40 Several modifications have been made to 

PCM, including conductor-like PCM (CPCM), which incorporates a boundary condition suitable 

for polar solvents (high ε).41a Nevertheless, in addition to featuring a simpler computational 

formalism, CPCM has performed as well as PCM for reproducing experimental solvation free 

energies with polar and non-polar solvents.41b 

 For almost all of the first-row transition metal complexes addressed in the following 

chapters, geometries of several spin states were optimized, given the lower crystal field splitting 

and thus more accessible high-spin states with respect to second and third-row transition metal 

systems.42 The ground-state multiplicity of each complex are indicated by a superscript (ex. “ 

2[Ni]=O” for a ground state doublet). Additionally, spin conservation is assumed for each 

reaction. Although this assumption is automatically satisfied in most cases for the ground states 

of reactants and products, it is necessary in some cases to assume excited states for select 

species, which are indicated by a superscript asterisk (ex. “1[Cu]-ON2  1[Cu]=O* + N2”) along 

with the enthalpic gap between the ground spin state (“ΔHgap(ground state multiplicity\excited 

state multiplicity)”). 

 Unless otherwise indicated, all calculations were carried out using either the Gaussian 03 

or Gaussian 09 program suites43 at the B3LYP/6-311+G(d) level of theory. The same level of 

theory is used for the QM region in QM/MM calculations, with the universal force field (UFF)44 

for the MM region. Thermochemistry was calculated at 298.15 K and 1 atm. Finally, all 

stationary points were confirmed as either minima or transition states by the presence of zero or 

one imaginary frequencies, respectively, in the calculated energy Hessian.  
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CHAPTER 3  

METHANE ACTIVATION AND FUNCTIONALIZATION CYCLE CATALYSED BY LOW-

COORDINATE LATE TRANSITION METAL COMPLEXES 

3.1. Introduction 
 

 The chemical transformation of hydrocarbon C-H bonds has been an active field in 

catalysis given the myriad and value of possible functionalized products. Since methane (the 

primary constituent of natural gas) is a precursor to industrially significant chemicals such as 

methanol, novel C-H activation and functionalization may afford desired products in higher 

yields and selectivities, a goal which has proven difficult to realize. Additionally, both high 

temperatures and pressures are required in most catalytic processes45 owing to the high strength 

of the C-H bonds of methane. These drawbacks have resulted in a proliferation of rationally 

designed transition metal catalysts for selective C-H bond functionaliztion (C-H + E  C-E-H; E 

= functional group). Nevertheless, most extant C-H activation systems are stoichiometric, with 

very few catalytic systems reported. 

 Among the pertinent results of hydrocarbon C-H activation research has been the 

development over the last few decades of homogenous first row transition metal catalysts for C-

H activation, where representative examples have now been found for almost all 3d transition 

metals. Whereas early (transition metal close to a d0 electronic configuration) transition metal C-

H activation catalysts such as Wolczanski’s Ti- and Zr-imide systems are well-known, most are 

unstable coordinatively unsaturated intermediates which have only been isolated as dimers,
46 

solvent-trapped species,47 adducts of Lewis bases or alkynes,48 etc. Additionally, the amide 

products resulting from C-H activation with these early imide complexes were found too stable 

with respect to removal of functionalized products (i.e. release of amines via C-N reductive 
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elimination). On the other hand, late transition metal complexes such as Ni and Cu carbenes49 

and imides49-51 are potent C-H activation and functionalization catalysts. Each of these catalytic 

properties (energetically feasible C-H activation and functionalization) is necessary, but not 

sufficient, for rationally designing a kinetically and thermodynamically competent hydrocarbon 

functionalization cycle.    

 Examples of complexes satisfying the first criterion (C-H bond activation) include 

[Me3NN]Ni=NAd ([Me3NN] = [(N(Ar)C(CH3))2CH]; Ar = (2,4,6-trimethylphenyl); Ad = 1-

adamantyl), a β-diketiminate Ni complex which readily activates the Csp3-H bond of 1,4-

cyclohexadiene (CHD) to yield the amide [Me3NN]Ni-NHAd.52 In addition, an intramolecular 

C-H activation was reported for TptBu,MeCo=NAd (TptBu,Me = hydrido-tris(3-tBu, 5-Me-

pyrazolyl)borate).50 For LMeFe=NAd (LMe = 2,4-bis(2,6-diisopropylphenylimino)pent-3-yl), 

experimental and theoretical evidence suggests both intermolecular CHD Csp3-H activation and 

room-temperature intramolecular C-H activation occur via a hydrogen atom abstraction (HAA) 

mechanism.53 Since kinetic, spectroscopic, and DFT evidence revealed significant sensitivity of 

LMeFe=NAd catalyzed C-H activation toward Fe spin state and coordination number, this 

suggests the possibility of “tuning” hydrocarbon functionalization cycles through modification of 

various catalyst ligands. Along with C-H activation, feasible hydrocarbon functionalization 

(second criterion) has been realized in late transition metal phoshine complexes. For instance, 

group transfer of NAr from (dtbpe)Ni=NAr ((dtbpe = 1,2-bis(di-tert-butylphosphino)ethane; Ar 

= 2,6-diisopropylphenyl) to ethylene (aziridination) was demonstrated by Hillhouse49 and a 

recent theoretical/experimental study54 has shown β-diketiminate copper-nitrenes to be 

intermediates in sp3 C-H bond aminations. Considering these examples, the following important 

questions are raised: For late 3d multiply-bonded transition metal C-H activation catalysts 
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fulfilling one criteria, to what extent is the other one satisfied? Also, how does ligand 

modification affect the kinetics and thermodynamics of the component reactions within a C-H 

functionalization cycle?   

 In this chapter, these questions are addressed with a study of methane C-H activation and 

functionalization by catalysts of the form LnM=E, where Ln is a parent supporting ligand (Ln = β-

diketiminate or dhpe (dhpe = 1,2-bis(dihydrophosphino)ethane), M the late 3d transition metals 

Fe, Co, and Ni, and E the activating ligand (O, NCH3, NCF3) where C-H activation occurs. 

Given the high C-H bond dissociation (BDE) enthalpy (105 kcal/mol)55 of methane, it was 

chosen as substrate as a rigorous test of catalyst activity.       

 A hydrogen atom abstraction (HAA) / radical rebound (RR) mechanism (HAA: LnM=E + 

CH4  LnM-EH + •CH3; RR: LnM-EH + •CH3  LnM(CH3EH)) is assumed to be operative. 

This choice is justified by several factors: First, an HAA CHD Csp3-H activation mechanism was 

found to be most plausible in a previous theoretical study of Ni complexes.56 Despite the claim in 

one of my previous articles on (dhpe)Ni-catalyzed methane C-H activation that only a [1+2] 

insertion (as opposed to HAA) transition state was found, the study focused exclusively on 

reactions on the singlet potential energy surface (PES).57 However, the triplet PES was 

subsequently confirmed as the true ground state by calculations at the same level of theory 

(B3LYP/CEP-31G(d)) and a triplet HAA TS. Remarkably, both singlet and triplet transition 

states diverged from the same initial geometry and the triplet HAA barrier is 8.9 kcal/mol lower 

than that for singlet [1+2] insertion. Second, the (β-diketiminate)Fe=O and (dhpe)Fe=O may be 

considered small molecule models of the Fe=O active sites in Cyctochrome P450 enzymes58 

along with the Fe(μ-O)2Fe intermediates of methane monooxygenase,59 both of which achieve O 

atom insertion into hydrocarbon C-H bonds through a HAA/RR pathway. Third, 
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computational/experimental evidence from permanganate-catalyzed oxidation of hydrocarbon 

substrates to alcohols, aldehydes, and ketones supports a HAA/RR mechanism.60 Fourth, the 

energetics can be analyzed in terms of M=E bonding for HAA (formal double to formal single 

bond) and RR (formal single to formal dative bond). Finally, the HAA/RR product LnM(CH3EH) 

may serve as reactant in LnM=E regeneration processes, giving a complete catalytic cycle for 

methane C-H activation and functionalization (Scheme 3.1). The regenerative process studied in 

 

 

 

 

 

 

 

 

this chapter employs group-transfer reagents (XE) to effectively displace the valuable 

functionalized hydrocarbon (LnM(CH3EH) + XE  LnM(EX) + CH3EH). This is followed by 

decomposition of LnM(EX) to release X and regenerate LnM=E (LnM(EX)  LnM=E + X), 

thereby closing the catalytic cycle. Such group-transfer reactions have been studied 

computationally by Cundari56,57 and Hall,61 and experimentally by Ison.62 Both computational57 

and experimental49,63,64 work on (dhpe)Ni=NR regeneration from (dhpe)Ni complexes via imido-

group transfer65 from organic azides (RN3; E = NR, X = N2) predict a kinetically and 

thermodynamically feasible process. Additionally, Bergman66 has observed an acceleration in the 

azide decomposition rates of Cp2Ta(Me)-N3Ph on inclusion of electron-withdrawing R groups. 

 

Scheme 3.1. Idealized catalytic cycle for methane functionalization. 
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 (β-diket)M=E; R1 = R2 = H                              (dhpe)M=E; R3 = R4 = H 
 (β-diket)M=E_Csub; R1 = H, R2 = CF3           (dhpe)M=E_Csub; R3 = H, R4 = CF3 
 (β-diket)M=E_Nsub; R1 = CF3, R2 = H           (dhpe)M=E_Psub; R3 = CF3, R4 = H 

 
Figure 3.1. Supporting ligand (Ln) fluorination patterns and nomenclature. 

 

 

These observations support the choice of O, NCH3, and NCF3 activating ligands (E) in the 

following study. 

 In a recent computational study of CHD Csp3-H activation via (dtbpe)Ni=NAr and 

(dfmpe)Ni=NAr (dfmpe = bis(di(trifluoromethyl)phosphino)ethane; Ar = 2,6-diisopropylphenyl) 

catalysts, improvements in the HAA/RR thermodynamics were calculated for the latter with 

respect to the unfluorinated dfmpe ligand.56 Thus, this effect is considered in the current study by 

including CF3 groups symmetrically around the dhpe and β-diketiminate peripheries. The 

substitution patterns and nomenclature for each LnM=E catalyst are shown in Figure 3.1. 

 

3.2. Geometries and Ground Spin States 
 
 

 The spin multiplicity of each HAA/RR species is listed in Appendix B. The optimized 

structure of 2(β-diket)Ni=O, a representative LnM=E complex, is shown in Figure 3.2a and 

features a trigonal planar coordination environment about Ni. The doublet and quartet 

multiplicities found for the β-diketiminate Fe=E and Ni=E complexes (quartet and doublet, 

respectively) are reproduced at a higher level of theory ((CASPT2)/VDZP) in similar 

FeIII(diiminato)(NPh) and NiIII(diiminato)(NPh) complexes (diiminato = [(N(Ph)CH)2CH]-); 
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                               (a)                                         (b)                                              (c) 

Figure 3.2. Optimized geometries of (a) 2(β-diket)Ni=O, (b) 3(β-diket)Ni-OH, and 
                    (c) 2(β-diket)Ni(CH3OH). Ni-N and Ni-O bond lengths (bold) in Å and  
                    all angles in degrees. 

despite the discrepancy between calculated triplets and quintet (β-diket)Co=E complexes and the 

ground state singlet of CoIII(diiminato)(NPh), two low-lying triplet states (< 0.15 eV or 3.5 

kcal/mol) found for the latter.67 The structures of 3(β-diket)Ni-OH and 2(β-diket)Ni(CH3OH) 

(representative LnM-EH and LnM(CH3EH) complexes, respectively) are shown in Figures 3.2b 

and 3.2c, respectively. For dhpe complexes, representative structures (2(dhpe)Co=NCH3, 

3(dhpe)Co-NHCH3, and 2(dhpe)Co(NH(CH3)2)) are shown in Figures 3.3a-c, respectively. 

 
 With the neutral (dhpe) supporting ligand, the optimized ground-state (dhpe)Fe=E, 

(dhpe)Fe-EH, and (dhpe)Fe(CH3EH) complexes had quintet, quartet, and triplet spin states, 

respectively, with the exception of the (dhpe)Fe=NCH3, (dhpe)Fe=NCH3_Csub, and 

(dhpe)Fe=NCH3_Psub triplets. The corresponding (dhpe)Co sequence was doublet, triplet, and 

doublet, with the exception of quartet oxo species (E: O, O_Csub, O_Psub). Lastly, a triplet, 

doublet, singlet sequence was found for the respective (dhpe)Ni complexes. Representative 

structures of a (dhpe) catalyst [2(dhpe)Co=NCH3], radical rebound product[3(dhpe)Co-NHCH3], 

and coordinated hydrocarbon product [2(dhpe)Co(NH(CH3)2)] are shown in Figures 3.3a-c,  
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               (a)                                            (b)                                              (c) 

 

Figure 3.3. Optimized geometries of (a) 2(dhpe)Co=NCH3, (b) 3(dhpe)Co-NHCH3 and (c)   
                    2(dhpe)Co(NH(CH3)2). Co-P and Co-N bond lengths (bold) in Å and all angles   
                    in degrees.  

respectively.  

 Among each HAA/RR species, the coordination geometry about the metal center ranged 

from Y-shaped (ex. 3(β-diket)Ni-OH; Fig. 3.2b) to T-shape (ex. 2(β-diket)Ni=O  (Fig. 3.2a) and 

2(β-diket)Ni(CH3OH) (Fig. 3.2c)), where the largest N-Ni-O angles ("Tee angles") of the latter 

two complexes were 164.83° and 155.19°, respectively. A T-shape is also present in 

2(dhpe)Co(NH(CH3)2) (Fig. 3.3c; Tee angle (P-Co-N) = 151.32°). There is experimental 

precedent for such geometries in late 3d transition metal complexes such as LMeNi=NAd (Ad = 

1-adamantyl; LMe = methyl analogue of LtBu (vide supra)) and [Me2NN]Ni(2,4-lutidine) X-ray 

crystal structures ([Me2NN] = 2,4-bis(2,6-dimethylphenylimido)pentane).52 Additionally, a 

computational study suggests the T-shape found in the X-ray crystal structure of the Ni(I) 

complex LMeNi(CO) is due to electronic structure effects.68 

 For several HAA/RR complexes, low lying excited states were found with significantly 

different geometries than their ground states. For example, ground state 3(β-diket)Co=NCF3 is Y-
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Figure 3.4. B3LYP/6-311+G(d) optimized geometry of (dhpeO)Ni. 

                 

shaped and lies only 1.0 kcal/mol below the T-shaped quintet 5(β-diket)Co=NCF3 (Tee angle = 

149.82°). In such cases, the assignment of ground-state geometries and multiplicities is tentative 

until more experimentally relevant models (bulkier supporting ligands) and/or higher levels of 

theory are used. 

 In addition to Y- and T-shaped geometries, peculiar stationary points were found for the 

(dhpe)Ni=O complexes (E = O, O_Csub, O_Nsub; cf. Fig. 3.1). From an initial Y-shaped 

geometry, each of these complexes converged to their corresponding phosphine/phosphine oxide 

(dhpeO)Ni complex (dhpeO = PH2CH2CH2PH2(=O)), in which a P=O bond is formed and 

coordinates to Ni in an η2-PO mode (Figure 3.4). These geometries were also found in a previous 

computational study at the B3LYP/CEP-31G(d) level of theory.69 Furthermore, under alkaline 

conditions, Grushin70 demonstrated Pd(II) catalyzed oxidation of dppe to the related dppeO 

(dppeO = PPh2CH2CH2PPh2(=O)) complex. Although the (dhpeO)Ni stationary points found in 

this study are relevant to these transformations, given the well-known utility of metal-oxo  

complexes in oxidizing phoshines to phosphine oxides,71 further focus on these three complexes 

is beyond the scope of the current study. 
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3.3. HAA/RR Thermodynamics 
 

3.3.1. Effect of Transition Metal 
 

 The overall methane functionalization enthalpies (LnM=E + CH4  LnM(EHCH3)) are 

shown in Table 3.1. Holding activating and supporting ligands (E and Ln) fixed, the overall 

reaction enthalpies decrease monotonically from Fe to Ni. Although most reactions are 

exothermic, functionalization with certain Fe and Co catalysts are endothermic (bold entries in 

Table 3.1). In certain fixed-ligand systems, the energy range as a function of metal (“spread”) is 

over 30 kcal/mol. For example, in (β-diket)M=O_Nsub the functionalization enthalpies are -4.1, -

20.5, and -39.4 kcal/mol for Fe, Co, and Ni, respectively, thus spanning a range of  35.3 kcal/mol 

(Table 3.1). Three other systems with “spreads” over 30 kcal/mol are (β-diket)M=O_Csub, (β-

diket)M=O, and (β-diket)M=NCF3 (34.8, 35.9, and 30.0 kcal/mol, respectively) highlight the 

impact of transition metal on the thermodynamics of methane functionalization.  

 In order to gain greater insights into the transition metal effect, the thermodynamics of 

each elementary reaction constituting functionalization, HAA (LnM=E + CH4  LnM-EH + 

•CH3; Table 3.2) and RR (LnM-EH + •CH3  LnM(CH3EH)), were calculated. All abstraction 

enthalpies (ΔHHAA) are endothermic, and decrease from Fe to Ni within each E/Ln set with the 

exception of 3(β-diket)Co=NCF3 and 
2(β-diket)Ni=NCF3 (ΔHHAA: 7.4 and 7.9 kcal/mol, 

respectively). Although an exothermic HAA for CHD was reported in a recent computational 

study,56 the endothermic CH4 HAA can be explained by further dissecting the HAA into C-H 

bond dissociation (CH4  H• + •CH3) and E-H bond formation (LnM=E + •H  LnM-EH) 

components. The calculated E-H bond dissociation enthalpies (BDE), the microscopic reverse of 

the latter reaction (LnM-EH  LnM=E + •H) are given in Table 3.3. At the current level of 

theory (B3LYP/6-311+G(d)), the C-H BDE of methane (102.7 kcal/mol) is in good agreement 
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Table 3.1. Overall reaction enthalpies72 (kcal/mol) for (LnM=E + CH4  LnM(CH3EH))a 

   β-diketiminate                            dhpe 
E Fe Co Ni Fe     Co Ni 

NCH3    0.8 -15.0  -21.6  0.4   -5.2 -22.7 
NCH3_Csub -10.1 -21.6  -31.0 -5.3   -9.8 -27.3 

NCH3_(Nsub/Psub) -18.2 -29.7  -40.7 -9.3      -12.1 -29.5 
NCF3   8.7   -9.3        -21.3 15.5    7.2 -11.5 

NCF3_Csub  -4.4 -18.4  -30.3  5.3    1.0 -18.4 
NCF3_(Nsub/Psub) -14.6 -27.5  -43.6  2.6   -3.2 -22.1 

O  13.9   -1.6  -22.0 21.1    7.3 --b 

O_Csub    3.5 -10.3  -31.3 11.7   -0.2 --b 

O_(Nsub/Psub)   -4.1 -20.5  -39.4  8.3   -3.5 --b 

a) Endothermic reactions are highlighted in bold. b) (dhpe)Ni=O and related complexes are unstable; the stationary points consist of the 'O' 

activating ligand bound to a dhpe 'P' atom and hence the thermodynamics from an oxo starting material could not be determined. 
 

Table 3.2. HAA enthalpies72 (kcal/mol) for LnM=E + CH4  LnM-EH + •CH3   
 β-diketiminate                             dhpe 

E Fe Co Ni Fe Co Ni 
NCH3 19.8  19.0 18.6 24.2 20.9 16.6 

NCH3_Csub 19.3 18.3 18.0 24.8 19.8 16.3 
NCH3_(Nsub/Psub)   17.1 15.6 13.4 23.7 21.7 16.2 

NCF3   9.2   7.4   7.9 17.1   8.9   6.9 
NCF3_Csub   7.3   5.8   5.7 13.8   7.6   6.2 

NCF3_(Nsub/Psub)   6.0   3.8   0.3 14.0   7.5   5.0 
O 12.6 10.2   3.6 21.5   9.8 -a 

O_Csub   9.7   8.6   1.0 18.6   7.0 -a 

O_Nsub
   7.3   7.0   0.1 18.6   7.2 -a 

a) Note that (dhpe)Ni=O and related complexes are unstable at the B3LYP/6-311+G(d) level of theory. See footnote b in Table 3.1 and 

attendant text. 
 
Table 3.3. E-H BDEs72 (LnM-EH  LnM=E + •H; kcal/mol) 

 β-diketiminate                          dhpe 
E Fe Co Ni Fe Co Ni 

NCH3 82.9 83.7 84.0 78.5 81.8 86.1 
NCH3_Csub 83.4 84.4 84.7 77.9 82.9 86.4 

NCH3_(Nsub/Psub) 85.6 87.1 89.3 78.9 81.0 86.5 
NCF3 93.5 95.2 94.8 85.6 93.8 95.8 

NCF3_Csub 95.4 96.9 96.9 88.9 95.0 96.5 
NCF3_(Nsub/Psub) 96.7 98.9     102.3 88.7 95.2 97.7 

O 90.1 92.5 99.1 81.2 92.9 -a 

O_Csub 93.0 94.1     101.7 84.1 95.7 -a 

O_(Nsub/Psub) 95.4 95.6     102.6 84.0 95.5 -a 

a) Note that (dhpe)Ni=O and related complexes are unstable at the B3LYP/6-311+G(d) level of theory. See footnote b in Table 3.1. 
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with the experimental value (105 kcal/mol).55 From the data in Table 3.3, none of the formed E-

H bonds are strong enough to recover the high methane BDE. On the other hand, a smaller Csp3-

H BDE of CHD (70.4 kcal/mol) was calculated at this level of theory and in a recent 

experimental/computational study, DeYonker et al.73 report a value of 76.9 ± 0.7 kcal/mol. Thus, 

these observations account for the less favorable methane HAA thermodynamics relative to those 

of CHD. 

 The E-H bonds become successively stronger from Fe to Ni within each ligand set. For 

Fe and Co, the E=NCF3 activating ligand yielded the strongest bonds (E-H BDE (M = Fe, Co): 

NCF3 > O > NCH3) whereas the oxo ligand gave the strongest bonds for Ni (E-H BDE (M = Ni): 

O > NCF3 > NCH3). An additional E-H BDE enhancement is calculated for fluorinated 

supporting ligands. In particular, strong E-H BDEs correlate with proximity of fluorination to the 

metal center (E-H BDE: E_Nsub > E_Csub > E), although this effect is less pronounced in dhpe 

complexes (Table 3.3). 

 Despite the predicted exothermic CHD HAA reactions for each system in Table 3.3 based 

on either CHD BDE (70.4 or 76.9 ± 0.7; vide supra.), methane HAA is endothermic in all cases. 

At best, approximately thermoneutral abstractions are calculated for (β-diket)Ni=NHCF3_Nsub, 

3(β-diket)Ni=OH_Csub, and 3(β-diket)Ni=OH_Nsub, each of which exhibit E-H BDEs > 100 

kcal/mol (102.3, 101.7, and 102.6 kcal mol-1, respectively) and hence very close to the 102.7 

kcal/mol BDE of methane. 

 Following HAA, the RR component reaction, whose thermodynamics are given in Table 

3.4., yields the coordinated functionalized products (LnM(EHCH3)). Like HAA and 

functionalization (Tables 3.1 and 3.2), the RR enthalpies (ΔHRR) also decrease from Fe to Ni. 
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Therefore, methane C-H activation and functionalization is most thermodynamically favorable 

for LnNi=E catalysts.    

                   
Table 3.4. RR enthalpies72 (kcal/mol) for LnM-EH + •CH3  LnM(CH3EH) 

 β-diketiminate                           dhpe 
E Fe Co Ni Fe Co Ni 

NCH3 -19.0 -34.0 -44.2 -23.8 -26.1 -39.2 
NCH3_Csub -29.4 -39.9 -49.0 -30.1 -29.6 -43.6 

NCH3_(Nsub/Psub) -35.3 -45.4 -54.1 -33.0 -33.8 -45.7 
NCF3  -0.5  -16.7  -29.2   -1.6   -1.7 -18.4 

NCF3_Csub -11.7 -24.2 -36.1    8.5   -6.7 -24.5 
NCF3_(Nsub/Psub) -20.6 -31.3 -44.0 -11.4 -10.7 -27.1 

O    1.3  -11.8  -25.6  -0.3   -2.4 -a 

O_Csub  -6.2  -18.9  -32.2  -6.8   -7.2 -a 

O_(Nsub/Psub) -11.4 -27.6  -39.4  -10.4 -10.7 -a 

a) Note that (dhpe)Ni=O and related complexes are unstable at the B3LYP/6-311+G(d) level of theory. See footnote to Table 3.1 and 

attendant text. 
 

  Regarding the ΔHRR trend, the underlying explanation may lie in the formal electron 

configurations of LnM-EH and LnM(EHCH3). For instance, ·CH3 RR to the Ni-amides (β-

diket)Ni-EH and (dhpe)Ni-EH to yield the corresponding amines entails a change in formal 

electron configuration from 3d8 to 3d9 or 3d9 to 3d10, respectively. Superficially, it seems that the 

degree to which the 3d manifold is completely filled is responsible for this trend. This prediction 

was confirmed on extending the analysis to Cu-amides. In the dhpe TM-amide complexes, the 

ΔHRR trends did not extend to (dhpe)Cu-EH (3d10  3d104s1), for which RR was least favorable 

(ΔRR(NCH3) = -19.1 kcal mol-1; ΔRR(NCF3) = 5.4 kcal mol-1). By contrast, for the (β-diket) TM-

amide complexes, RR was most favorable for (β-diket)Cu-EH (3d9  3d10), with Δ RR(NCH3) =  

-51.4 kcal/mol and ΔRR(NCF3) = -39.8 kcal/mol. These observations support the hypothesis that 

the extent to which the n = 3 shell is filled correlates with thermodynamic favorability of RR. 
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3.3.2. Effect of Activating Group (E) 
 
 

 Among all catalytic systems, the most favorable functionalization thermodynamics are 

calculated for the methyl imide (LnM=NCH3) catalysts (ΔHtot: O > NCF3 > NCH3) whereas oxo 

activating ligands yielded the least favorable functionalizations (Table 3.1). Two exceptions to 

this trend are found for 2(β-diket)Ni=O and 4(dhpe)Co=O (3d7  3d9 during HAA/RR) whose 

thermodynamics are similar to those of their NCF3 counterparts (2(β-diket)Ni=NCF3 and 

2(dhpe)Co=NCF3 counterparts, respectively; Table 3.1). On splitting methane functionalization 

into HAA and RR, the predilection of oxo activating ligands for HAA lies between those for the 

imides (ΔHHAA: NCH3 > O > NCF3) whereas it is smaller than the imides for RR (ΔHRR: OH > 

NHCF3 > NHCH3). In a similar fashion, 2(β-diket)Ni=O and 4(dhpe)Co=O and their E=NCF3 

counterparts display similar thermodynamics for the component HAA and RR reactions (Tables 

3.2 and 3.4). 

 In the methyl-imido catalysts (LnM=NCH3), replacing NCH3 with NCF3 renders the 

overall functionalization less favorable by 0.3-7.9 kcal/mol and 7.4-15.2 kcal/mol for Ln = (β-

diket) and dhpe, respectively (Table 3.1), with the exception of 2(β-diket)Ni=NCH3_Nsub, for 

which NCF3 substitution raises ΔHtot by 2.9 kcal/mol).  

 Despite more favorable functionalizations with NCH3 ligands, the fluorinated imides 

(LnM=NCF3) give 11.3 ± 1.6 kcal/mol more favorable HAA reactions than their unfluorinated 

counterparts (LnM=NCH3; Table 3.2). In order to gain further insight into this trend, calculations 

for the simple abstraction reactions 3NCH3 + CH4  2NHCH3 + •CH3 and 3NCF3 + CH4  

2NHCF3 + •CH3 were carried out. The latter fluorinated reaction was 10.3 kcal/mol less 

endothermic than the former, thus replicating the trend found for their LnM bound counterparts. 

Given the relatively smaller effect of metal and supporting ligand (vide infra.) in the imido 
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complexes (Table 3.2), HAA enthalpies are most sensitive to the choice of activating ligand 

(NCH3 or NCF3). 

  Unlike the HAA component, the trend in RR for imido catalysts mirrors that of the 

overall functionalization (ΔHtot: NCF3 > NCH3), where ·CH3 rebound is 18.4 ± 4.0 more 

favorable in the non-fluorinated LnM-NHCH3 complexes (Table 3.4). This thermodynamic RR 

preference for non-fluorinated activating ligands offsets that for fluorination in HAA (11.3 ± 1.6 

kcal/mol), yielding the aforementioned HAA/RR preference for NCH3 over NCF3. In a similar 

fashion, calculations were performed for the simple RR reactions 2NHCH3 + •CH3  1NH(CH3)2 

and 2NHCF3 + •CH3  1NH(CH3)(CF3). Suprisingly, the fluorinated activating ligand improves 

the thermodynamics of the simple rebounds by 9.5 kcal/mol, whereas the opposite trend was 

found for their LnM bound counterparts. Furthermore, RR thermodynamics of imide catalysts, 

unlike HAA, are very sensitive to metal (Table 3.4) and supporting ligand (vide infra.) 

 
3.3.3. Effect of Supporting Ligand (Ln) Substitution 

 
 

 The choice of neutral (dhpe) or mono-anionic (β-diketiminate) supporting ligand in 

LnM=E, along with the attendant formal oxidation state of the metal, has a pronounced effect on 

functionalization thermodynamics. Methane functionalization via higher oxidation state (β-

diket)MIII(E) is 2.9-21.5 kcal/mol more favorable than that with lower oxidation state (dhpe)MIIE 

(Table 3.1), with the exception of LnFe=NCH3 (ΔHtot: 0.8 kcal/mol (β-diket); 0.4 kcal/mol 

(dhpe)). 

 Although the HAA component follows this trend, where abstractions in (β-diket) 

catalysts are 0.2-11.3 kcal/mol more favorable than in (dhpe) catalysts, more exceptions are 

found. HAA is calculated to be 0.4-1.7 kcal/mol more endothermic than the (dhpe) counterparts 
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of 2(β-diket)Ni=NCF3, 
2(β-diket)Ni=NCH3, 

2(β-diket)Ni=NCH3_Csub, 5(β-diket)Co=O and 5(β-

diket)Co=O_Csub (Table 3.2). However, following H abstraction, the greater preference for RR in 

these (β-diket) complexes viz. those of (dhpe) by 5.0-11.7 kcal/mol offset the opposite effect in 

HAA, yielding an overall preference for (β-diket)M=E catalysts for functionalization. 

 For RR, the same trend in supporting ligation is found, with rebounds in (β-diket) 

complexes 1.0-20.6 kcal/mol more exothermic than those of (dhpe) complexes. Additionally, the 

same exceptions (with respect to activating ligand) found for HAA hold for RR, where rebound 

is 0.6-4.8 kcal/mol less favorable in 5(β-diket)Fe-NHCF3, 
5(β-diket)Fe-NHCH3, 

5(β-diket)Fe-

NHCH3_Csub, 5(β-diket)Fe-OH and 5(β-diket)Fe-OH_Csub than in their (dhpe) counterparts. 

These RR exceptions, in an analogous fashion to those for HAA, are countered by the stronger 

predilections for (β-diket) catalysts by 5.5-8.9 kcal/mol (Table 3.2), to once again give a 

preference for higher oxidation state (β-diket)M=E catalysts during functionalization. 

Nevertheless, for 4(β-diket)Fe-NCH3/5(β-diket)Fe-NHCH3 the 4.4 kcal/mol preference for (β-

diket) and 4.8 kcal/mol preference for (dhpe) during HAA and RR, respectively, give a 0.4 

kcal/mol preference for (dhpe) during functionalization: this explains the lone exception to the 

thermodynamic preference of (β-diket) catalysts for functionalization (Table 3.1). Therefore, 

LnM=E catalysts with higher oxidation states imposed by Ln = β-diketiminate generally yield 

better HAA, RR, and thus functionalization thermodynamics compared with their lower 

oxidation state (dhpe) counterparts. 

 Along with changing a supporting ligand entirely, it is possible to “tune” a given ligand 

by incorporating various functional groups around the ligand periphery. Fluorinated substituents 

such as CF3 have been a popular choice, given their ability to prevent oxidation of supporting 

ligands.74,75 For each reaction (HAA, RR, functionalization), the enthalpy ranges (“fluorination 
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ranges”) spanned by the three substitution patterns (Figure 3.1) for each complex are shown in 

Table 3.5 (difference of highest and lowest reaction enthalpies within each triumvirate). For 

example, of the [3(β-diket)Co=NCH3, 3(β-diket)Co=NCH3_Csub, 5(β-diket)Co=NCH3_Nsub] 

triumvirate, the HAA enthalpies are 19.0, 18.3, and 15.6 kcal/mol, respectively (Table 3.2), 

giving a 3.4 kcal/mol range. In all catalytic systems, the thermodynamics of each reaction are 

more sensitive to fluorination of (β-diket) than dhpe. Indeed, on average the enthalpy ranges with 

the former supporting ligand are larger than those of the latter by 8.6, 2.3 and 6.2 kcal/mol for 

overall functionalization, HAA, and RR, respectively. While relatively little fluorination 

sensitivity is calculated for HAA (Fluorination range: 2.7-7.6 kcal/mol ((β-diket)); 0.4-3.1 

kcal/mol (dhpe)), a more substantial effect is found for RR (Fluorination range: 9.9-20.1 

kcal/mol ((β-diket)); 6.5-12.8 kcal/mol (dhpe)) which is reflected in the sensitivity for the overall 

functionalization (Fluorination range: 14.7-23.3 kcal/mol ((β-diket)); 6.8-12.9 kcal/mol (dhpe)). 

 Generally, the thermodynamics of each reaction improve with the proximity of 

fluorination to the metal center. Exceptions to this trend occur for HAA within the four 

triumvirates of 3(dhpe)Fe=NCH3, 2(dhpe)Co=NCH3, 5(dhpe)Fe=O, and 4(dhpe)Co=O (Table 3.2), 

although this may reflect the relative insensitivity  of these complexes to fluorination (HAA 

fluorination range: 1.1, 1.9, 2.9, and 2.8 kcal/mol, respectively). The thermodynamic 

improvements in C-H activation with respect to fluorination is supported experimentally, where 

fluorinating the porphyrin rings of metalloporphyrin oxygenation catalysts resulted in more 

energetically efficient C-H activation of aryl and alkyl substrates.76,77 In addition, replacement of 

the P-alkyl groups in (dtbpe)Ni=NAr with P-CF3 groups ((dfmpe)Ni=NAr) in an earlier 

computational study56 of CHD C-H activation gave improved HAA and RR enthalpies by 4.4 

and 32.9 kcal/mol, respectively. On fluorination of the structurally analogous 3(dhpe)Ni=NCH3 
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Table 3.5. Reaction enthalpy ranges72 (kcal/mol) for -CF3 substitution patterns of the β-           
                  diketiminate (dhpe) supporting ligand 

     Overall 
 NCH3 NCF3 O 

Fe 19.0 (9.6) 23.3 (12.9) 18.0 (12.8) 
Co 14.7 (6.9) 18.2 (10.4) 18.9 (10.8) 
Ni 15.1 (6.8) 22.3 (10.6)                  17.4   (--a) 

      HAA 
 NCH3 NCF3 O 

Fe 2.7 (1.1) 3.2 (3.1) 5.3 (2.9) 
Co 3.4 (1.9) 3.6 (1.4) 3.2 (2.8) 
Ni 5.2 (0.4) 7.6 (1.9)                    3.5  (--a) 

      RR 
 NCH3 NCF3 O 

Fe 16.3 (9.2) 20.1 (9.8) 18.0 (12.8) 
Co 11.4 (7.7) 14.6 (9.0) 18.9 (10.8) 
Ni  9.9 (6.5) 14.8 (8.7)                  13.8   (--a) 

a) Note that (dhpe)Ni=O and related complexes are unstable at the B3LYP/6-311+G(d) level of theory. See footnote b in Table 3.1. 
 

and 3(dhpe)Ni=NCF3 complexes of the current study at the P-atoms to give 

3(dhpe)Ni=NCH3_Psub and 3(dhpe)Ni=NCF3_Psub, the methane HAA enthalpies improved by 

only 0.4 and 1.9 kcal/mol, respectively (Table 3.2), with more significant improvements of 6.5 

(NCH3) and 8.7 (NCF3) kcal/mol in the RR enthalpies (Table 3.4). The greater fluorination 

sensitivity calculated for CHD functionalization is likely due to enhanced fluorination in 

(dtbpe)Ni=NAr (four CF3 groups)56 relative to the catalysts in the current work (two CF3 

groups).  

3.4. HAA Kinetics 
 
 

 Since the best HAA, RR and functionalization thermodynamics were calculated for 

LnNi=E catalysts, the kinetic studies are restricted to Ni systems, for which the HAA activation 

enthalpies are shown in Table 3.6. The methane HAA abstraction barriers (ΔH‡
act) with the 

methyl-imido (NCH3) catalysts exhibit little sensitivity to supporting ligand fluorination. Within 



 

29 

the imido catalysts, slightly lower activation barriers are calculated for (dhpe) complexes (ΔH‡
act: 

23.3-26.5 kcal/mol ((β-diket)); 22.4-22.6 kcal/mol (dhpe)). A representative optimized transition 

state ([2(β-diket)Ni-N(CH3)···H···CH3]‡) is shown in Figure 3.5a. 

    With respect to NCH3 activating ligands, the methane C-H activation barriers are 

lowered by 8.3-7.2 kcal/mol (β-diket) and 6.0-2.6 kcal/mol (dhpe) on replacement with its 

fluorinated counterpart (E=NCF3). However, the average barrier in either (β-diket) or dhpe 

complexes is 18 kcal/mol (Table 3.6), which indicates no kinetic preference for Ni oxidation 

state. Additionally, no clear kinetic trends are found for supporting ligand fluorination. The 

optimized HAA TS geometry of an E=NCF3 catalyst ([2(β-diket)Ni-N(CF3)···H···CH3]‡) is shown 

in Figure 3.5b. 

 The methane C-H activation barriers for the oxo catalysts are 2.1-8.0 kcal/mol below 

those of the NCF3 catalysts. Therefore, of the three activating ligands considered, the β-

diketiminate Ni-oxo catalysts ((dhpe)Ni-oxo complexes not considered (Section 3.1)) exhibit the 

most favorable methane C-H activation kinetics. Furthermore, the abstraction barriers may be 

lowered down to 7.5 kcal/mol on tuning the supporting ligand with CF3 groups, where the best 

kinetics corresponds to the proximity of fluorination to Ni. The optimized geometry of a Ni-oxo 

HAA TS ([2(β-diket)Ni-O···H···CH3]‡) is shown in Figure 3.5c.   

 In order to roughly determine the “lateness” of each HAA transition state, the M=E 

elongation, defined as the change in M-E bond length ([M-E]) from reactants to transition states 

([M-E]TS – [M-E]react) with respect to the same change from reactants to products ([M-E]prod –

[M-E]react), was calculated (Table 3.6): 

            % M=E elongation = {([M-E]TS – [M-E]react) / ([M-E]prod –[M-E]react)}×(100)          (3.1) 
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                          (a)                                                 (b)                                          (c) 

    
Figure 3.5. Optimized HAA transition state structures for reaction of methane with 
                    (a) 2(β-diket)Ni=NCH3, (b) 2(β-diket)Ni=NCF3, and (c) 2(β-diket)Ni=O. Ni-N  
                    and Ni-O bond lengths (bold) in Å and all angles in degrees. 

Table 3.6. HAA activation barriers72 (kcal mol-1) for (LnNi=E + CH4  [LnNi-E···H···CH3]‡) 
                                  β-diketiminate                            dhpe 

E ΔH‡
act % M=E elongation ΔH‡

act % M=E elongation 
NCH3 26.5 60 22.6 76 

NCH3_Csub 26.1 61 22.6 77 
NCH3_(Nsub/Psub) 23.3 78 22.4 77 

NCF3 17.7 77 17.3 68 
NCF3_Csub 18.8 68 16.6 67 

NCF3_(Nsub/Psub) 16.1 64 19.8 74 
O 15.6 81 -a -a 

O_Csub 13.6 83 -a -a 

O_(Nsub/Psub)   8.1 77 -a -a 

a) Note that (dhpe)Ni=O and related complexes are unstable at the B3LYP/6-311+G(d) level of theory. See footnote b in Table 3.1. 
 
 

Accordingly, each transition state may be considered late (i.e. TS M=E bond length closer to that 

in LnM-EH than in LnM=E). A correlation is found between increasing M=E enongation (NCH3 

< NCF3 < O) and decreasing abstraction barriers (ΔH‡
act: NCH3 > NCF3 > O) for (β-diket) 

complexes, although this finding does not hold for the (β-diket) Nsub derivatives. Suprisingly, the 

opposite trend is found for the dhpe catalysts (i.e. smaller M=E elongation with smaller barriers). 
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                                          (a)                                                                    (b) 

 
Figure 3.6. Optimized geometries of most promising methane HAA/RR active species (a)  
                    2(β-diket)Ni=O_Csub and (b) 4(β-diket)Ni=O_Nsub. Ni-N and Ni-O bond   
                    lengths (bold) in Å and all angles in degrees. 

Therefore, these findings suggest that lower methane HAA barriers correspond to later or earlier 

transition states in the high oxidation state (β-diket)Ni=E or low oxidation state (dhpe)Ni=E 

catalysts, respectively. 

 Finally, in light of the calculated thermodynamic and kinetic data, the ideal catalysts for 

HAA, RR, and functionalization, are 2(β-diket)Ni=O_Csub and 4(β-diket)Ni=O_Nsub, whose 

optimized geometries are shown in Figure 3.6.  

 

3.5. N2O Oxygen Atom Transfer (OAT) to LnM 
 
 

 In order to regenerate the (β-diket)M=O active species from (β-diket)M upon methanol 

desorption, an oxygen atom transfer (OAT) reagent is needed, for which N2O is a popular choice. 

Indeed, while N2O is currently an attractive choice for OAT given its high global warming 

potential (298 compared with the standard value of 1 for CO2 over 100 years78), a fact that 

justifies N2O decomposition via OAT into environmentally benign decomposition products (N2), 

it has only enjoyed widespread utility for early transition metal systems (Ti,79 V,79,80 Cr,81,80a 
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Zr,82 Mo,83 Ta,84 W,80c,81b,83 Re85). By contrast, relatively fewer N2O OAT studies have been 

performed with late transition metal systems (Ru,86 Cu87). One explanation for this paucity is the 

lower oxygen atom affinities of late transition metal cations such as Ni+ and Cu+ relative to early 

TM cations.88 Nevertheless, given the pioneering work by Hillhouse89 on N2O O insertion into 

Ni-alkyl bonds, it is worth investigating the energetics of N2O OAT for the optimal (β-

diket.)Ni=O/(β-diket.)Ni HAA/RR systems of the previous section, in addition to the Cu 

analogues (vide infra.). 

 Following exchange of CH3OH with N2O, the two mechanisms studied for (β-

diket.)M=O regeneration from (β-diket.)M-(N2O) are shown within the context of a complete 

methane-to-methanol catalytic cycle (Fig. 3.7), where [M] = (β-diket)M. For the monometallic 

OAT mechanism, [M]-(N2O) isomerizes to the O-bound [M]-(ON2) isomer, followed by release 

of N2 to regenerate [M]=O. This mechanism was initially proposed by Bergman86a for N2O OAT 

to (DMPE)2Ru(H)2 (DMPE = (CH3)2PCH2CH2P(CH3)2). In the bimetallic OAT mechanism, a 

[M] fragment binds to the terminal end of [M]-(N2O), forming a bimetallic N2O complex ([M]- 

N2O-[M]), which undergoes N-O scission to regenerate [M]=O and a dinitrogen complex ([M]-

N2). The latter [M]-N2 may be recycled via N2O/N2 exchange to regenerate [M]-(N2O). Lin90 

found this mechanism to be operable in computational studies of N2O OAT to (Cp)2Ti and 

W(OSi(OH)3)3 (Cp = η5-C5H5). 

 In addition to (β-diket)Ni systems, analysis of the methane-to-methanol cycle energetics 

was also extended to Cu systems. This extension was motivated by the successive improvement 

in HAA/RR energetics (Secs. 3.3 and 3.4) on moving to later transition metal systems (Fe to Ni). 

On comparison with the Ni systems, not only is methane HAA/RR more favorable kinetically 

and thermodynamically for [Cu]=O systems (Table 3.7), the trend found in Sec. 3.3.3. of  
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Table 3.7. Comparison of methane HAA/RR energetics (kcal mol-1) for [Ni] and [Cu] systems 
 ΔH‡

HAA ΔHHAA ΔHRR 
 

2[Ni]=O 15.6 2.2 -25.6 
 

2[Ni]=O_Csub 13.6 1.0 -32.2 
 

4[Ni]=O_Nsub 8.1 0.1 -39.4 
 

3[Cu]=O 9.1 1.9 -38.3 
 

3[Cu]=O_Csub 8.0 1.1 -44.6 
 

3[Cu]=O_Nsub 7.0 0.4 -54.3 
 

improvement in energetics with proximity of (β-diket) fluorination (CF3) to the metal center is 

also followed. Thus, these observations justify inclusion of [Cu] in the following OAT study. 

3.5.1. Ground State Geometries 
 

 The geometry of 3[Cu]=O is shown in Fig. 3.8a. All of the Cu-oxo complexes are trigonal 

planar and Y-shaped, with N-Cu-O angles of 132.66°-133.45°. A triplet ground state for each 

 

Figure 3.7. Complete methane-to-methanol catalytic cycle with mono and bimetallic N2O                                   
OAT [M]=O regeneration pathways. 
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[Cu]=O complex is consistent with that of bimetallic CuO+ derived experimentally.91 The HAA 

hydroxyl products 2[Cu]-OH (Fig. 3.8b) and 2[Cu]-OH_Csub are Y-shaped (Tee angles 138.67° 

and 136.62°, respectively). Excellent geometrical agreement is found between the former  2[Cu]-

OH complex (Cu-O: 1.802 Ǻ; Tee angle: 138.67°) and the X-ray crystal structure of the Cu(II) 

complex LMeCu(OC6H3Me2) (Cu-O: 1.8096(15) Ǻ; Tee angle: 138.76(7)°).92 The distorted T-

shape found for 2[Cu]-OH_Nsub (Tee angle: 148.63°) suggesting that electron deficiency of the β-

diketiminate ring discriminates toward a T-shape. This is supported experimentally in the X-ray 

crystal structure of the Cu(II) complex LCliPrCu(OC6H4-tBu) (LCliPr = 2,4-bis(2,6-

diisopropylphenylimido)-3-chloropentane),92 featuring a Cl bound to the central β-diketiminate 

carbon, whose Tee angle is 145.72(8) (cf. 148.63° in 2[Cu]-OH_Nsub]), compared with the 

smaller values of the less electron deficient Cu(II) compexes. The optimized Cu-OHCH3 

geometries are Y-shaped for 1[Cu]-OHCH3 (Fig. 3.8c) and 1[Cu]-OHCH3_Csub with Tee angles 

of 129.72° and 130.16°, respectively, while 1[Cu]-OHCH3_Nsub displays a distorted T-shape (Tee 

angle: 145.19°). Apart from a discrepancy between T and Y-shapes, excellent agreement is found 

for the Cu-O bond length in 1[Cu]-OHCH3 (2.098 Ǻ) with that of the only reported X-ray crystal 

                          

    (a)                                          (b)                                        (c) 

Figure 3.8. Optimized geometries of (a) 3[Cu]=O, (b) 2[Cu]-OH, and (c) 1[Cu]-(OHCH3).  
                    Pertinent bond lengths (bold) in Å and all angles in degrees. 
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structure of a trigonal planar Cu(I)-methanol complex (2.099(3) Ǻ) 

[Cu2(phz)3(MeOH)2](phz)(PF6)2 (phz = phenazine)93 in the Cambridge Structural Database 

(CSD);94 the T-shape in the latter complex is no doubt a consequence of steric repulsion between 

the large phenazine ligands at each Cu center. 

 Within the OAT framework, all of the optimized monometallic Ni and Cu-N2O/ON2 

complexes were ground state doublets and singlets, respectively, with representative optimized 

geometries in Fig. 3.9. Each of the Ni-N2O and Ni-ON2 complexes are planar and T-shaped (Fig. 

3.9a-b), with Tee angles (N-Ni-(N2O) or N-Ni-(ON2)) ranging from 151.61° - 159.63°. In 

contrast, the Cu-N2O and Cu-ON2 isomers are planar but Y-shaped (Fig. 3.9c-d), with T-angles 

in the range 128.43° - 133.25°. In a similar fashion, the same ground state geometries and 

multiplicities were found for the Ni and Cu-N2 complexes (doublet and singlet, respectively) 

with Tee angles (N-M-(N2)) of 161.91°, 161.50°, 131.37°, and 131.43° for 2[Ni]-N2, 2[Ni]-

N2_Csub, 1[Cu]-N2, and 1[Cu]-N2_Csub, respectively.  

 The structures of representative bimetallic N2O complexes are shown in Fig. 3.10. Each 

complex is a ground state singlet with the exception of triplet 3[Ni]-(N2O)-[Ni]_Csub (the notation 

is an extension of that for the HAA/RR species; Fig. 3.1). For 1[Ni]-(N2O)-[Ni] and 3[Ni]-(N2O)-

[Ni]_Csub, a planar T-shape geometry about each Ni is present (N-Ni-N(N2O) Tee angle: 159.32° 

(unsub.), 160.32° (Csub); N-Ni-O(N2O) Tee angle: 166.84° (unsub.), 160.46° (Csub); Fig. 3.10a), 

whereas  1[Ni]-(N2O)-[Ni]_Nsub  (Fig. 3.10b) features a T-shape about one Ni (N-Ni-N(N2O) Tee 

angle: 147.54°), but η2-(N-O) coordination to the other Ni. Comparing the structures of 1[Ni]- 

(N2O)-[Ni] and the Nsub analogue (3.10a,b), it appears that steric effects of the CF3 groups force 

the inner N of N2O into a η2-(N-O) binding mode, although the role of electronic effects in 

dictating this geometry is currently under investigation. The bi-coordinated N2O unit in each 
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bimetallic Ni complex is bent with N-N-O angles of 116.97°, 114.75°, and 130.82° for 

1[Ni]-(N2O)-[Ni] and 3[Ni]-N2O-[Ni]_Csub, and 1[Ni]-N2O-[Ni]_Nsub, respectively, with N-O 

bond lengths of 1.41 Ǻ(unsub.), 1.45 Ǻ (Csub), and 1.32 Ǻ (Nsub). By contrast, singlet 1[Cu]-

(N2O)-[Cu] (Fig. 3.10c), 1[Cu]-(N2O)-[Cu]_Csub and 1[Cu]-(N2O)-[Cu]_Nsub feature linear N2O 

units (179.42°, 179.99°,179.09° respectively) and planar, Y-shaped Cu centers (N-Cu-N(N2O) 

Tee angle: 131.37° (unsub.), 131.32° (Csub), 133.35° (Nsub); N-Cu-O(N2O) Tee angle: 128.35° 

complexes are 1.20 Ǻ (unsub.), 1.20 Ǻ (Csub), and 1.19 Ǻ (Nsub). The bent N2O units and longer 

                                               

                  (a)                                                         (b) 

                                             

                     (c)                                                       (d)        

Figure 3.9.  Optimized geometries of (a) 2[Ni]-N2O, (b) 2[Ni]-ON2, (c) 1[Cu]-N2O, and (d)  
                     1[Cu]-ON2. Pertinent bond lengths (bold) in Å and all angles in degrees. 
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N-O bond lengths in the Ni bimetallics with respect to those of the Cu analogues (Fig. 3.10), are 

indicative of substantial charge transfer into N-O π* molecular orbitals of N2O in the former 

complexes. In fact, this observation is supported by the optimized geometries of both free N2O- 

(N-N-O: 133.57°; N-O: 1.31 Ǻ) and N2O (N-N-O: 180.00°; N-O: 1.19 Ǻ). The HOMO of N2O- 

 
(a) 

 
(b) 

 
(c) 

 
Figure 3.10. Optimized structures of (a) 1[Ni]-N2O-[Ni], (b) 1[Ni]-N2O-[Ni]_Nsub, 
                      (c) 1[Cu]-N2O-[Cu]. Pertinent bond lengths (bold) in Å and all angles in   
                      degrees.  
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is a N-O π* MO and the relevant metrics are in reasonable agreement with those of the Ni 

complexes (N-N-O: 114.75°-130.82°; N-O: 1.32 Ǻ - 1.45 Ǻ) whereas the corresponding Cu 

metrics (N-N-O: 179.09°-179.99°; N-O: 1.19 Ǻ - 1.20 Ǻ) are in excellent agreement with those 

of N2O. The results presented in the following sections show that these geometric disparities 

among the bimetallic Ni and Cu systems have a substantial impact on the energetics of bimetallic 

OAT. 

 
3.5.2. N2O OAT Thermodynamics 

 
 

 Prior to either OAT pathway (Fig. 3.7), coordinated methanol must be exchanged with 

N2O ([M]-(OHCH3) + N2O  [M]-(N2O) + CH3OH) through either a dissociative or associative 

mechanism. Under a dissociative mechanism, methanol dissociation ([M]-(OHCH3)  [M] + 

CH3OH, Table 3.8) from each Ni or Cu complex is endothermic by ~10-20 kcal/mol. In 

particular, stronger M-OHCH3 bonds correlate with closer CF3 proximity to the metal center (ΔH 

CH3OH dissoc.: unsub. < Csub < Nsub; Table 3.8) which is consistent with increasing 

electrophilicity of [M].  Also, the stronger M-OHCH3 bonds for Ni complexes (ΔH CH3OH 

dissoc.: Ni > Cu) are explicable in terms of the extent of coordinative unsaturation in the 16-

electron and 17-electron Ni-OHCH3 and Cu-OHCH3 complexes, respectively. By contrast, the 

N2O association enthalpies ([M] + N2O  [M]-(N2O)) are all exothermic and exhibit little  

sensitivity to fluorination trends (ΔH N2O assoc.; Table 3.8). The more exothermic N2O 

association enthalpies for [Ni] reflect the relative stabilities of the 14 and 15 electron [Ni] and 

[Cu] species, respectively (ΔH N2O assoc.: Cu > Ni). Both CH3OH dissociation and N2O 

association yield slightly exothermic CH3OH/N2O exchange enthalpies (ΔHtot.) for non-

fluorinated ligands (-0.9 kcal/mol (Ni_unsub.), -1.2 kcal/mol (Cu_unsub.)) and endothermic 
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Table 3.8. [M]-(OHCH3) + N2O  [M]-(N2O) + CH3OH dissociative substitution enthalpies    
                  (kcal/mol)  

 ΔH CH3OH dissoc.a ΔH N2O assoc.b ΔHtot.
c 

 

2[Ni]-(OHCH3) 13.6 -14.5 -0.9 
 

2[Ni]-(OHCH3) _Csub 17.2 -14.7 2.5 
 

2[Ni]-(OHCH3)_Nsub 19.9 -14.2 5.7 
 

1[Cu]-(OHCH3) 9.8 -10.9 -1.2 
 

1[Cu]-(OHCH3)_Csub 13.6 -12.3 1.3 
 

1[Cu]-(OHCH3)_Nsub 17.8 -12.7 5.1 
 

a) [M]-(OHCH3)  [M] + CH3OH  b) [M] + N2O  [M]-(N2O)  c) [M]-(OHCH3) + N2O  [M]-(N2O) + CH3OH 
 

enthalpies for fluorinated ligands (2.5 kcal/mol (Ni_Csub), 1.3 kcal/mol (Cu_Csub); 5.7 kcal/mol 

(Ni_Nsub), 5.1 kcal/mol (Cu_Nsub)).  

 Given the coordinatively unsaturated 14 ([Ni]) and 15 ([Cu]) electron species involved in 

the CH3OH/N2O dissociative mechanism, the associative mechanism ([M]-(OHCH3) + N2O  

[M]-(OHCH3)(N2O)  [M]-(N2O) + CH3OH) was examined. The 2[Ni]-(OHCH3)(N2O) 

associative species are shown in Fig. 3.11. In each Ni complex, there is a slight thermodynamic 

preference for N2O association (2[Ni]-(OHCH3) + N2O  2[Ni]-(OHCH3)(N2O); Table 3.9) to 

form the tetra-coordinate 18-electron species, from which CH3OH dissociation (2[Ni]-

(OHCH3)(N2O)  2[Ni]-(N2O) + CH3OH) is only 2-7 kcal/mol (Table 3.9). Given the more 

endothermic initial CH3OH release in the dissociative mechanism (13-20 kcal/mol; Table 3.8), 

an associative N2O/CH3OH exchange mechanism is most likely to be operative for the Ni-

(OHCH3) complexes. Although the 2[Ni]-(OHCH3)(N2O) complexes were stable, the 

coordinatively oversaturated 19-electron 1[Cu]-(OHCH3)(N2O) complexes were unstable with 

respect to CH3OH release during optimization. Thus, N2O/CH3OH exchange in the Cu-(OHCH3) 

complexes likely occurs via dissociative substitution.  
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Table 3.9. [M]-(OHCH3) + N2O  [M]-(N2O) + CH3OH associative substitution enthalpies   
                  (kcal/mol)a 

 ΔH N2O assoc.b ΔH CH3OH dissoc.c 
 

2[Ni]-(OHCH3) -3.5 2.6 
 

2[Ni]-(OHCH3) _Csub -2.6 5.1 
 

2[Ni]-(OHCH3)_Nsub -0.5 6.2 
 

a) Tetra-coordinate Cu-(OHCH3)(N2O) complexes unstable. b) [M]-(OHCH3) + N2O  [M]-(OHCH3)(N2O) c) [M]-(OHCH3)(N2O)  [M]-
(N2O) + CH3OH.  

 
 Of the two possible N2O isomers within the monometallic OAT mechanism, the N-bound 

isomer ([M]-(N2O)) is most stable (Table 3.10). For the Ni complexes, this finding is consistent 

with the IR spectra of matrix-isolated atomic Ni-N2O measured by Zhou.95 Furthermore, 

calculations on the metal cation-N2O systems reproduced this trend as well (2Ni+-(N2O)  2Ni+-

(ON2): ΔH = 4.3 kcal/mol; 1Cu+-(N2O)  1Cu+-(ON2): ΔH = 6.4 kcal/mol). The N2O 

isomerization enthalpies in the [M]-N2O complexes (ΔH N2O isom.: [M]-(N2O)  [M]-(ON2)) 

become slightly more favorable in the order unsub. > Csub > Nsub (Table 3.10). This trend is 

explicable in terms of electronegativities as the binding of the more electronegative O end of 

N2O with a more electropositive metal is stronger due to increasing proximity of fluorination to 

                   

                  (a)                                                (b)                                                 (c)                                                                                   

  

Fig. 3.11. Optimized structures of (a) 2[Ni]-(OHCH3)(N2), (b) 2[Ni]-(OHCH3)(N2O)_Csub, 
                  (c) 2[Ni]-(OHCH3)(N2O)_Nsub. Pertinent bond lengths (bold) in Å and all angles in    
                  degrees.  
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Table 3.10. Enthalpies (kcal/mol) of N2O isomerization and N2 dissociation 
 ΔH N2O isom.a ΔH N2 dissoc.b ΔHtot. 
 

2[Ni]-(N2O) 10.6 -29.2 -18.6 
 

2[Ni]-(N2O)_Csub 9.3 -22.0 -12.8 
 

2[Ni]-(N2O)_Nsub 7.6 -9.6c -1.9c 
 

1[Cu]-(N2O) 8.9 4.6c 13.5c 
 

1[Cu]-(N2O)_Csub 8.6 11.7c 20.3c 
 

1[Cu]-(N2O)_Nsub 7.1 23.1c 30.2c 
 

a) [M]-(N2O)  [M]-(ON2)  b) [M]-(ON2)  [M]=O + N2 c) Spin-allowed excited state [M]=O formation; see text.  

the metal center. Although dissociation of N2 from [M]-(ON2) (ΔH N2 dissoc.: [M]-(ON2)  

[M]=O + N2) for the Ni complexes is exothermic as expected, given the thermodynamically-

favorable formation of the strong N2 bond, N2 release from each Cu-ON2 complex is 

endothermic, due to the formation of the spin-allowed excited state Cu=O complexes: 1[Cu]=O* 

(ΔHgap(3/1) = 17.5 kcal/mol), 1[Cu]=O_Csub
* (ΔHgap(3/1) = 19.8 kcal/mol), and 1[Cu]=O_Nsub

* 

(ΔHgap(3/1) = 23.0 kcal/mol). Comparing the ΔHgap and ΔH N2 dissoc. values for the Cu 

complexes (Table 3.10), it is clear that release of N2 is endothermic solely due to excited-state 

singlet Cu=O formation at the current level of theory (N2 dissociation remains favorable in 2[Ni]-

(ON2), despite formation of  2[Ni]=O_Nsub
* (ΔHgap(4/2) = 6.0 kcal/mol)). Finally, the total 

monometallic N2O OAT thermodynamics (ΔHtot: [M]-(N2O)  [M]-(ON2)) are controlled by the 

larger enthalpic magnitudes of N2 dissociation: Thus, monometallic N2O OAT is favorable 

overall for [Ni] complexes, but disfavored for [Cu] complexes. 

 Starting from the same [M]-(N2O) complexes of the monometallic OAT mechanism, a 

bimetallic N2O OAT mechanism was studied, whose thermodynamics are given in Table 3.11. 

The enthalpies for [Ni] binding the terminal N2O oxygen of the Ni-(N2O) complexes (ΔH [M] 

assoc.: [M]-(N2O) + [M]  [M]-(N2O)-[M]) are similar for the unsub. (-14.8 kcal/mol) and Csub 

(-14.9 kcal/mol), even though formation of the η2-(N-O) 1[Ni]-(N2O)-[Ni]_Nsub complex is less 

favorable (-3.8 kcal/mol). By contrast, there is little difference in the thermodynamics for 
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Table 3.11. Enthalpies (kcal/mol) of [M]-(N2O)-[M] formation and dissociation   
 ΔH [M] assoc.a ΔH [M]-(N2O)-[M] dissoc.b ΔHtot

c 
 

2[Ni]-(N2O) -14.8 -20.1 -34.9 
 

2[Ni]-(N2O)_Csub -14.9 -13.5 -28.4 
 

2[Ni]-(N2O)_Nsub   -3.8  -12.3d  -16.0d 
 

1[Cu]-(N2O)   -1.8      3.2d      1.4d 
 

1[Cu]-(N2O)_Csub   -2.0     9.5d      7.5d 
 

1[Cu]-(N2O)_Nsub   -4.1   21.7d    17.6d 
 

a) [M]-(N2O) + [M]  [M]-(N2O)-[M]  b) [M]-(N2O)-[M]  [M]=O + [M]-N2  c)  [M]-(N2O) + [M]  [M]=O + [M]-N2  d) Spin-allowed 
excited state [M]=O formation; see text. 

 

formation of each Cu-(N2O)-Cu complex, reflecting the lack of geometric disparity among them 

(Sec. 3.5.1 and Fig. 3.10). Furthermore, the differences in the ΔH [M] assoc. magnitudes for Ni 

and Cu complexes likely arises from the greater geometric distortions in the former set (linear 

N2O  bent N2O and N-O elongation) on bimetallic formation; although the values are similar 

among the Nsub derivatives (ΔH [M] assoc.: -3.8 kcal/mol (Ni) and -4.1 kcal/mol (Cu)), the η2-

(N-O) 1[Ni]-(N2O)-[Ni]_Nsub complex (Fig. 3.10b) is likely sterically destabilized by 

neighboring CF3 groups in contrast to the end-bound isomers exhibited by the unsub. and Csub 

analogues (cf. Fig. 3.10a). The N-O bond scission in the Ni-(N2O)-Ni complexes (ΔH [M]-

(N2O)-[M] dissoc.: [M]-(N2O)-[M]  [M]=O + [M]-N2) are all exothermic (-12.3 to -20.1 

kcal/mol) as dissociation alleviates the antibonding N-O π* interaction in the N2O unit (cf. Sec. 

3.5.1 and Fig. 3.10). In a similar fashion to the monometallic Cu-(ON2) complexes, N-O 

dissociation in the bimetallic Cu complexes is endothermic due to formation of the spin-allowed 

excited state singlet Cu=O complexes (vide supra.). Combining both [M] association and [M]-

(N2O)-[M] dissociation, for each Ni and Cu complex the total thermodynamics for [M]=O 

regeneration from [M]-(N2O) via the bimetallic OAT pathway (ΔHtot: [M]-(N2O) + [M]  

[M]=O + [M]-N2) are more favorable than those for the monometallic pathway (ΔHtot, Table 

3.10). By analogy with the monometallic OAT reactions, bimetallic OAT is overall exothermic 

and endothermic for Ni and Cu complexes, respectively. 
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 Finally, to complete the bimetallic OAT cycle, N2 must be exchanged for N2O in the [M]-

N2 complexes resulting from [M]-(N2O)-[M] N-O scission. The thermodynamics for the 

dissociative substitution mechanism are given in Table 3.12. Dissociation of N2 (ΔH N2 dissoc.: 

Table 3.12. [M]-N2 + N2O  [M]-(N2O) + N2 dissociative substitution enthalpies and Mulliken     
                    Ni and Cu charges for select complexes 

 ΔH N2 
dissoc.a 

ΔH N2O 
assoc.b 

ΔHtot
c [M]-N2  

metal charge 
[M]-(OHCH3) 
metal charge 

 

2[Ni]-N2 16.2 -14.5 1.7 0.212 0.383 
 

2[Ni]-N2_Csub 15.7 -14.7 1.0 0.289 0.474 
 

2[Ni]-N2_Nsub 14.1 -14.2 -0.1 -0.006 0.131 
 

1[Cu]-N2 12.0 -10.9 1.1 0.007 0.221 
 

1[Cu]-N2_Csub 12.9 -12.3 0.6 0.195 0.391 
 

1[Cu]-N2_Nsub 12.6 -12.7 -0.2 -0.268 -0.017 
 

a) [M]-N2  [M] + N2  b) [M] + N2O  [M]-(N2O);  Table 3.8  c) [M]-N2 + N2O  [M]-(N2O) + N2 

[M]-N2  [M] + N2) is endothermic by ~12-16 kcal/mol for each N2O complex. The M-N2 bond 

strength displays little sensitivity with respect to CF3 substitution patterns. The weaker N2 

binding energies in the Cu systems is consistent with their higher electronic configurations and 

less positive Mulliken Cu charges with respect to their Ni counterparts (Table 3.12), which 

results in greater disruption of N2 σ-binding. Subsequent N2O binding is exothermic, similar in 

magnitude to N2 dissociation, yielding a thermoneutral N2O/N2 exchange (ΔHtot: [M]-N2 + N2O 

 [M]-(N2O) + N2).  

 Although an associative N2O/N2 substitution mechanism was also explored, the tetra-

coordinate M-(N2)(N2O) complexes with the exception of 2[Ni]-(N2)(N2O)_Nsub were found to be 

unstable with respect to N2 or N2O release during optimization.  Association of N2O to 2[Ni]-

N2_Nsub to form 2[Ni]-(N2)(N2O)_Nsub and subsequent release of N2 to yield 2[Ni]-(N2O)_Nsub 

are thermoneutral (1.1 kcal/mol and -1.2 kcal/mol, respectively). Nevertheless, the general 

instability of [M]-(N2)(N2O) is in contrast to the stability of [M]-(OHCH3)(N2O) in the 

associative N2O/CH3OH exchange reaction. The likely origin of this disparity is the less positive 
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metal charges for [M]-N2 than in [M]-(OHCH3) complexes (Table 3.12), which results in 

destabilization of N2O σ-donation on forming the association complex to a greater extent in the 

former [M]-N2. Thus, with the exception of 2[Ni]-N2_Nsub, N2O/N2 exchange occurs via 

dissociative substitution.   

3.5.3. N2O OAT Kinetics 
 
 

 The activation enthalpies for N-O scission of N2O within the monometallic and bimetallic 

complexes of each OAT pathway are given in Table 3.13 with select TS structures shown in Fig. 

3.12. The N2O dissociation barriers in the monometallic OAT (ΔHMM
‡: [M]-(ON2)  [[M]-O-

N2]‡) fall within ~11-35 kcal/mol. These barriers in turn lie ~5-25 kcal/mol above the 

monometallic dissociation limit (MMDL), defined as separate [M] and N2O fragments 

(ΔHMMDL
‡: [M] + N2O [[M]-O-N2]‡), a finding which argues against the kinetic feasibility of 

monometallic OAT. By contrast, lower dissociation barriers were calculated for the bimetallic 

OAT pathway (ΔHBM
‡: [M]-(N2O)-[M]  [[M]-(N2)-O-[M]]‡). In fact, dissociation is nearly 

barrierless for the Ni complexes (ΔHBM
‡: 1.3 kcal/mol and -0.1 kcal/mol for unsub. and Csub, 

respectively). The slightly negative activation enthalpy of 3[Ni]-(N2O)-[Ni] is an artifact due 

Table 3.13. N-O scission barriers (kcal/mol) with respect to monometallic [M]-(ON2), bimetallic  
                    [M]-(N2O)-[M], and dissociation limits   

 ΔHMM
‡a ΔHMMDL

‡b ΔHBM
‡c ΔHBMDL

‡d 

Ni-unsub. 16.5 12.6 1.3 -28.0 
Ni-Csub 11.1 5.7 -0.1e -29.7 
Ni-Nsub 17.0 10.5 -f -f 

Cu-unsub. 21.8 19.7 14.5 1.8 
Cu-Csub 24.7 21.1 16.9 2.6 
Cu-Nsub 34.3 24.6 26.3 9.6 

 

a) [M]-(ON2)  [[M]-O-N2]‡  b) [M] + N2O  [[M]-O-N2]‡  c) [M]-(N2O)-[M]  [[M]-(N2)-O-[M]]‡  d) 2[M] + N2O  [[M]-(N2)-O-[M]]‡  e) 
ΔE‡ = 1.2 kcal/mol; see text. f) TS not located.   

 
entirely to zero-point energy differences, removal of which gives a slightly positive activation 

energy (ΔE‡ = 1.2 kcal/mol). The origin of the low dissociation barriers for the Ni bimetallics 
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relative to the Cu analogues lies in the geometric differences between the [M]-(N2O)-[M] and TS 

structures. For Ni, given the bent N2O and long N-O in both the Ni-(N2O)-Ni and TS complexes 

(cf. Figs. 3.10 and 3.12), there is little change in pertinent metrics on passing through the TS 

(ΔN-O: 0.365 (unsub.), 0.237 (Csub); Δ(N-N-O): 5.61° (unsub.), 1.48° (Csub)) as opposed to Cu, 

whose linear N2O units in the Cu-(N2O)-Cu complexes (Fig. 3.10) entail greater changes to the 

same metrics in the bent [Cu-(N2)-O-Cu]‡ complexes (ΔN-O: 0.391 (unsub.), 0.390 (Csub), 0.473 

(Nsub); Δ(N-N-O): 52.03° (unsub.), 52.95° (Csub), 47.63° (Nsub)). Finally, by virtue of each Ni 

bimetallic OAT TS lying ≥ 28.0 kcal/mol below the bimetallic dissociation limit ((BMDL), 

ΔHBMDL
‡: 2[M] + N2O  [[M]-(N2)-O-[M]]‡) and each Cu TS lying ≤ 10 kcal/mol above their 

respective BMDL, bimetallic OAT is feasible for each system, despite the greater kinetic 

potency (lower ΔHBM
‡) of the former.  

 

3.5.4. Discussion 
 
 

 The thermodynamics of each process in the complete methane-to-methanol catalytic 

cycle of Fig. 3.7 for Ni and Cu complexes are shown graphically in Figures 3.13a and 3.13b, 

respectively. Even though methane functionalization (HAA/RR) is most thermodynamically 

feasible for Cu complexes owing to their more exothermic RR (Fig. 3.13 and Table 3.7), the 

[M]-(OHCH3) adducts are readily accessible for either system by virtue of small HAA enthalpies  

(≤ 2.2 kcal/mol). Similarly, CH3OH/N2O exchange enthalpies are calculated to be mildly 

endothermic (≤ 5.7 kcal/mol) for each system. The most endothermic process for each system 

lies within the monometallic (MM) OAT pathway: N2O isomerization for Ni and either N2O 

isomerization (unsub.) or N2 dissociation (Csub,Nsub) for Cu. From [M]-(N2O), bimetallic 

formation (BM form.: [M]-(N2O) + [M]  [M]-(N2O)-[M]), and thus a bimetallic OAT  
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                                         (a)                                                            (b)         

                          

                                                                          (c) 

 

(d) 

Figure 3.12. Optimized TS structures of (a) 2[[Ni]-O-N2]‡, (b) 1[[Cu]-O-N2]‡, (c) 1[[Ni]-  
                      (N2)-O-[Ni]]‡, d) 1[[Cu]-(N2)-O-[Cu]]‡. Pertinent bond lengths (bold) in Å and    
                      all angles in degrees. 
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mechanism, is preferable to N2O isomerization for each system. However, subsequent MM or 

BM N2 dissociation is exothermic for Ni (Fig. 3.13a), but endothermic for Cu (3.13b). 

 For each component reaction in the methane-to-methanol cycle (Figs. 3.7, 3.13), the same 

fluorination trends are seen for Ni and Cu. Indeed, reaction enthalpies decrease on closer 

fluorination (ΔH: unsub > Csub > Nsub) for HAA, RR, and N2O isomerization but increase with 

closer fluorination (ΔH: unsub < Csub < Nsub) for CH3OH/N2O exchange, and mono and 

bimetallic N2 dissociation (Fig. 3.13). The increase for the latter two N2 dissociation reactions is 

consistent with increasing CF3 attenuation of N2O reduction by each metal center. The exception  

to this trend is BM formation, where formation of the Nsub derivative is most favorable for Cu 

(ΔH: unsub > Csub > Nsub) but least favorable for Ni (ΔH: Nsub > unsub > Csub), where the 

proximal (N)CF3 results in convergence to the less-stable η2-(N-O) isomer (Sec. 3.5.1. and Fig. 

3.10b). 

 The HAA and OAT kinetics are presented graphically in Figure 3.14. For HAA of 

methane C-H bonds, the Cu(III)-oxo catalysts (ΔH‡: < 10 kcal/mol) are more potent than Ni(III)-

oxo catalysts (ΔH‡: < 16 kcal/mol). The reactivity of the former systems is not without 

experimental precedent, as both terminal Cu(II) and Cu(III)-oxides have been proposed as 

intermediates in several Cu proteins which functionalize organic substrates.96 On the other hand, 

N-O scission barriers in mono (MM dissoc.) or bimetallic (BM dissoc.) complexes are lowest for 

Ni, consistent with the more reducing nature of Ni relative to Cu. Additionally, N-O scission 

barriers for either metal are lowest under a bimetallic OAT mechanism. Although Lin’s90 

theoretical studies of bimetallic OAT to (Cp)2Ti yielding almost barrierless N-O scission barriers 

was supported by a plethora of experimental evidence on early TM systems, this is not the case 

for the low barriers found for the later bimetallic Ni complexes (Fig. 3.14). Nevertheless, there is  
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(a) 

 

(b) 

Figure 3.13. Thermodynamics of methane-to-methanol catalytic cycles (cf. Fig. 3.7) for 
                      (a) Ni and (b) Cu systems. 

-60

-50

-40

-30

-20

-10

0

10

20

30
ΔH

 (k
ca

l/m
ol

)
Ni

Unsub

Csub

Nsub

HAA

RR

CH3OH/N2O

N2O isom.
(MM)

N2 dissoc.
(MM) BM form.

N2 dissoc.
(BM)

-60

-50

-40

-30

-20

-10

0

10

20

30

ΔH
 (k

ca
l/m

ol
)

Cu

Unsub

Csub

Nsub

HAA
RR

CH3OH/N2O

N2O isom.
(MM)

N2 dissoc.
(MM)

BM form.

N2 dissoc.
(BM)



 

49 

 

 

 

 

 

 

 

 

 

 

 

 

experimental precedent for bimetallic N2O OAT in late TM systems. For instance, Groves97 

found spectroscopic evidence for a reactive [Ru(TMP)-NNO-Ru(TMP)] intermediate 

 (TMP = tetramesitylporphyrinate2-) during N2O OAT to [Ru(TMP)(THF)2] to yield oxo 

([Ru(TMP)(O)2]) and dinitrogen ([(TMP)RuN2(THF)]) species. Therefore, with respect to the 

full methane-to-methanol cycle (Fig. 3.7), the kinetics (Fig. 3.13) and thermodynamics (Fig. 

3.14) implicate (β-diketiminate)Ni-oxo catalysts as the best trade-off between HAA/RR (late TM 

systems favored) and N2O activation (early TM systems favored).     

  Despite the focus on only two monometallic N2O isomers ([M]-(N2O) and [M]-(ON2), 

three other isomers for Ni were stationary points at the current level of theory (Fig. 3.15): [Ni]-

N2O-(η2-N-N), [Ni]-N2O-(η2-N-O), and [Ni]-N2O-(ring), whose binding enthalpies with respect 

to separate [Ni] and N2O are -6.3 kcal/mol, -0.2 kcal/mol, and 2.1 kcal/mol, respectively. Even  

 

Figure 3.14. Kinetics of HAA and OAT within the methane-to-methanol catalytic cycle (Fig.          
3.7). 
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though [Ni]-(ON2) is 3.7 kcal/mol more stable than the (η2-N-O) isomer, the N-O scission barrier 

in the former is over 10 kcal/mol higher (16.5 kcal/mol) than that in the latter (6.0 kcal/mol), 

which yields a [Ni]=O with a weakly-bound N2 ligand. Thus, for the remaining complexes, other 

accessible OAT pathways from these other N2O isomers are currently being explored in order to 

render monometallic OAT more energetically competitive with bimetallic OAT (cf. Figs. 3.13 

and 3.14).    

 As an additional caveat, in extending the late TM-oxo catalytic systems to other 

hydrocarbon substrates, the absence of tri-coordinate terminal oxides of Ni and Cu in the CSD94 

cannot be overlooked, as such species tend to dimerize. Indeed, the closest experimental 

 

Figure 3.15. Alternative N2O isomers and monometallic OAT mechanism. Enthalpies in                       
(kcal/mol). 
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analogues are the three dimeric Ni-OH or Ni-O(cyclohexyl) complexes [((N(2,6-

diisopropylphenyl)C(CH3))2CH)NiOH]2,98
 [((N(2,4,6-

trimethlyphenyl)C(CH3))2CH)NiO(cyclohexyl)]2,99 and [((N(2,6-

dimethylphenyl)C(CF3))2CH)NiOH]2,100 where the latter complex is the bimetallic analogue of 

[Ni]-OH_Csub. For Cu, the closest analogues are the bimetallic Cu-OH complex [((N(2,6-

dimethylphenyl)C(CH3))2CH)CuOH]2,101 to which a bimetallic Cu-O intermediate is a proposed 

precursor, and the bimetallic Cu-O complex [((N(2,6-dimethylphenyl)C(CF3))2CH)CuO]2,102 the 

latter a bimetallic analogue of [Cu]-OH_Csub. The strong proclivity towards dimerization, even 

with the bulky N-aryl groups of each of these complexes suggests two computational avenues for 

future studies of these systems: (1) bulky N-R ligands, which may be studied with QM/MM 

techniques, must be tailored to successfully block additional coordination sites in tri-coordinate 

Ni and Cu-oxo systems and (2) various electron-donation or withdrawing groups (other than 

CF3) on the β-diketiminate ring should be tested for those which yield the least favorable 

dimerization energies. 

3.6. Conclusions 
 
 

 In summary, through judicious choice of metal, activating ligand, and supporting ligand 

for LnM=E catalysts, methane C-H activation and functionalization is thermodynamically and 

kinetically feasible. For late transition metals, HAA is calculated to be most thermodynamically 

feasible (ΔHHAA: M = Fe > Co > Ni; Table 3.2). With the imido catalysts, exchanging NCH3 with 

NCF3 yielded 11.3 ± 1.6 kcal/mol less favorable abstractions (Table 3.2). Additionally, both 

higher TM formal oxidation states (ΔHHAA: Ln = dhpe > β-diket) and supporting ligand proximity 

to the metal centers (ΔHHAA: unsub > Csub > (N/P)sub; Fig. 3.2) gave better HAA 

thermodynamics. 
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 Despite similar trends for RR, replacement of NHCH3 with NHCF3 in the imido/amido 

active species yielded a less favorable rebound (ΔHRR: E = O > NCF3 > NCH3; Table 3.4). In 

fact, the thermodynamic preference of HAA for imide fluorination is not sufficient to offset that 

for non-fluorination during RR, yielding an overall preference for non-fluorination in the joint 

functionalization (HAA + RR). 

 Considering the net functionalization, the thermodymanics improve with later transition 

metals (ΔHtot: M = Fe > Co > Ni; Table 3.1) and anionic supporting ligands (ΔHtot: Ln = dhpe > 

β-diket) of LnM=E. Also, the proximity of supporting ligand CF3 groups to the metal center 

corresponds to lower functionalization enthalpies, for which β-diketiminate ligands were most 

sensitive (Table 3.5). Although the best thermodynamics were found for LnM=NCH3 catalysts 

(ΔHtot: E = O > NCF3 > NCH3), fluorinated (β-diket)Ni=NCH3 species (ΔHtot: -31.0 kcal/mol 

(Csub); -40.7 kcal/mol (Nsub)) are similar to the corresponding (β-diket)Ni=O species in this 

regard (ΔHtot: -31.3 (Csub); -39.4 kcal/mol (Nsub)). 

 Regarding HAA kinetics, all C-H abstraction transition states are “late” (Table 3.6), 

where the lowest barriers are calculated for E=O (ΔH‡
act: E = NCH3 > NCF3 > O). The barrier in 

2(β-diket)Ni=O (15.6 kcal/mol) may be lowered further by up to 7.5 kcal via β-diketiminate  

fluorination to give methane C-H abstraction barriers as low as 8.1 kcal/mol (4(β-

diket)Ni=O_Nsub). 

 Once N2O thermoneutrally replaces CH3OH in the [M]-(OHCH3) adducts (Tables 3.8 and 

3.9), [M]-(N2O) undergoes either monometallic or bimetallic OAT to regenerate [M]=O. In the 

Ni-(N2O) systems, the most endothermic OAT process corresponds to N2O isomerization (7.6-

10.6 kcal/mol) within the monometallic mechanism. Similarly, the monometallic OAT is most 

endothermic for both N2O isomerization (7.1-8.9 kcal/mol) and N2 dissociation (4.6-23.1 
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kcal/mol) for Cu systems. Overall, regeneration of [M]=O complexes of both Ni and Cu is most 

favorable within a bimetallic OAT pathway (Figures 3.11 and 3.12). 

 Under either a monometallic or bimetallic OAT mechanism, the smallest N2O N-O 

scission barriers were calculated for Ni complexes (Table 3.13). Monometallic OAT is deemed 

unfeasible by virtue of each TS lying ~11-30 kcal/mol above the dissociation limit. By contrast, 

bimetallic OAT is more kinetically feasible, where N-O scission in the Ni complexes is almost 

barrierless. 

 In light of the aforementioned kinetic and thermodynamic data, Ni=O catalysts are ideal 

not merely for HAA/RR, but for the entire methane-to-methanol cycle as shown in Fig. 3.7, 

where the most plausible mechanism is HAA/RR/bimetallic OAT. 
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CHAPTER 4  

DINITROGEN ACTIVATION BY LOW-COORDINATE TRANSITION METAL 

COMPLEXES 

4.1 Introduction 

 The atmosphere of the Earth is composed of over 75% of a single constituent: dinitrogen.  

This abundance has naturally led to its status as the primary feedstock for a variety of industrially 

relevant nitrogenated compounds such as ammonia, ammonium nitrate and urea.3  Each of these 

transformations involves the crucial step of activation and subsequent cleavage of the N≡N bond 

of dinitrogen. This process is facile for naturally occurring nitrogenases (nitrogen fixation 

enzymes), where activation takes place at Fe-Mo-S clusters (FeMo cofactor or ‘FeMoCo’),103 

and has spurred the development of artificial analogues.  The first industrial scale method, which 

still currently enjoys almost exclusive use in ammonia production, is the Haber-Bosch process.  

However, given the high thermodynamic and kinetic stability of dinitrogen, this process requires 

temperatures and pressures ranging from 400 – 500 oC and 100 - 300 atm, respectively.104 Active 

research in this area has thus shifted towards the development of low temperature/pressure 

transition metal catalysts to overcome the robustness of dinitrogen. 

 In light of the presence of Fe-Mo clusters in the active sites of most nitrogenases, 

development of synthetic analogues has proceeded in a mimetic fashion towards both Fe and Mo 

complexes. Although there are numerous examples of N2 cleavage reported for Mo-N2 

complexes,105 due in large part to the strength of the resulting Mo≡N bonds, most Fe -N2 

complexes reported to date are coordinatively saturated at the metal center with the bound N2 

ligand displaying minimal activation (typically judged by N-N bond length and stretching 

frequencies versus free dinitrogen) with respect to free N2.106 Fortunately, recent DFT and multi-



 

55 

configurational self-consistent field (MCSCF)107 computations performed in our group for 

LFeNNFeL complexes (L = β-diketiminate = (NHCH)2CH-) or larger, substituted models 

thereof; Scheme 4.1) have suggested several plausible routes for achieving greater N2 activation, 

defined herein as N-N bond lengthening with respect to free N2) in similar complexes: (i) Low 

Fe coordination numbers, (ii) reduction of the LFeNNFeL complexes with alkali metals, (iii) 

variation of substituents around the β-diketiminate periphery, (iv) two β-diketiminate fragments 

as opposed to one, and (v) increased population of FeN π and NN π* molecular orbitals.108  

 

 

 

 

 

 Additionally, the particular binding mode of dinitrogen in TM-N2 complexes can have 

important ramifications for N2 activation.  For the earliest reported (1965) dinitrogen complex, 

[Ru(NH3)5N2]+, N2 is bound to Ru in an end-on (κ1) fashion.109 Throughout the following 

decades, research on similar κ1-N2 complexes was directed towards reactivity with dinitrogen 

and electrophiles.  Only after the discovery of the first planar side-on (η2) f-block dinitrogen 

complex (Cp*
2Sm)2(μ-η2 : η2-N2) in 1988 did the synthesis of novel η2-N2 complexes and 

subsequent reactivity studies gain momentum.110 Additionally, in a recent review, MacLachlan 

and Fryzuk111 found two salient features of relevance to this report regarding N2 binding modes: 

First, η2-N2 complexes display greater activation than any κ1-N2 complex to date. Second, of the 

d and f-block dinitrogen complexes considered by the authors, the side-on complexes of the 

Scheme 4.1. LFeNNFeL  
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former subset were in general more activated.  Thus, in addition to the aforementioned N2 

activation enhancement routes, calculations for both the end-on (κ1) and side-on (η2) isomers of 

select N2 complexes are addressed in this report.  Each binding mode is illustrated in Scheme 4.2 

for both mono (i-ii) and bimetallic species (iii-iv) along with a side-on/end-on isomer (v). 

 

 

 

 

 

 

 

4.2. Monometallic Fe-N2 Complexes 
 

4.2.1. S-substituted β-Diketiminate Ligand Sets 
 
  

 The first and preliminary modification considered in this project involved replacement of 

the NH group of β-diketiminate with sulfur. This choice was motivated in part by the Fe-S 

cluster active sites of nitrogenases, as well as the potential to generate a more electron-rich iron 

center from the softer sulfur ligands, which in turn may enhance the population of N-N π* 

molecular orbitals and lower the N2 BDE, thus promoting more efficient N2 cleavage.  Optimized 

geometries of κ1 and η2 Fe(I)-N2 complexes were studied with three variants of the β-

diketiminate ligand (Scheme 4.3): (i) Bare β-diketiminate (HN~NH), (ii) one NH group replaced 

with a S (HN~S), (iii) and both NH groups replaced with S donors (S~S). To determine the 

Scheme 4.2. Mono- and bimetallic N2 binding modes. 
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ground electronic state of each complex, DFT geometry optimizations were carried out for 

doublet, quartet, and sextet spin states of these odd electron species. For each complex, the 

quartet geometries were more stable than their doublet and sextet counterparts, although 

optimizations attempted for all three η2-N2 sextet complexes converged to a κ1-N2 isomer.  The 

N-N bond lengths in the optimized quartet complexes are given in Table 4.1 along with their 

lengthening (Δ(N-N)) relative to free N2.  In contrast to the rationale for choosing S donors, the 

activation of N2 is found to decrease with increasing substitution.  The N-N bond length 

decreases with each S substitution by ~0.004 Å and ~0.007 Å for the κ 1 and η2 isomers, 

respectively.  Additionally, analysis of Δ(N-N) reveals that upon complexation of free N2, side-

bound N2 is 0.031 – 0.037 Å more activated than end-bound N2.  These observations have two 

important implications. First, the η2-N2 isomers exhibit the most N2 activation consistent with the 

MacLachan-Fryzuk hypothesis111 and second, these same isomers display the greatest sensitivity 

towards the identity of the donor atoms of the supporting ligand with the HN~NH complex 

yielding the longest N-N bond length (1.155 Å) of the complexes considered (Scheme 4.3).  

 Despite the greater N2 activation in the η2-N2 isomers, the κ1 complexes were calculated 

to be more stable, albeit only by 2.4, 4.9, and 4.8 kcal mol-1 for the HN~NH, HN~S, and S~S 

ligands, respectively. Thus, other than the small thermodynamic predilection for the end-on 

mode, this preliminary analysis has shown η2-N2 complexes to be favored over their κ1 

counterparts in terms of the extent of N2 activation, with the complexes of non-sulfur-bearing 

supporting ligands shown in Figure 4.1 giving the best results.  Consequently, the following 

sections feature supporting ligands with primarily N donors in addition to κ1-N2 η2-N2 

isomerization enthalpies (ΔHisom).  Future work on this aspect of the project involves use of 

higher levels of theory to obtain a more accurate picture of the bonding as well as electronic 
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Table 4.1. Effect of N~S β-diketiminate ligand on N2 bond lengths in optimized Fe(I) complexes   
                  for the quartet (S = 3/2) spin state (Scheme 4.3 and Figure 4.1)a 

 
            

L 

 

κ1-N2 
 

η2-N2 

N-N Δ(N-N)b N-N Δ(N-N)b 

HN~NH 1.118 0.022 1.155 0.059 
HN~S 1.113 0.017 1.147 0.051 
S~S 1.110 0.014 1.141 0.045 

 

a) Bond lengths in Å. b) Difference in calculated N2 bond length within Fe complex and free N2 (1.096 Å). 
 

structure and isomerization kinetics of each complex. 

 

 

Scheme 4.3. S-substituted β-diket. Fe-N2 complexes. 
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4.2.2. Novel Ligand Sets 
 
 

 Although most of our work with dinitrogen complexes features β-diketiminate supporting 

ligands, it is instructive to extend our study to other, second generation ligand sets that, like β-

diketiminate, possess N-donor atoms and exhibit delocalization.  Two such ligands worthy of 

consideration are the neutral bi- and tridentate diimines of Chirik et. al.112,113 (Figure 4.2a and 

4.2b, respectively) along with the phosphorous pincer counterpart of the latter (Figure 4.2c) for 

comparison. The geometries of both side-on and end-on isomers of these formally Fe(0)-N2 

complexes of these three ligands were optimized at the same level of theory used in the previous  

section, albeit for singlet, triplet, and quintet spin states as these are now even-electron systems. 

A triplet ground state (S = 1) was found for all optimized complexes with the exceptions of 

(N_diimine)Fe(κ1-N2) and (N_pincer)Fe(η2-N2), for which the calculated ground state was a 

quintet (S = 2). Optimized structures for the κ1-N2 complexes are displayed in Figure 4.2d-f with 

the side-on analogues showing similar coordination geometries to that in Figure 4.1b. The N-N 

bond lengths along with the N2 isomerization enthalpies for each complex are given in Table 3. 

                   

                            (a)                                                                                   (b) 

Figure 4.1. Optimized geometries of β-diketiminate Fe-N2 complexes for (a) the κ1-N2   
                    isomer and (b) the η2-N2 isomer. N2 bond lengths (Ǻ) in bold. 
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Despite the neutrality of LN_diimine, the N-N bond lengths of both isomers bear a striking 

resemblance to those of the anionic β-diketiminate (HN~NH) of the previous section 

(1.117/1.155 Å vs. 1.118/1.155 Å, respectively; cf. Tables 2 and 3). Additionally, the     

difference in isomerization enthalpies is only 0.6 kcal/mol (3.0 vs. 2.4 kcal/mol). Although the 

isomerization of LN_diimineFe(κ1-N2) from the quintet spin state is spin-forbidden, the triplet-

quintet gap in the η2-N2 isomer is calculated to be 2.5 kcal/mol.  

 Unlike the bidentate LN_diimineFe(κ1-N2) complex, the optimized tridentate LN_pincerFe(κ1-

N2) complex has a triplet ground state. The calculated N-N bond length (1.120 Å) is in 

reasonable agreement with that obtained from the X-ray crystal structure of a 

tetrahydrothiophene adduct of a synthetic analogue (1.117(3) Å).112 Despite the isomerization 

being spin-forbidden, analogous to the LN_diimineFe-N2 complexes and comparatively endothermic 

(12.2 kcal/mol), this may be an artifact of the current level of theory employed as the triplet-

quintet gap for LN_pincerFe(η2-N2) is calculated to be only 0.8 kcal/mol. 

 The LP_pincer analogues of the preceding LN_pincer complexes have triplet ground states for 

both N2 isomers. However, in terms of the metrics and energetics (Table 4.2), the greater 

resemblance of the phosphorous pincers to the bidentate LN_diimineFe complexes versus the more 

structurally related LN_pincerFe complexes is even more interesting. This is perhaps a consequence 

of the smaller distance between Fe and the pendant pyridine N in the optimized structure of the 

latter complexes (κ1-isomer: 1.886 Å; η 2-isomer: 1.875 Å) than for the P-pincers (κ1-isomer: 

2.016 Å; η 2-isomer: 2.076 Å), effectively constraining LP_pincer to bind iron in a bidentate 

configuration. Finally, the T-shaped environment of Fe in (N_diimine)Fe(κ1-N2) is likely 

electronic in origin, arising from the relative coordinative unsaturation (14e-) with respect to the 

Y-shaped LN_pincer and LP_pincer analogues (16e-). In fact, a non-stationary-point Y-shaped 
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 (N_diimine)Fe(κ1-N2) structure is slightly higher in energy than the T-shaped structure (ΔE = 

4.1 kcal/mol), suggesting that presentation of a fourth coordination site in the latter structure is a 

more important factor than the steric effects of the phenyl rings, which would favor a Y-shaped 

structure.     

 The monometallic complexes reported in the preceding sections of this project have 

indeed provided valuable insights into the relationship between supporting ligand and N2 
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                           (d)                                               (e)                                              (f) 

  

Figure 4.2. Schematic representations of novel supporting ligands (a-c) along with their  
                    corresponding  optimized (κ1-N2) complexes (d-f). The calculated ground state   
                    of the diimine is a quintet (S=2) while those of the pincers are triplets (S=1). N2   
                    bond lengths (Ǻ) in bold. 
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Table 4.2. Optimized Fe (I) complexes (Fig. 4.2). Unless otherwise indicated, all values refer to  
                  the triplet (S = 1) ground state 

 
 

L 

 

κ1-N2 
 

η2-N2 ΔHisom
a 

N-N Δ(N-N)b N-N Δ(N-N)b  

N_diimine 1.117 (S=2) 0.021 1.151c 0.055 3.0 
N_pincer 1.120  0.021 1.150d (S=2) 0.054 12.2 
P_pincer 1.118 0.022 1.154 0.058 5.4 

 

a) Bond lengths in Å and enthalpies in kcal/mol. b) Difference in calculated N2 bond length within Fe complex and free N2 (1.096 Å). c) Triplet-
quintet gap = 2.5 kcal/mol. d) Triplet-quintet gap = 0.8 kcal/mol. 
 

activation. However, as the impetus for this project is the result of calculations for LFeNNFeL 

species (Scheme 4.1), the ligand study of this section should naturally be extended to bimetallic 

systems. Thus far, the only additional ligand we have studied has been the "pyrene-like" model 

(Figure 4.3a) which is especially attractive given the concerted roles of both metal centers in N2 

activation as well as the susceptibility towards electrophilic attack (such as H+) at the substrate 

for sterically-permissive analogues. Optimization of the singlet, triplet, and quintet “pyrene-like”  

 

 

 

 

 

 

 

 

 

 

model yielded a quintet ground state (a triplet stationary point was not found) with a fascinating 

coordination mode of N2 (Figure 4.3b and Scheme 4.2(v)): κ1 or end-on towards one Fe(0) center 

    

NN

Fe
NN

Fe NN
HH

                               

                               (a)                                                                             (b)  

 

Figure 4.3 (a) Schematic and (b) optimized geometry of the pyrene-like N2 complex in the   
                   quintet (S=2) ground state. N2 bond lengths (Ǻ) in bold.  
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and η2 or side-on towards the other for a N-N bond length of 1.184 Å! Although there are 

currently no crystallographically-characterized bi- or multimetallic Fe-N2 complexes exhibiting 

this motif, such a binding mode has been found in early transition metal systems, albeit with a 

more activated N2 unit (N-N:  1.301(12) Ǻ (Ti), 1.196(4) Ǻ (Zr), 1.220(10) Ǻ (Zr), 1.319(4) Ǻ 

(Ta), 1.319(6) Ǻ (Ta)).114 In the present pyrene-like complexes, this bond length is 0.029 Å 

longer than the most activated N2 bond among the aforementioned monometallic complexes 

(1.155 Å for (β-diket)Fe(η2-N2); Table 4.1). Therefore, this section has demonstrated that a 

useful starting point for activated dinitrogen complexes in furtherance of reactivity studies is the 

choice of bimetallic supporting ligands, which unlike monometallic ligands allow both metals to 

activate N2 in a concerted fashion.  Further work in this area involves testing new bimetallic 

supporting ligands along with substitutional modification (steric groups, electron-

donating/withdrawing groups, etc.) of the pyrene-like complex. 

 
4.3. First Row Transition Metal (β-diket)M-NN and (β-diket)M-NN-M(β-diket) Complexes  

 
 

4.3.1. Monometallic (β-diket)M-NN Complexes 
 
 

 In addition to N2 activation in Fe(I)-N2 complexes as a function of ligand modifications, 

the effect of first-row transition metal (M: Sc-Cu) on activation in (β-diket)M-N2 complexes was 

also considered. It was initially supposed that, unlike Fe (Sec. 4.2.1, Table 4.1), for certain 

transition metals, the more activated η2-N2 isomer would be most thermodynamically stable than 

the less activated κ1-N2 isomer (Scheme 4.3). This supposition is supported experimentally for 

[(((N(2,6-diisopropyl)C(CH3))2CH)Cr]2(μ-N2), a bulky bimetallic analogue of (β-diket)Cr-N2 

(vide infra.) featuring a bridging η2-N2 unit,115 and in fact holds for optimized 3[Sc]-N2, 4[Ti]-N2, 

and 5[Mn]-N2 complexes (ΔHisom: -6.2 kcal/mol, -1.7 kcal/mol, and -12.9 kcal/mol, respectively;  
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Figure 4.4), where [M] = (β-diket)M. The geometry about Sc in both 3[Sc]-N2 isomers is Y-

shaped (Fig. 4.5a). The 3[Sc]-(κ1-N2) complex is slightly pyramidal about Sc (sum of angles = 

345.37°) with an N-N distance of 1.144 Ǻ, whereas that in the more stable 3[Sc]-(η2-N2) isomer 

is 1.171 Ǻ, the largest among the [M] -N2 series (Sc-Cu). By contrast, both 4[Ti]-(κ1-N2) and 

4[Ti]-(η2-N2)* (ΔHgap(2/4) = 5.2 kcal/mol) are T-shaped (Fig. 4.5b) with N2 bond lengths 1.139 Ǻ 

and 1.157 Ǻ, respectively. Based on the average N2 bond lengths of terminal κ1-Ti-N2 complexes 

in the Cambridge Structural Database (CSD)94 (N-N: 1.110 ± 0.006 Ǻ; N = 5), B3LYP may 

overestimate the N-N distance (1.139 Ǻ) in 4[Ti]-(κ1-N2), although this discrepancy may arise 

from the absence of experimentally-characterized three-coordinate Ti-N2 complexes. 

Nevertheless, the small thermodynamic predilection for the side-bound isomer (ΔHisom = -1.7 

kcal/mol) is consistent with the small differences in relative energies predicted for the two 

Cp2Ti-N2 isomers based on molecular orbital arguments.116 The largest N-Ti-N(N2) angles 

 

Figure 4.4. N2 bond lengths (left axis) and isomerization enthalpies (right axis) for [M]-N2   
                   complexes. 
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(“Tee” angles) are 167.79° (κ1-N2) and 161.29° (η2-N2), where the Tee angle N-Ti-N(N2) is 

measured with respect to the center of the N2 unit). The geometry of the Y-shaped 5[V]-(η2-N2) 

isomer is similar to 3[Sc]-(η2-N2), with an N2 bond length of 1.150 Ǻ,  in contrast to the more 

stable T-shaped 5[V]-(κ1-N2) isomer (ΔHisom = 6.1 kcal/mol; Tee angle: 170.41°; N-N: 1.125 Ǻ). 

The calculated N2 bond length in the κ1 isomer (1.125 Ǻ) is in excellent agreement with that of 

each terminal N2 (1.130(16) Ǻ) in [Na(thf)][V(N 2)2(dppe)2] (dppe = Ph2PCH2CH2PPh2),117 the 

lone V-N2 complex in the CSD. Both isomers of 6[Cr]-N2 are Y-shaped, with a shorter N2 bond 

length in the more stable (ΔHisom = 4.9 kcal/mol) κ1-N2 isomer (N-N: 1.124 Ǻ (κ1); 1.144 Ǻ (η2)). 

Again, excellent agreement is found between this N2 bond length and those of the single terminal 

Cr-N2 structure in the CSD (1.122(3) Ǻ), trans-Cr(N2)2(dmpe)2 (dmpe = 

(CH3)2PCH2CH2P(CH3)2).118 

 From Sc-Cr, the N2 bond lengths in either end-on or side-on isomers has decreased 

monotonically from 1.144 Ǻ to 1.124 Ǻ and 1.171 Ǻ to 1.144 Ǻ, respectively. On the other hand, 

an increase from -6.2 kcal/mol to 6.1 kcal mol in ΔHisom is found on moving from 3[Sc]-N2 to 

5[V]-N2, with a slight decrease from V to Cr (ΔHisom = 4.9 kcal/mol). Thus, for these systems 

(Sc-Cr), the η2-N2 isomer is most stable and exhibits greater activation for the earliest TM 

systems. However, there is an abrupt break in the η2-N-N (1.166 Ǻ) and ΔH isom (-12.9 kcal/mol) 

trends for the Y-shaped 5[Mn]-N2 complexes (Fig. 4.5c), the reason for which is unclear. As this 

anomalous behavior may reflect deficiencies of B3LYP, the [Mn]-N2 complexes are currently 

being studied with other functionals. This may also afford better agreement between the N2 bond 

length in the less stable 5[Mn]-(κ1-N2) isomer (1.112 Ǻ) and that in the lone terminal Mn-N2  

complex in MnH(N2)(dmpe)2 in the CSD (1.127(7) Ǻ). 119 For the Fe-N2 complexes, the side- 

bound 4[Fe]-(η2-N2) is Y-shaped with an N2 bond length of 1.155 Ǻ. Within the more stable T- 
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shaped (ΔHisom = 2.4 kcal/mol; Tee angle: 165.70°; Sec. 4.2.1) 4[Fe]-(κ1-N2) complex, the N-N 

distance of 1.118 Ǻ is consistent with that of the 27 terminal Fe -N2 complexes in the CSD 

(1.111± 0.023 Ǻ). Like the Fe complexes, the more stable end -on 3[Co]-(κ1-N2) is T-shaped 

(ΔHisom = 9.4 kcal/mol; N-N: 1.114 Ǻ) whereas the side -on 3[Co]-(η2-N2) is Y-Shaped (N-N: 

1.140 Ǻ). The N -N distance in the former complex (1.114 Ǻ) lies slightly above one standard 

deviation of the average of those in the 8 terminal Co-N2 complexes in the CSD (1.100 ± 0.012 

Ǻ). As with the Ti-N2 complexes, the 2[Ni]-(κ1-N2) and 2[Ni]-(η2-N2) complexes are T-shaped 

(Tee angles: 161.91° and 155.35°, respectively) with a shorter N2 bond length in the more stable 

κ1 isomer (N-N: 1.108 Ǻ; ΔHisom = 10.6 kcal/mol) than in the end-bound isomer (N-N: 1.127 Ǻ). 

The N-N distance in 2[Ni]-(κ1-N2) is in excellent agreement with that in the terminal Ni-N2 

                                              

              

          

                (a)                                              (b)                                             (c)            

Figure 4.5. Geometries of end-on (κ1) and side-on (η2) (a) 3[Sc]-N2, (b) 4[Ti]-N2, and (c)    
                  5[Mn]-N2 complexes. N2 bond lengths (bold) in Å and all angles in degrees. 

 



 

67 

complex (dtbpe)Ni(N2)(PPh3) (N-N: 1.112(2) Ǻ; dtbpe = P( tBu)2CH2CH2P(tBu)2).120 Finally, the 

two 1[Cu]-N2 complexes are Y-shaped, where the κ1-N2 isomer is thermodynamically favored 

(ΔHisom = 7.4 kcal/mol). For each isomer, the N-N distances in the Cu complexes (1.106 Ǻ (κ 1-

N2) and 1.124 Ǻ (η 2-N2)) are the shortest among their respective first row TM series (Fig. 4.4). 

Like Sc, no terminal Cu-N2 complexes have been reported experimentally. 

   From Mn-Cu, the η2-N-N distances decrease monotonically from 1.166 Ǻ to 1.124 Ǻ 

with concomitant increase in ΔHisom (although a slight decrease from Ni (10.6 kcal/mol) to Cu 

(7.4 kcal/mol) was calculated). Although the η2-N2 isomer is most stable for [Mn], the remaining 

TM systems (Fe-Cu) show a thermodynamic preference for the κ1-N2 isomer, whose N2 bond 

lengths display relatively little sensitivity to TM (1.118-1.106 Ǻ). Thus, from the data presented 

graphically in Fig. 4.4, earlier [M]-N2 complexes, with either κ1- or η2-N2 isomers, exhibit 

greater N2 activation than later systems within the two TM sets (Sc-Cr and Mn-Cu) partitioned 

by the anomalous “jump” between Cr and Mn. Furthermore, the η2-N2 isomer is most stable in 

the early [M]-N2 complexes (M = Sc, Ti, Mn). Nevertheless, given the absence of monometallic 

[M]-(η2-N2) complexes in the CSD, the foregoing analysis is of limited value. In order for these 

studies to have experimental relevance, the scope must be expanded to bimetallic systems in 

which bona fide examples of η2-N2 isomers have been reported (Sec. 4.3.2).  

4.3.2. Bimetallic (β-diket)M-NN-M(β-diket) Complexes 
 
 

 Unlike the monometallic complexes, the corresponding trends in N-N bond lengths and 

κ1/η2-N2 isomer stability (ΔHisom) for the bimetallic complexes [M]-NN-[M] (cf. Scheme 

4.2(iii,iv))  are much smoother, almost monotonic (Fig. 4.6), where low-lying excited state κ1-N2
 

bond lengths have been reported for Sc and V in order to give spin-allowed N2 

isomerizations(ΔHisom, vide infra.). For Sc, the η2 isomer 1[Sc]-(η2-N2)-[Sc] was most stable  
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owing to thermodynamically favorable isomerization (ΔHisom = -44.4 kcal/mol) from 1[Sc]-(κ1-

N2)-[Sc]* (ΔHgap(5/1) = 1.9 kcal/mol). There is marked difference in the optimized geometries of 

the ground-state quintet (5[Sc]-(κ1-N2)-[Sc]) and low-lying singlet excited state (1[Sc]-(κ1-N2)-

[Sc]*), shown in Figure 4.7a-b. The latter complex is highly pyramidal about each Sc with Sc-

N(N2)  and N-N 1.851 Ǻ  and 1.274 Ǻ, respectively (Fig. 4.7a) whereas planar Sc environments 

substantially longer Sc-N(N2) (2.056 Ǻ) and shorter N -N (1.208 Ǻ) distances were found in the 

former (Fig. 4.7b).  However, the ground state 1[Sc]-(η2-N2)-[Sc] complex features a very long 

N2 bond (1.512 Ǻ), the longest among the [M] -(κ1-N2)-[M] and [M]-(η2-N2)-[M] 3d series (Fig. 

4.6), with the N-N axis perpendicular to each β-diketiminate Sc plane (Fig. 4.7c). This N2 bond 

is 0.05 Ǻ longer than the 1.46 Ǻ N -N single bond in the X-ray crystal structure of hydrazine 

(H2N-NH2),121 which implicates a weak N-N bond.  

   

 

 

Figure 4.6. N2 bond lengths (left axis) and isomerization enthalpies (right axis) for [M]-N2-   
                   [M] complexes. 
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 As with Sc, the side-bound N2 isomer (3[Ti]-(η2-N2)-[Ti]) is thermodynamically 

preferable (ΔHisom = -26.4 kcal/mol) to the end-on isomer (3[Ti]-(κ1-N2)-[Ti]) in the bimetallic Ti 

complexes. Other than a T-shaped geometry (Tee angle = 148.35°) the structure of the latter 

complex is similar to that of 1[Sc]-(κ1-N2)-[Sc]* (Fig. 4.7b) with a 1.280 Ǻ N -N distance. 

Nevertheless, the Y-shaped geometry in 1[Sc]-(κ1-N2)-[Sc]* is reproduced in the low-lying 

(ΔHisom = 1.0 kcal/mol) septet 7[Ti]-(κ1-N2)-[Ti]* structure, with a shorter N-N bond length 

(1.195 Ǻ). In fact, repeating the optimizations of these two end -on complexes with the more 

accurate33 B1B95 functional122 reversed the order of these spin states, yielding a ground-state κ1 

septet (N-N: 1.190 Å) structure lying only 0.16 kcal mol-1 below the triplet. Consequently, we 

believe that the spin states in the κ1-N2 complexes are improperly ordered at the B3LYP/6-

311+G(d) level of theory, giving rise to the slight increase in N2 bond length from 1[Sc]-(κ1-N2)-

[Sc]* (1.274 Ǻ) to 3[Ti]-(κ1-N2)-[Ti] (1.280 Ǻ; Fig. 4.6). A search of the CSD 94 returned 23 

structures bearing κ1-Ti-N2-Ti motifs with an average N2 bond length of 1.208 ± 0.054 Å. 

Although this average is in closer agreement with the B1B95 value, three of the CSD structures 

                

                                (a)                                                                                (b) 

    

 

(c) 

Figure 4.7. Optimized geometries of (a) 1[Sc]-(κ1-N2)-[Sc]*, (b) 5[Sc]-(κ1-N2)-[Sc], (c) 1[Sc]- 
                    (η2-N2)-[Sc]. Sc-N and N-N bond lengths (bold) in Å and all angles in degrees. 
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exhibited N2 bond lengths in excess of the B3LYP value (1.280 Å). By contrast, the calculated 

N2 bond length in 3[Ti]-(η2-N2)-[Ti] significantly overestimates the two CSD values for η2-Ti-

N2-Ti motifs (1.380 Å and 1.216 Å), and is in fact closer to the average for the 14 CSD η2-Zr-N2-

Zr structures (1.445 ± 0.104 Å).  

  Continuing the trend found in the previous Sc and Ti systems, a low-lying excited state 

7[V]-(κ1-N2)-[V]* complex was found (ΔHgap(9/7) = 1.1 kcal/mol) above the 9[V]-(κ1-N2)-[V]. 

The structure of the latter complex is similar to that of 5[Sc]-(κ1-N2)-[Sc] (Fig. 4.7b), albeit with 

a shorter N-N distance (1.183 Å), whereas the former complex features T-shaped, slightly 

pyramidal V environments (Fig. 4.8a) and a slightly more activated N2 unit (1.195 Å) over that 

in the ground state. In either case, both bond lengths are much shorter than the average for the 12 

CSD κ1-V-N2-V complexes (1.243 ± 0.016 Å). The side-on complex (7[V]-(η2-N2)-[V]) is again 

thermodynamically stable (ΔHisom = -15.9 kcal/mol), with a structure similar to those of the end-

on Sc and Ti complexes and a 1.256 Å N2 bond length. Although N2 is not cleaved in this 

complex as was found experimentally for [V(N{N''}2)Cl]2 ([(N{N''}2] = [(Me3Si)N-

{CH2CH2N(SiMe3)}2]) on reducing with KC8 and N2 to give the bridged nitrido complex 

[V(N{N''}2)(μ-N)]2  (N-N: 2.50(2) Ǻ) ,123 the N-N bond length is in excellent agreement with the 

N=N double bond (1.252 Ǻ) in the X -ray crystal structure of diazene,124 which implies that [V]-

NN-[V] complexes reduce N2 to a double-bonded species. 

  Nonet ground states were found for both Cr isomers (9[Cr]-(κ1-N2)-[Cr] and 9[Cr]-(η2-

N2)-[Cr]), with the side-bound N2 complex again most stable (ΔHisom = -14.6 kcal/mol). Unlike 

the earlier bimetallic κ1-N2 complexes, in which both β-diketiminate rings are mutually 

perpendicular (cf. Fig. 4.7b), the rings in 9[Cr]-(κ1-N2)-[Cr] are coplanar (Fig. 4.8b), where the 

N2 bond length (1.191 Ǻ) is within one standard deviation of the three CSD values for 
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κ1-Cr-N2-Cr complexes (1.177 ± 0.066 Ǻ). The two β -diketiminate rings are also planar in 9[Cr]-

(η2-N2)-[Cr] (Fig. 4.8c), in which the N-N bond length of 1.237 Ǻ is in excellent agreement with 

the single CSD value (1.249 Ǻ) for η 2-Cr-N2-Cr complexes. This is unsurprising, given that the 

system in question ([{N(2,6-diisopropylphenyl)C(CH3)}2CHCr]2(μ-N2))114 is merely a bulkier 

analogue of the β-diketiminate complexes considered in this study. However, Monillas114 

measured an effective magnetic moment μeff of 3.9 μB per Cr center, consistent with a septet 

ground state (S = 3) as opposed to the calculated nonet ground state for the η2 model system. 

 Like the Cr systems, both [Mn]-NN-[Mn] isomers are nonets (9[Mn]-(κ1-N2)-[Mn] and 

9[Mn]-(η2-N2)-[Mn]). In contrast to the earlier systems, the most thermodynamically stable 

isomer is now the former end-on complex (ΔHisom = 7.4 kcal/mol). Along with a 1.302 Ǻ N-N 

             

                                   (a)                                                                        (b) 

 

                

                                     (c)                                                                       (d) 

 

Figure 4.8.  Optimized geometries of (a) 7[V]-(κ1-N2)-[V]*, (b) 9[Cr]-(κ1-N2)-[Cr], (c) 9[Cr]-  
                    (η2-N2)-[Cr], and (d) 9[Mn]-(η2-N2)-[Mn]. Mn-N and N-N bond lengths (bold) in   
                    Å and all angles in degrees. 
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bond length, the geometry of the less stable η2-N2 isomer (Fig. 4.8d) features an interesting 

“butterfly” motif, where the angle between the two Mn-N2 planes (“butterfly angle”; cf. Scheme 

4.2(iv)) is 130.30° and gives rise to a “kink” in the graph of η2-N2 bond length vs. transition 

metal (Fig. 4.6). This structure is slightly more stable (ΔE = 1.6 kcal/mol) than the non-

stationary-point planar analogue (butterfly angle = 0°). The N-N bond length in the κ1-N2 isomer 

(1.197 Ǻ) is in good agreement with that in the end-bound ([N2P2]Mn)2(μ-N2) complex of 

Chomitz125 (1.208 Å; [N2P2] = tBuNSiMe2N(CH2CH2PiPr2)2), the only crystallographically 

characterized Mn dinitrogen complex to date.            

 Thus far (M: Sc-Mn), the N2 activation trends in bimetallic [M]-NN-[M] complexes 

mirror those for their monometallic counterparts ([M]-N2; Fig. 4.4), whereby weaker N-N bonds 

are calculated for earlier transition metal systems. However, previous experimental work in  

conjunction with theoretical calculations from our group has shown the ability to weaken N2 to 

be correlated with occupation of high-energy d-orbitals which in turn donate electrons to N-N π* 

orbitals.126 It istherefore natural to determine the extent to which this weakening ability can 

curtail the trend of decreasing N2 activation from Sc-Mn in the Fe, Co, and later transition metal 

analogues, whose corresponding d-orbitals lie lower in energy. 

 A septet (7[Fe]-(κ1-N2)-[Fe]) and quintet (5[Co]-(κ1-N2)-[Co]) ground state was found for 

the optimized geometries of the Fe(I) and Co(I) complexes, respectively. As the optimized 

geometry of the Fe(I) complex is similar to that of the quintet Co(I) complex, only the optimized 

Co(I) complexes are shown in Figure 4.9 along with the X-ray crystal structure of the 

LtBuCoNNCoLtBu (LtBu = [{N(2,6-diisopropylphenyl)C(tBu)}2CH]-) experimental analog.127 

Relevant bond lengths of selected species are shown in Table 4.3. The optimized 7[Fe]-(κ1-N2)-

[Fe] structure displays a Y-shaped geometry (local C2v symmetry) about each Fe as well as Fe-N 
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(1.771 Å expt.; 1.801 Å calcd.) and N-N (1.189 Å expt.; 1.181 Å calcd.) bond lengths, in good 

agreement with the previously determined LtBuFeNNFeLtBu X-ray crystal structure.128 

Surprisingly, even though the triplet 3[Co]-(κ1-N2)-[Co] was calculated to lie 10.5 kcal mol-1 

above the corresponding ground state quintet, the triplet geometry most closely conforms to that 

of the X-ray crystal structure. Most significantly, the geometry about the Co center is distorted 

towards a T-shape (“Tee-angle”: 162.0(2)° expt.; 164.24° ave. calcd.) and the Co-N  (1.840 Å 

expt.; 1.827 Å calcd.) and N-N (1.139 Å expt.; 1.131 Å calcd.) bond lengths are in good 

agreement. By contrast, the optimized 5[Co]-(κ1-N2)-[Co] structure exhibits a Y-shaped geometry 

(local C2v symmetry) about each Co and the pertinent bond lengths (Co-N: 1.786 Å; N-N: 1.169 

 

 

 

 

 

 

 

 

 

Å) show greater disparity with respect to those of the crystal structure. Additionally, NMR 

experiments127 suggest an effectively C2v structure in solution, implying that the Y and T isomers  

are close in energy. 

                                    

                           (a)                                             (b)                                                (c) 

 Figure 4.9. (a) X-ray crystal structure of LtBuCoNNCoLtBu (adapted from ref. 127) along   
                     with B3LYP/6-311+G(d) optimized geometries of smaller (b) quintet and (c)    
                     triplet models. Co-N and N2 bond lengths (bold) in Å and all angles in degrees. 
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Table 4.3. Calculated and experimental M-N and N-N bond lengths for select [M]-(κ1-N2)-[M]   
                  speciesa 

 

κ1-N2 Model N-N 
(expt.) 

N-N 
(calcd.) 

M-N (expt.) M-N (calcd.) 
 

7[Fe]-NN-[Fe] 1.189(4)b 1.181 1.771b 1.801 
 

3[Co]-NN-[Co]  
 

1.139(2)c 

1.131  
 

1.8401(8)c 

1.827 
 

3[Co]-NN-[Co] (BPW91)d 1.174 1.746 
 

3LtBuCo-NN-CoLtBu 
(QM/MM)e 

1.179 1.810 

 

5[Co]-NN-[Co] 1.169 1.786 
 

5[Co]-NN-[Co] (toluene)f 1.131 1.844 
 

5[Co]-NN-[Co] (n-pentane) 1.131 1.841 
 

5[Co]-NN-[Co] (BPW91)d 1.161 1.784 
 

5LtBuCo-NN-CoLtBu 
(QM/MM)e 

1.168 1.828 

 

a) Bond lengths in Å. b) Ref. 128. c) Ref. 127. d) BPW91/6-311+G(d) optimized geometries. e) QM: BPW91/6-311+G(d); MM: UFF. f) SCRF 
CPCM solvation model. 
 
 
 In order to gain greater insights into the origin of these geometric differences, electronic 

structure calculations were performed for 7[Fe]-(κ1-N2)-[Fe], 3[Co]-(κ1-N2)-[Co], and 5[Co]-(κ1-

N2)-[Co]. Figure 4.10 shows six frontier MOs that can be divided into three groups of two: 

primarily non-bonding (bottom), non-bonding d-orbitals (middle), and N-N π* antibonding MOs 

(top).127 The geometries of 7[Fe]-(κ1-N2)-[Fe] and 5[Co]-(κ1-N2)-[Co] are similar (Y-shaped) 

since the only difference lies in the relative energies of the metal-based non-bonding orbitals. 

Furthermore, as the N-N π* orbitals contain two electrons for both Fe(I) and Co(I) complexes, 

the N-N bond lengths are similar (1.181 Å vs. 1.169 Å, respectively). The electronic structure of 

3[Co-(κ1-N2)-[Co] differs from that of the quintet by the movement of one electron from the N-N 

π* orbitals into the non-bonding d-orbitals, giving rise to a stronger N-N bond (1.131 Å). In light 

of the uneven occupation of the non-bonding d-orbitals, 3[Co]-(κ1-N2)-[Co] becomes susceptible 

to a Jahn-Teller distortion, giving a T-shaped geometry. Although the electronic structure 

analysis has been useful in accounting for the calculated and experimental [M]-(κ1-N2)-[M] 
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geometries, it still does not explain the discrepancy between B3LYP/6-311+G(d) and 

experimental LMNNML geometries, in particular the 10.5 kcal/mol preference for the Y-

shaped5[Co]-(κ1-N2)-[Co] complex over the T-shaped triplet, despite the closer geometrical 

resemblance of LtBuCoNNCoLtBu to that of the latter. As this is suggestive of shortcomings in the 

level of theory used to optimize such complexes, both triplet and quintet [Co]-(κ1-N2)-[Co] were 

reoptimized using the non-hybrid or “pure” BPW91 functional129  without changing the basis set. 

Both geometries are shown in Figure 4.11 along with the crystal structure of LtBuCoNNCoLtBu 

for comparison. The local geometry about each Co for the triplet is T-shaped with a tee-angle of 

161.95°, in excellent agreement with the B3LYP and experimental values (164.24° and 

162.0(2)°, respectively). The BPW91 optimized quintet geometry, in addition to being the 

ground state, is T-shaped with a tee-angle of 158.70° and thus in much better agreement with the 

X-ray crystal structure! Additionally, the calculated triplet/quintet energy gap (1.3 kcal mol-1) 

is9.2 kcal mol-1 smaller and is consistent with recent experimental results (magnetic 

susceptibility) from a collaborator (Prof. P. L. Holland, U. of Rochester) that have called into  

 

Figure 4.10. Frontier MOs of [M-(κ1-N2)-[M] for (a) 7[Fe]-(κ1-N2)-[Fe], (b) 5[Co]-(κ1-N2)-  
                      [Co], and (c) 3[Co]-(κ1-N2)-[Co]. Qualitative energy differences are indicated. 
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question the initial assumption of a triplet ground state for the LtBuCoNNCoLtBu complex.127,130 

Regardless of these encouraging results, this switch in functional causes an unfortunate 

deterioration in the accuracy of the predicted Co-N (1.840 Å expt.; 1.746 Å (triplet) and 1.784 Å 

(quintet) calcd.) and N-N (1.139 Å expt.; 1.174 Å (triplet) and 1.161 Å (quintet) calcd.) bond 

lengths relative to B3LYP (Table 4.3). 

 In an attempt to improve the accuracy of the pertinent bond lengths in the two [Co]-(κ1-

N2)-[Co] models, the full experimental models (L  tBuL; LtBu = [{N(2,6-

diisopropylphenyl)C(tBu)}2CH]-) were optimized using QM/MM methods. The partitioning 

scheme was as follows: the QM region (BPW91/6-311+G(d)) consisted of the coordinated 

dinitrogen, both metal centers, and the β-diketiminate ring atoms (including the H bound to the 

central C) whereas the MM region (UFF)44 contained the bulky 2,6-diisopropylphenyl and tBu 

                                  

                         (a)                                            (b)                                                    (c) 

 

Figure 4.11. (a) X-ray crystal structure of LtBuCoNNCoLtBu (adapted from ref. 127) along   
                      with BPW91/6-311+G(d) optimized geometries of smaller (b) quintet and (c)   
                      triplet models. Co-N and N2 bond lengths (bold) in Å and all angles in degrees. 
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groups. The optimized QM/MM complexes are shown in Figure 4.12, where the ground state is 

again a quintet (5LtBuCo-NN-CoLtBu). There is great improvement in the optimized Co-N bond 

lengths with respect to the smaller models (1.810 (triplet) Å and 1.828 (quintet) Å vs. 1.746 Å 

(triplet) and 1.784 Å (quintet), respectively; cf. Table 4.3), although the N-N bond lengths do not 

change appreciably (1.179 Å (triplet) and 1.168 Å (quintet)) in the large or small models. 

Nevertheless, both the triplet/quintet energy gap and overall optimized QM/MM geometries are  

 

  

 

 

 

 

 

 

worse, with a calculated 15.0 kcal mol-1 separation and diminished T-shape about each Co center 

(tee-angle: 151.05° (triplet); the quintet is Y-shaped), respectively, compared to the smaller 

models. 

 Having failed to reproduce the crystal structure with QM/MM calculations, a second 

avenue was pursued: incorporation of solvent effects via CPCM41 in the small model [Co]-NN- 

[Co] complexes. Toluene was chosen as solvent, a choice motivated by its similar non-polarity 

                                   

                                               (a)                                                                (b) 

Figure 4.12. QM/MM optimized geometries of the (a) quintet and (b) triplet   
                      LtBuCoNNCoLtBu complex. Atoms included in the QM region (BPW91/6-  
                      311+G(d)) are represented by spheres whereas those in the MM region (UFF)    
                      are shown in wireframe.     
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and dielectric constant to n-pentane, the solvent used in the synthesis of LtBuCo-NN-CoLtBu.127 

Although the CPCM calculations initially yielded a Y-shaped quintet structure with N-N 

(1.174 Å) and Co-N (1.788 Å) distances no better than those of 5[Co]-NN-[Co] (Fig. 4.13a; cf. 

Table 4.3), a slightly more stable (ΔH Y-shape  T-shape: -1.7 kcal/mol) T-shaped quintet 

structure was also found (Fig. 4.13b). Remarkably, in addition to the T-shaped structure, the N-N 

(1.131 Å; 1.139(2) Å exp.) and Co-N (1.844 Å; 1.8401(8) exp.) distances and Tee angles 

(162.26° calcd.; 162.69(3)° exp.) are reproduced with excellent accuracy. Additionally, repeating  

 

 

 

 

 

 

 

 

 

 

 

these CPCM calculations for n-pentane gave almost identical results with the more stable T-

shaped structure (ΔH Y-shape  T-shape: -2.0 kcal/mol) in even better agreement with 

experiment (N- N: 1.131 Å; Co-N: 1.841 Å) albeit with a slightly worse Tee angle (161.03°). 

Similar metrics for the Y-shaped structure (N-N: 1.171 Å; Co-N: 1.790 Å) were calculated. 

Given these promising  results, the CPCM study is being repeated for diethyl ether, the solvent 

                                                                                    

                                   (a)                                                                                        (b) 

Fig. 4.13. Optimized CPCM (solvent = toluene) geometries of (a) Y-shaped and (b) T-shaped   
                 5[Co]-NN-[Co]. Corresponding n-pentane CPCM structures were almost identical    
                 and are not shown. Co-N and N2 bond lengths (bold) in Å and all angles in   
                 degrees. 
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employed in the characterization of LtBuCo-NN-CoLtBu.127 Lastly, owing to the geometric 

disparities (Y/T shape, N-N, and Co-N distances) found among both thermodynamically 

accessible Co complexes, future work in conformational analysis of select Y/T shape structures 

of [M]-NN-[M] is prudent to ensure stable minima are not overlooked; the results of that work 

could remove some of the “kinks” of the graph in Fig. 4.6 to give smoother trends.       

 Returning to side-on and end-on N2 complexes at the original level of theory (B3LYP/6-

311+G(d)), the remaining bimetallic 3d [M]-(κ1-N2)-[M] complexes are those of Ni(I) and Cu(I). 

Geometry optimizations yielded a triplet 3[Ni]-(κ1-N2)-[Ni] and singlet 1[Cu]-(κ1-N2)-[Cu] 

ground state for the Ni(I) and Cu(I) species, respectively. Subsequently, the corresponding side-

on [M]-(η2-N2)-[M] models were optimized, giving the same ground state in both isomers (7[Fe]-

(η2-N2)-[Fe], 5[Co]-(η2-N2)-[Co], 3[Ni]-(η2-N2)-[Ni], and 1[Cu]-(η2-N2)-[Cu]). The side-on 

isomers for Fe-Ni are shown in Figure 4.14 with calculated N-N bond lengths and ΔHisom values 

given in Table 4.4; the novel end-on structures of 3[Ni]-NN-[Ni] and 1[Cu]-NN-[Cu] are not 

shown in Fig. 4.14 as their geometries resemble those of 3[Co]-NN-[Co] (Figure 4.9c) and 5[Sc]-

(κ1-N2)-[Sc] (Figure 4.7b), respectively. 

 The 7[Fe]-(η2-N2)-[Fe] side-on N2 complex (Fig. 4.14a) is entirely planar with 

approximate D2h symmetry and a calculated N-N bond length elongated by 0.051 Å and 0.136 Å 

with respect to the end-on isomer and free N2, respectively, giving 1.232 Å, a value similar to 

that in the early 9[Cr]-(η2-N2)-[Cr] complex (1.237 Å). Despite this encouraging result, the 

complex also bears a relatively high isomerization enthalpy (19.1 kcal mol-1). The structure of 

5[Co]-(η2-N2)-[Co] (Fig. 4.14b), by contrast, shows a “butterfly” motif with a 113.82° butterfly 

angle, in addition to mutually perpendicular β-diketiminate planes, which is more stable than its 

non-stationary-point planar analogue (ΔE = 6.1 kcal/mol). Although the N-N bond length of  
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Table 4.4. Effect of late transition metal (M=Fe-Cu) on N-N bond length and ΔHisom in   
                  optimized [M]-NN-[M] complexes (Figures 4.9 and 4.14)a     

 
 

 

κ1-N2 
 

η2-N2 ΔHisom
b 

N-N Δ(N-N)c N-N Δ(N-N)c  
 

7LFeNNFeL 1.181 0.085 1.232 0.136 19.1 
 

5LCoNNCoL 1.169 0.073 1.213 0.117 11.1 
 

3LNiNNNiL 1.124 0.028 1.175 0.079 18.6 
 

1LCuNNCuL 1.119 0.023 1.167 0.071 13.3 
 

a) Bond lengths in Å and enthalpies in kcal/mol. b) Difference in calculated N2 bond length within complex and free N2 (1.096 Å).c) ΔHisom : κ1-
N2  η2-N2      
 
1.213 Å in the bent stationary point structure is slightly smaller than that in the side-bound Fe 

complex, it is less elongated at 0.044 Å with respect to the end-on isomer, which may explain in 

part the lower isomerization enthalpy of 11.1 kcal mol-1.   

                    

                                      (a)                                                                                 (b) 

 

                                 

                                        (c)                                                                            (d) 

 

Figure 4.14. Optimized geometries of (a) 7[Fe]-(η2-N2)-[Fe], (b) 5[Co]-(η2-N2)-[Co], (c)   
                      3[Ni]-(η2-N2)-[Ni], and (d) 1[Cu]-(η2-N2)-[Cu]. N2 bond lengths (bold) in Å and   
                      all angles in degrees. 
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The optimized side-on geometry of the 3[Ni]-(η2-N2)-[Ni] complex (Fig. 4.14c) is even 

more remarkable. Not only does the complex have a butterfly angle of 119.78° for its central 

Ni2N2 motif similar to that of Co2N2, it also exhibits approximate C2 symmetry about an axis 

passing through the center of the bound N2 molecule and lying in a plane bisecting the butterfly 

angle.  The N-N bond length of 1.124 Å in the end-on Ni isomer becomes elongated by 0.051 Å 

to 1.175 Å in the side-on isomer with an isomerization enthalpy of 18.6 kcal mol-1. Furthermore, 

the side-on butterfly structure is slightly more stable than the non-stationary-point planar side-on 

analogue (ΔE = 5.0 kcal/mol). Lastly, in the optimized side-on 1[Cu]-(η2-N2)-[Cu] complex (Fig. 

4.14d) displays approximate C2v symmetry, where the butterfly angle is 106.16° and each plane 

of the central Cu2N2 unit is coplanar with its respective β-diketiminate plane. The N-N bond 

lengths in the Cu end-on (1.119 Å) and side-on (1.167 Å) isomers are similar to those of the 

corresponding Ni complexes, even though the isomerization enthalpy of 13.3 kcal mol-1 is 

smaller by 5.3 kcal mol-1. Finally, the side-on non-stationary-point planar analogue was again 

slightly less stable than the stationary butterfly structure (ΔE = 4.8 kcal/mol). 

 In terms of N2 activation, the late transition metal [M]-NN-[M] complexes can be divided 

into two groups, irrespective of isomer: (i) Fe and Co complexes which have large and mutually 

similar N-N bond lengths that show a marked decrease on moving to (ii) Ni and Cu complexes. 

As the similar N2 bond lengths of the end-on isomers in group (i) were accounted for in Figure 

4.10, it seems likely that an electronic explanation underlies the similarities in group (ii) for the 

corresponding end-on isomers. Such calculations are currently underway and may provide 

additional insight into the N-N bond length discrepancy between both groups. On the other hand, 

even though the N-N bond lengths in the side-on N2 complexes follow the same trend, an 

electronic structure-based explanation is more elusive in light of their geometric disparity (cf. 
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Fig. 4.14). Furthermore, within each group, isomerization of the heavier congener (Table 4.4) is 

most favored thermodynamically, the reasons for which are presently unknown.  

 In considering both monometallic [M]-N2 and bimetallic [M]-N2-[M] complexes, N2 is 

more activated in the latter bimetallics (Figs. 4.4 and 4.6) for the entire 3d series (Sc-Cu), a result 

which demonstrates the concerted nature of transition metals in weakening N2. Additionally, the 

η2-N2 isomers display greater N2 activation than κ1-N2 for each complex, in accordance with the 

MacLachlan-Fryzuk hypothesis.111 Comparing early and late TM complexes, the more activated 

η2-N2 mode in bimetallic complexes is thermodynamically stable for early metals (Sc-Cr; Fig. 

4.6), whereas a less predictable trend in stability of this mode was found for monometallic 

complexes (Sc, Ti, Mn; Fig. 4.4). Finally, while the trend of greater activation with earlier 

monometallic TM complexes is valid only on two subsets of the 3d series (Sc-Cr and Mn-Cu; 

Fig. 4.4) owing to the anomalous behavior of Mn, bimetallics exhibit this behavior on the entire 

set, with the exception of a small “spike” for the butterfly 9[Mn]-(η2-N2)-[Mn] complex (Fig. 

4.6). 

 
4.4. Reactivity of (β-diket)Fe-N2 Complexes with Hydrogen 

 
 

 Although the initial focus on iron dinitrogen complexes in the previous sections was 

motivated by the abundance of Fe in the FeMoCo active sites of nitrogenases, this factor was 

obscured on moving to other non-Fe first-row transition metal systems. However, the fact that 

such nitrogenases promote facile N2 cleavage through the reaction131 N2 + 8H+ + 8e- → 2NH3 + 

H2 suggests an interplay between the extent of N2 activation (i.e. elongation with respect to free 

N2) and reactivity, and thus warrants re-shifting the focus back to the Fe-N2 complexes of the 

previous sections and their reactivity towards H/H+/H-. 
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 Despite the significant industrial ramifications, the detailed mechanism by which 

FeMoCo transforms dinitrogen into ammonia is not completely understood. An X-ray crystal 

structure of the parent (no substrates or “E0” state) FeMoCo is known132 and is shown 

schematically in Fig. 4.15. Each Fe has a low-coordinate pseudo-tetrahedral environment and 

thus underlies the choice of bulky β-diketiminate supporting ligands (tBuL; c.f. Sec. 4.3.2) to 

 

 

 

enforce low coordination numbers (three and four) in one of our previous studies.128 With respect 

to reactivity, ENDOR (Electron-Nuclear Double Resonance) spectroscopic signals consistent 

with N2H2 and N2H4 have been observed in freeze-trapped enzymes during N2 reduction,133-135 

even though the binding modes of these reduction intermediates is uncertain. Currently, the 

Thorneley-Lowe generalized scheme133a is the most accepted mechanism for N2 reduction at 

FeMoCo. Accordingly, the parent E0 state does not bind N2: only after reduction with three or 

four electrons from H (E0 + nH  EnHn; n = 3,4) to give a cluster with hydride ligands does N2 

bind to FeMoCo.134,135 Thus, these two experimental observations underscore the need for model 

studies on Fe-based N2 reduction complexes with both hydride and non-hydride Fe centers 

(FeHy-N2Hx: x = 1-5, y = 0,1). The β-diketiminate ligands, ubiquitous in this chapter, shall 

similarly be used as supporting ligands ((β-diket)FeHy-N2Hx) in the following reactivity studies 

with H/H+/H-.   

 
 

 

Figure 4.15. Structure of the FeMoCo active site of nitrogenase. X = C4-, N3-, or O2-. 
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4.4.1. Preliminary (β-diket)Fe-N2 Reactivity Studies 
 
 

 Before studying the complete N2-to-NH3 transformation with (β-diket)Fe-N2 and H/H+/H- 

species, a few preliminary studies are necessary. First, (a) which hydrogen species preferentially 

attacks [Fe]-N2 (H, H+, or H-), (b) which sites (Fe or N2) are preferentially attacked by H/H+/H-, 

and (c), how are these predilections affected by implicit inclusion of the effects of a polar protic 

solvent such as water? Although attack at the supporting ligand may be possible, as 

demonstrated by Mindiola136 for deprotonation of β-diketiminate Ti complexes with LiR (R = 

CH3, CH2
tBu, CH2SiMe3), the various possible products resulting from H/H+/H- addition to the 

supporting ligand were not considered in this chapter. Nevertheless, the answer to each of the 

aforementioned questions is shown in Fig. 4.16.  

   

 

 

 

 

 

 

 

 

 For (a), the most favorable attack occurs for protons (4[Fe]-N2 + H+  4[Fe]-N2H+ (-

189.2 kcal/mol); 4[Fe]-N2 + H+  4H[Fe]-N2
+ (-201.8 kcal/mol)) followed by hydride (4[Fe]-N2 

 

Figure 4.16. Energetics of initial H/H+/H- addition to 4[Fe]-N2. Enthalpies in kcal/mol;   
                      CPCM values (water) in parentheses. 
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+ H-  4[Fe]-N2H-* (-30.1 kcal/mol; ΔHgap(4/2) = 2.4 kcal/mol); 4[Fe]-N2 + H-  4H[Fe]-N2
- (-

68.5 kcal/mol)) and hydrogen (4[Fe]-N2 + H  3[Fe]-N2H (-23.6 kcal/mol);  4[Fe]-N2 + H  

3H[Fe]-N2 (-51.5 kcal/mol)). The structures resulting from attack at Nα ([Fe]-N(H)N0/+/-) were 

either less stable than their [Fe]-N2H0/+/- counterparts or converged to the corresponding H[Fe]- 

N2
0/+/- structures and are not given further consideration. Additionally, (b) for each H/H+/H- 

species, Fe is preferentially attacked over Nβ by 12.6–38.4 kcal/mol. Finally, (c) including water 

implicitly via the CPCM method slightly degrades the thermodynamics of H addition by 1.4 

kcal/mol (3[Fe]-N2H) and 2.1 kcal/mol (3H[Fe]-N2), while that for H+ addition is greatly 

improved by 52.9 kcal/mol (4[Fe]-N2H+) and 49.8 kcal/mol (4H[Fe]-N2
+) due to stabilization of 

the resulting cations (4[Fe]-N2H+: ΔHsolv = -63.1 kcal/mol; 4H[Fe]-N2
+: ΔHsolv = -60.0 kcal/mol). 

On the other hand, H- addition in water is less favorable than the corresponding gas phase 

additions by 40.3 kcal/mol (4[Fe]-N2H-*; ΔHgap(4/2)H2O = 2.4 kcal/mol) and 43.8 kcal/mol 

(4H[Fe]-N2
-) due to greater solvent stabilization of H- (ΔHsolv = -90.4 kcal/mol) with respect to 

the resulting anions (4[Fe]-N2H-*: ΔHsolv = -57.9 kcal/mol; 4H[Fe]-N2
-: ΔHsolv = -56.9 kcal/mol); 

in fact, the reaction 4[Fe]-N2 + H-  4[Fe]-N2H-* becomes endothermic in solution (ΔH = 12.8 

kcal/mol).   

 Despite the fact that N2 does not bind the E0 state (non-hydrogenated) of FeMoCo (vide 

supra.), this behavior is unfortunately not reproduced by the model [Fe]-N2
0/+/- and H[Fe]-N2

0/+/- 

complexes. Indeed, N2 binds more strongly to the parent non-hydrides (ΔH(N2 dissoc): -18.5 

kcal/mol (4[Fe]-N2); -14.7 kcal/mol (5[Fe]-N2
+); -20.8 kcal/mol (3[Fe]-N2

-)) with respect to the 

hydrides (ΔH(N2 dissoc): 0.4 kcal/mol (5[Fe]H-N2
*: ΔHgap(3/5) = 0.2 kcal/mol); -14.4 kcal/mol 

(4H[Fe]-N2
+); -7.0 kcal/mol (4H[Fe]-N2

-)), a finding which highlights the shortcomings of  simple 

monometallic model complexes of the multimetallic FeMoCo cluster, one that is an additional 
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impetus for extending the reactivity studies to bimetallic systems (vide infra.). Nevertheless, 

given the favorable additions of H and H+ in the preceding study (Fig. 4.16) regardless of 

hydration, the energetics of additional H additions to the four resultant species ([Fe]-N2H, H[Fe]-

N2, [Fe]-N2H+, and H[Fe]-N2
+) up to release of 2NH3 is considered. 

For model nitrogenase complexes, experimental and theoretical studies have converged 

upon two mechanisms for sequential H addition: the distal mechanism and the alternating 

mechanism. In the distal mechanism105,137 (N2  N2H  N=NH2  N-NH3  N + NH3  NH 

 NH2  NH3), H first adds exclusively to the terminal nitrogen and, following release of the 

first NH3, the remaining nitrogen until the second NH3 is displaced by N2 to close the cycle. By 

contrast, the alternating mechanism138 (N2  N2H  HN=NH  HN-NH2  H2N-NH2  

H2N-NH3  NH2 + NH3  NH3) features H addition alternating between Nα and Nβ in 

successive steps. Both mechanisms are considered for each of the four Fe complexes. Although 

Schrock’s105 proposed distal mechanism splits each H addition into one H+ and one e- addition in 

experimental studies of analogous reactions for Mo-N2 systems, this is not done for either 

mechanism in the current study for simplicity.  

4.4.2. Monometallic (β-diket)Fe-N2 Complexes 
 

4.4.2.1. Mechanism of H addition to [Fe]-NNH+ and H[Fe]-NNH+ 
 
 

 Upon protonation (Sec. 4.4.1), the mechanism for successive H addition to bound N2 in 

4[Fe]-NNH+ is shown in Figure 4.17. Under a distal mechanism (left side, Fig. 4.17), the addition  

of the first two H to form 5[Fe]-N-NH2
+ (top left inset, Fig. 4.17) followed by 4[Fe]-N-NH3

+ are 

exothermic (ΔH = -57.6 kcal/mol and -36.8 kcal/mol, respectively). Endothermic release of 

ammonia (ΔH = 35.5 kcal/mol) from the latter adduct yields a terminal nitride 4[Fe]-N+* 
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(ΔHgap(2/4) = 8.8 kcal/mol) with an Fe≡N bond length (1.538 Ǻ) in reasonable agreement with 

that in the X-ray crystal structure of [(TIMENmes)Fe(N)]BPh4 (1.526(2) Ǻ; (TIMENmes = tris[2-

(3-aryl-imidazol-2-ylidene)ethyl]amine).139 Nevertheless, additions of two more H atoms to 

sequentially give 3[Fe]-NH+ (bottom left inset) and 4[Fe]-NH2
+* (ΔH = -94.4 kcal/mol and -95.2  

 

 

 

 

 

 

 

 

 

 

 

kcal/mol, respectively; ΔHgap(6/4) = 0.05 kcal/mol) are exothermic. Incidentally, the amide 

complex is the rendezvous point of the distal and alternating mechanisms. Under the latter 

mechanism (right side, Fig. 4.17), the first H adds exothermically (ΔH = -57.3 kcal/mol) to form 

the cis-diazene adduct 5[Fe]-N2H2 (0.5 kcal/mol more stable than the trans isomer; top right 

inset). Addition of two more H yields 6[Fe]-NH-NH2
+ followed by 5[Fe]-NH2-NH2

+ (ΔH = -63.4 

kcal/mol and -73.1 kcal.mol, respectively), where the geometry of the latter hydrazine adduct is  

shown in the center right inset. Although optimization of the next intermediate in the alternating 

 

Figure 4.17. Mechanisms of H addition to 4[Fe]-NNH+. Enthalpies in kcal/mol. 
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sequence ([Fe]-NH2-NH3
+) was attempted, it was found to be unstable with respect to release of  

the terminal NH3. Thus, the reported H addition enthalpy (-54.7 kcal/mol) corresponds to the 

reaction 5[Fe]-NH2-NH2
+ + H  6[Fe]-NH2

+. Once the second NH3 adduct 5[Fe]-NH3
+ is formed 

on H addition to [Fe]-NH2
+ (ΔH = -89.9 kcal/mol from the quartet or sextet amide), exchanging 

NH3 for N2 (5[Fe]-NH3
+ + N2  5[Fe]-N2

+ + NH3) is endothermic (ΔH = 32.5 kcal/mol), which 

mirrors the endothermicity of NH3 release from 4[Fe]-N-NH3
+ in the distal mechanism. The 

calculated Fe-N distance in 5[Fe]-NH3
+ (2.103 Ǻ) lies within one standard deviation of the 

average distance (2.126 ± 0.073 Ǻ) for the five Fe -NH3 CSD structures. Finally, the last H 

addition to regenerate 4[Fe]-NNH+ (bottom right inset) from 5[Fe]-N2
+ is again favorable (ΔH = -

19.8 kcal/mol). 

  The corresponding mechanisms for H addition to 3H[Fe]-NNH+ are shown in Fig. 4.18. 

For the distal mechanism (left side, Fig. 4.18), additions of the first two H to give 4H[Fe]-N-

NH2
+ (top left inset, Fig. 4.18) and 3H[Fe]-N-NH3

+ are exothermic (ΔH = -61.8 kcal/mol and -

38.7 kcal/mol, respectively) whereas desorption of NH3 from the latter intermediate to form the 

terminal nitride 3H[Fe]-N+* (ΔHgap(1/3) = 4.0 kcal/mol) is endothermic, consistent with the 4[Fe]-

NNH+ distal mechanism. However, the next distal species, H[Fe]-NH+, was unstable with respect 

to optimization, converging instead to the amide species [Fe]-NH2
+ of the previous non-hydride 

mechanism (Fig. 4.17), for a very exothermic (ΔH = -143.4 kcal/mol) overall reaction (3H[Fe]-

N+* + H  4[Fe]-NH2
+* + NH3). By contrast, the Fe-bound hydride remains intact in the 

alternating mechanism, which parallels that of the non-hydrides (cf. Figs. 4.18 and 4.17).  

Formation of the cis diazene 4H[Fe]-N2H2 (top right inset) is preferable to the trans isomer (ΔH 

= -57.6 kcal/mol; cis isomer 0.3 kcal/mol more stable than the trans isomer), which is followed 

by exothermic formation of the next two intermediates 3H[Fe]-NH-NH2
+ and 4H[Fe]- NH2-NH2

+ 
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(ΔH = -68.5 kcal/mol and -67.5 kcal/mol, respectively) on addition of two more H, with the latter 

hydrazine structure shown in the center right inset. The hydrazine N-N distances in this complex 

(1.450 Ǻ) and the non-hydride analogue (1.453 Ǻ; 5[Fe]-NH2-NH2
+) lie within one standard  

 
 

 

 

 

 

 

 

 

 

 

 

 

deviation of the CSD average (1.440 ± 0.016 Ǻ) for 13 reported distances. The first  ammonia 

adduct H[Fe]-NH2-NH3 was once again unstable with respect to NH3 desorption, giving ΔH = -

52.5 kcal/mol for the reaction 4H[Fe]-NH2-NH2
+ + H  5H[Fe]-NH2

+ + NH3. The optimized Fe-

N (1.817 Ǻ) and Fe -H (1.533 Ǻ) distances in this amide are much shorter than  those in the 

crystal structure of trans-(dmpe)2Fe(H)(NH2) (2.069(7) Ǻ and 1.63(5) Ǻ,  respectively),140 the 

only structurally-characterized complex bearing the FeH-NH2 unit. Thus, whether this disparity 

reflects the level of theory employed or geometric differences remains unclear. Addition of 

another H atom results in exothermic formation of the second NH3 adduct (4H[Fe]-NH3
+) 

 

Figure 4.18. Mechanisms of H addition to 3H[Fe]-NNH+. Enthalpies in kcal/mol. 
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followed by endothermic exchange with N2 (4H[Fe]-NH3
+ + N2  4H[Fe]-N2

+ + NH3; ΔH = 31.3 

kcal/mol), as found for the non-hydride mechanism (Fig. 4.17). The Fe-N distance in the second 

ammonia adduct (2.045 Ǻ) is shorter than that in the X -ray crystal structure of [trans-

(dmpe)2Fe(H)(NH3)]2[OH]2·2H2O (2.103(5) Ǻ). 141 The final H addition to regenerate 3H[Fe]-

NNH+ (bottom right inset; Fig. 4.18) is similarly exothermic (ΔH = -19.8 kcal/mol). 

 From the energetics of the initial H addition to 4[Fe]-NNH+ and 3H[Fe]-NNH+ (Figs. 4.17 

and 4.18) it is clear that there is little thermodynamic discrimination between the alternating and 

distal branches. There is only a 0.3 kcal/mol and 4.2 kcal/mol preference for the latter branch in 

the non-hydride and hydride mechanism, respectively. Regardless of the operative mechanism up 

to [Fe]-NH2
+ or H[Fe]-NH2

+ formation, [Fe] or H[Fe]-catalyzed conversion of N2 and 6H into 

2NH3 entails at least one endothermic NH3 desorption step. For the distal mechanism, two such 

desorptions are encountered, the first of which results in formation of a terminal nitride (4[Fe]-N-

NH3
+  4[Fe]-N+* + NH3; 3H[Fe]-N-NH3

+  3H[Fe]-N+*) with a formal Fe(V) (4[Fe]-N+*) or 

Fe(VI) (3H[Fe]-N+*) center. While few terminal Fe(IV) nitrides have been isolated, there has 

only been spectroscopic evidence for the higher oxidation state Fe(V) and Fe(VI) nitrides,142 

reflecting their high reactivities. Fortunately, a more feasible route around nitride formation is 

possible in the non-hydride mechanism by H addition to the inner N of the first NH3 adduct 

(4[Fe]-N-NH3
+ + H  5[Fe]-NH-NH3

+: ΔH = -86.3 kcal/mol). Although ammonia release from 

5[Fe]-NH-NH3
+ to give the 5[Fe]-NH+* imide (ΔHgap(3/5) = 5.4 kcal/mol)  is just as endothermic 

(5[Fe]-NH-NH3
+  5[Fe]-NH+* + NH3; ΔH = 32.7 kcal/mol), addition of a second H to induce 

decomposition to ammonia and the amide 6[Fe]-NH2
+ (5[Fe]-NH-NH3

+ + H  ([Fe]-NH2-NH3
+) 

 6[Fe]-NH2
+ + NH3; ΔH = -68.0 kcal/mol) from the unstable ([Fe]-NH2-NH3

+) species (Fig. 

4.17). Within the hydride mechanism, the ammonia adduct may be exothermically shunted into 
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either the non-hydride mechanism or hydride alternating mechanism. A similar 4H[Fe]-NH-NH3
+ 

intermediate is formed on H addition to the inner N (3H[Fe]-N-NH3
+ + H  4H[Fe]-NH-NH3

+; 

ΔH = -85.5 kcal/mol) which, like the non-hydride counterpart, is unstable with respect to NH3 

release (4H[Fe]-NH-NH3
+   (H[Fe]-NH+) + NH3  4[Fe]-NH2

+* + NH3; ΔH = -28.5 kcal/mol) 

to form the unstable H[Fe]-NH+ species (Fig. 4.18), which converts to the non-hydride 4[Fe]-

NH2
+* on optimization. Prior to ammonia desorption from the 4H[Fe]-NH-NH3

+ intermediate, 

another exothermic H is possible (4H[Fe]-NH-NH3
+ + H  (H[Fe]-NH2-NH3

+)  5H[Fe]-NH2
+ 

+ NH3) to give the unstable adduct (H[Fe]-NH2-NH3
+) of the alternating mechanism (Fig. 4.18), 

which releases NH3 during optimization. Thus, terminal nitride formation in the distal 

mechanisms of hydride and non-hydride Fe complexes maybe avoided.  

 Despite the potential avoidance of the unstable nitrides, completion of each cycle 

necessitates endothermic N2/NH3 exchange in order to release the second NH3 (>30 kcal/mol for 

each mechanism; Figs. 4.17 and 4.18). Given the bulkier LtBu models studied in the previous 

sections, it was supposed that the larger aryl substituents near Fe could increase the lability of 

NH3 in the ammonia adducts, thus improving the exchange energetics. However, for the non-

hydride ammonia adduct, QM/MM calculations did not reveal any significant change in 

exchange enthalpy for the larger systems (5LtBuFe-NH3
+ + N2  5LtBuFe-N2

+ + NH3; ΔH =32.3 

kcal/mol). Additionally, there is no appreciable change in the Fe-NH3 bond length in the larger 

system (2.103 Ǻ and 2.117 Ǻ for 5[Fe]-NH3
+ and 5LtBuFe-NH3

+, respectively). These unfortunate 

results likely reflect little steric repulsion between the N-aryl groups and small NH3. Thus, future 

work on this aspect of the project involves tailoring bulky supporting group ligands to 

preferentially bind N2 over NH3.   
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4.4.2.2. Mechanism of H addition to [Fe]-NNH and H[Fe]-NNH  
 
 

 The mechanism of successive H additions to neutral 4[Fe]-N2 is shown in Figure 4.19. 

After initial H addition to form 3[Fe]-NNH (ΔH = -23.6 kcal/mol; Fig. 4.16), two more H atoms 

are added exothermically in the distal mechanism (left side) to give 4[Fe]-N-NH2 (ΔH = -53.8  

 

 

 

 

 

 

 

 

 

 

 

 

kcal/mol; upper left inset) followed by the ammonia adduct 5[Fe]-N-NH3 (ΔH = -22.6 kcal/mol). 

Despite the substantially endothermic NH3 release for the cationic complexes (Figs. 4.17 and 

4.18), desorption from 5[Fe]-N-NH3 to form the nitride 5[Fe]-N* (ΔHgap = 14.0 kcal/mol; center 

left inset) is nearly thermoneutral (ΔH = 3.3 kcal/mol). This result is explicable in terms of the 

strong Lewis basicity of NH3, which binds cationic complexes more strongly than neutral ones. 

Exothermic addition of two more H atoms to the nitride gives 4[Fe]-NH (ΔH = -82.8 kcal/mol; 

bottom left inset) followed by the amide complex 5[Fe]-NH2 (ΔH = -93.0 kcal/mol). Within the 

 

Figure 4.19. Mechanisms of H addition to 3[Fe]-NNH. Enthalpies in kcal/mol. 
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alternating mechanism (right side), exothermic addition of the first H (ΔH = -59.6 kcal/mol) 

yields the diazene adduct 4[Fe]-NH-NH featuring an η2 trans-diazene unit (top right inset), in 

contrast to the κ1 cis isomer found for the corresponding cationic species (Figs. 4.17 and 4.18). 

The next two H additions give 5[Fe]-NH-NH2 (ΔH = -60.8 kcal/mol) followed by the hydrazine 

adduct 4[Fe]-NH2-NH2 (ΔH = -40.6 kcal/mol; center right inset). In contrast to the cationic 

alternating mechanisms, the ammonia adduct 5[Fe]-NH2-NH3 (bottom right inset) is a stationary 

point which is thermodynamically accessible from the hydrazine adduct (4[Fe]-NH2-NH2 + H  

5[Fe]-NH2-NH3; ΔH = 7.9 kcal/mol). Following the favorable release of NH3 (ΔH = -109.9 

kcal/mol) to give the rendezvous amide complex (5[Fe]-NH2), the last H adds exothermically 

(ΔH = -43.5 kcal/mol), yielding the second ammonia adduct 4[Fe]-NH3. Finally, the second NH3 

is thermoneutrally exchanged with N2 (4[Fe]-NH3 + N2  4[Fe]-N2 + NH3; ΔH = 4.3 kcal/mol) 

to regenerate the dinitrogen complex (4[Fe]-N2). This overall non-hydride mechanism is similar 

to its cationic counterpart (Fig. 4.17)  in all but two respects: First, release of NH3 is at worst 

thermoneutral and second, all distal and alternating intermediates are stable, remaining intact 

during optimization. 

 Despite the stability of each intermediate in the non-hydride mechanism, the Fe-bound 

hydride does not remain intact in either the distal or alternating hydride mechanism (Fig. 4.20). 

After favorable formation of 2H[Fe]-NNH (4[Fe]-N2 + H  3H[Fe]-N2 (ΔH = -51.5 kcal/mol); 

3H[Fe]-N2 + H  2H[Fe]-NNH (ΔH = -14.4 kcal/mol)), addition of two H atoms within the 

distal mechanism (left side) to yield 3H[Fe]-N-NH2 (ΔH = -54.6 kcal/mol; top left inset) 

followed by 4H[Fe]-N-NH3 (ΔH = -27.8 kcal/mol; center left inset) is also exothermic. However, 

the next distal intermediate (H[Fe]-N) after NH3 release was unstable with respect to Fe hydride 

migration to the nitride N, giving the distal imide 4[Fe]-NH (4H[Fe]-N-NH3  4[Fe]-NH + NH3; 
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ΔH = -45.4 kcal/mol) of the non-hydride mechanism (Fig. 4.19). In the alternating mechanism 

(right side, Fig. 4.20), initial exothermic H addition yields the κ1 trans diazene adduct (ΔH =       

-57.3 kcal/mol; top right inset) 3H[Fe]-NH-NH, where formation of the η2 adduct is blocked by 

the Fe-H ligand. Two more H atoms add favorably to give 4H[Fe]-NH-NH2 (ΔH = -56.2 

kcal/mol) and 5H[Fe]-NH2-NH2 (ΔH = -68.2 kcal/mol; center right inset). In a similar fashion to 

the cationic mechanisms (Figs. 4.17 and 4.18), the next ammonia adduct intermediate was 

unstable during optimization, albeit in a different manner. Whereas the ammonia adduct was 

unstable with respect to NH3 release for the cationic systems, migration of a H from NH3 to Fe 

occurs in the present system (Fig. 4.20) to give the η2-H2/hydrazine adduct 4(H2)[Fe]-NH2-NH2 

 

Figure 4.20. Mechanisms of H addition to 2H[Fe]-NNH. Enthalpies in kcal/mol.  
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(5H[Fe]-NH2-NH2 + H  4(H2)[Fe]-NH2-NH2; ΔH = -42.8 kcal/mol; bottom right inset). 

Although hydrazine is a valuable fuel and proposed alternative to dihydrogen in recently 

developed Direct Hydrazine Fuel Cells (DHFC),143 desorption of hydrazine from 4(H2)[Fe]-NH2-

NH2 (ΔH = 13.7 kcal/mol) is ~10 kcal/mol greater than for dihydrogen desorption (ΔH = 3.0 

kcal/mol), giving the hydrazine adduct 4[Fe]-NH2-NH2 of the non-hydride mechanism (Fig. 

4.19).  

 Each neutral N2  2NH3 mechanism (Figs. 4.19 and 4.20) displays a 5.8 kcal/mol and 

2.7 kcal/mol thermodynamic predilection for the alternating branch over the distal branch from 

3[Fe]-NNH and 2H[Fe]-NNH, respectively. The most endothermic process corresponds to 5[Fe]-

NH2-NH3 formation from the hydrazine adduct (ΔH = 7.9 kcal/mol) in the non-hydride 

mechanism (Fig. 4.19) and H2 desorption from 4(H2)[Fe]-NH2-NH2 in the hydride mechanism 

(Fig. 4.20),  each of which involve intermediates not realizable in the corresponding cationic 

mechanisms. Perhaps the most striking difference between the neutral and cationic mechanisms 

is the nearly thermoneutral NH3/N2 exchange in the former non-hydride mechanism (4.3 

kcal/mol; Fig. 4.19) compared with those in the cationic complexes (>30 kcal/mol). This trend 

mirrors that found by Reiher144 in full model calculations on [(HIPT-N)3N]Mo-N2
+/0 and [(HIPT-

N)3N]Mo-NH3
+/0 complexes (HIPT = 3,5-(2,4,6-iPr3C6H2)2C6H3), in which NH3/N2 exchange on 

the cationic and neutral Mo systems was endothermic (ΔH = 8.7 kcal/mol) and exothermic (ΔH 

= -9.7 kcal/mol), respectively. A plausible explanation for this trend is the same as that for NH3 

desorption in Fe-N-NH3
+/0 intermediates (vide supra.): The basic NH3 binds more strongly to 

cations than neutral species. Future work on monometallic Fe-N2 reactivity with H/H+/H- 

involves splitting each H addition into separate H+ and e- additions, as done by Schrock,105 as 

well as incorporating solvation effects and explicit modeling of proton sources (e.g. lutidinium).  
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4.4.3. Bimetallic (β-diket)Fe-N2 Complexes 
 

4.4.3.1. Partial Distal Mechanism for (β-diket)Fe-N2-Fe(β-diket)  
 
 

 Given the greater N2 activation in bimetallic vs. monometallic [M]-N2 complexes 

discussed in Sec. 4.3 (cf. Figs. 4.4 and 4.6), a persistent question was whether N2 activation 

correlates with enhanced reactivity towards hydrogen in these complexes. Also, there are 

additional benefits towards extending the reactivity studies to bimetallic systems. First, there is 

marked improvement with respect to the experimental N-N bond length (1.189(4) Ǻ) and 

stretching frequency (ν(N-N): 1810 cm-1; Table 4.5) on switching from monometallic Fe 

complexes (4[Fe]-N2: N-N = 1.120 Ǻ; ν (N-N) = 2197 cm-1) to bimetallic Fe complexes (7[Fe]-N2-

[Fe]: N-N = 1.181 Ǻ; ν (N-N) = 1852 cm-1) as shown in Table 4.5. Second, there are currently no 

isolated terminal (β-diket)Fe-N2 complexes in the CSD which may reflect instability with respect 

to bimetallic species and third, both distal and alternating mechanisms for H addition to 7[Fe]-

N2-[Fe] preclude the formation of unstable terminal nitride (Fe≡N) intermediates (vide supra.). 

Table 4.5. Pertinent metric data for mono- and bimetallic [Fe]-N2 complexesa 

 N-N ν(N-N) 
 

4[Fe]-N2 1.120 2197 
 

7[Fe]-N2-[Fe] 1.181 1852 
 

7LtBuFe-NN-FeLtBu (QM/MM) 1.184 1831 
 

7LtBuFe-NN-FeLtBu (exp.)b 1.189(4) 1810 
 

a) Bond lengths in Å and frequencies in cm-1 . b) Refs. 127 and 128; See Sec. 4.3.2 for full definition of LtBu. 
 

  A partial distal mechanism for H addition to 7[Fe]-N2-[Fe] up to desorption of the first 

NH3 is shown in Fig. 4.21. After binding N2 (ΔH = -18.5 kcal/mol), the monometallic 4[Fe]-N2 

readily binds a 4[Fe] fragment at the terminal N (ΔH = -25.4 kcal/mol) to yield 7[Fe]-N2-[Fe]. 

Addition of the next H to generate the 6[Fe]-NNH-[Fe] intermediate is favorable by -25.4 

kcal/mol, a value almost identical to that for the monometallic analogue (-23.6 kcal/mol; Fig. 
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4.21), with a concomitant increase in N2 bond length from 1.181 Ǻ to 1.297 Ǻ. Nevertheless, the 

6[Fe]-NNH-[Fe] isomer, unlike 3[Fe]-NNH, is unstable with respect to isomerization (ΔH = -8.7  

kcal/mol) to form the side-bound/end-bound N2H 6[Fe]-(η2-NNH)-[Fe] intermediate, a finding in 

contrast to the thermodynamic predilection of 7[Fe]-(N2)-[Fe] for end-bound N2 isomers (Sec. 

4.3.2, Fig. 4.6). Additionally, another trend of [M]-(N2)-[M] is broken in the structures of 

both6[Fe]-(NNH)-[Fe] complexes: the N-N distance in the side-bound complex 6[Fe]-(η2-NNH)-

[Fe] (1.288 Ǻ) is actually shorter than that for the end-bound complex6[Fe]-NNH-[Fe] (1.297 Ǻ). 

Formation of the next two intermediates 7[Fe]-N(NH2)-[Fe] and 8[Fe]-N(NH3)-[Fe]* (ΔHgap(4/8) 

= 22.2 kcal/mol) are favorable by -53.6 kcal/mol and -24.8 kcal/mol, respectively. The N2 bond 

 

Figure 4.21. Partial distal mechanism for 7[Fe]-N2-[Fe]. Enthalpies in kcal/mol. 
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length increases substantially upon forming 7[Fe]-N(NH2)-[Fe] (1.288 Ǻ to 1.422 Ǻ), but only a  

minor increase is found for the NH3 adduct (1.422 to 1.456 Ǻ). Additionally, release of the first 

NH3 to give 8[Fe]-N-[Fe] is exothermic, in contrast to the first desorption in the monometallic 

distal mechanisms (cf. Figs. 4.18-4.20); this finding elegantly demonstrates the utility of 

bimetallic Fe systems over monometallics for N2 hydrogenation. Lastly, although the calculated 

Fe-N distances (1.781 Ǻ and 1.797 Ǻ) in the bridging nitrido ( 8[Fe]-N-[Fe]) are larger than the 

CSD average (1.674 ± 0.040 Ǻ) of 26 complexes featuring a Fe -N-Fe motif, they are not 

unreasonable given the maximum reported Fe-N distance of 1.784 Ǻ.    

4.4.3.2. Partial Alternating Mechanism for LtBuM-N2-MLtBu 
 

 Although the N2 bond length and stretching frequency (νN-N) of bimetallic 7[Fe]-N2-[Fe] 

complex is in better agreement with the experimental values than the monometallic 4[Fe]-N2, 

further improvement is possible by incorporating the steric effects of the full LtBu experimental 

model via QM/MM calculations. Indeed, with respect to the experimental values (N-N: 1.189(4) 

Ǻ; νN-N: 1810 cm-1; Table 4.5), those found with QM/MM calculations for 7LtBuFe-N2-FeLtBu (N-  

N: 1.184 Ǻ; νN-N: 1831 cm-1; QM/MM) were superior to those for 7[Fe]-N2-[Fe] (N-N: 1.181 Ǻ;  

νN-N: 1852 cm-1; QM). Thus, owing to these promising results, initial H reactivity studies 

 (QM/MM) were performed for this system (Fig. 4.22). 

Initial binding of N2 to 4LtBuFe (not shown) to yield 4LtBuFe-N2 is comparable to that for 

4[Fe] (ΔH = -23.7 kcal/mol vs. -18.5 kcal/mol, respectively; Fig. 4.22). However, subsequent 

binding of a second 4LtBuFe fragment to the terminal N of 4LtBuFe-N2 is almost twice as 

exothermic as that for 4[Fe]-N2 (-60.1 kcal/mol vs. -36.7 kcal/mol, respectively; Fig. 4.22), a 

finding which may explain the paucity of isolable monometallic (β-diket)Fe-N2 complexes. 

Remarkably, 7LtBuFe-N2-FeLtBu exhibits the same thermodynamics for initial H addition to form 
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8LtBuFe-N2H-FeLtBu (ΔH = -25.4 kcal/mol) as 7[Fe]-N2-[Fe] and 4[Fe]-N2 (-23.8 kcal/mol and-

23.6 kcal/mol, respectively), in contrast to Schrock’s hypothesis that [ArN3N]Mo-N=N-

Mo[ArN3N] ([ArN3N]3- = [(ArNCH2CH2)3N]3-; Ar = aryl) is too stable with respect to reduction 

relative to monometallic Mo-N2 complexes.105b The second hydrogen addition to generate the 

diazene intermediate 9LtBuFe-N2H2-FeLtBu is more exothermic than the first (ΔH = -60.2 

kcal/mol) which is only slightly more exothermic than that for 6[Fe]-N2H-[Fe] + H  7[Fe]- 

N2H2-[Fe] (-54.1 kcal/mol). Although the calculated diazene N-N bond length in the latter 

complex (1.419 Ǻ) is much larger than those of the four bimetallic Fe diazene complexes in the 

 

Figure 4.22. Partial alternating mechanism for LtBuM-N2-MLtBu (M = Fe,V,Ti). QM/MM  
                      optimized geometries of 3LtBuTi-N2-TiLtBu, 4LtBuTi-N2H-TiLtBu, and 5LtBuTi-              
                      N2H2-TiLtBu are shown from left to right. Enthalpies in kcal/mol. 
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CSD (1.277 ± 0.030 Ǻ), this difference may reflect the scarcity of such complexes.   

 Owing to the greater N2 activation in [M]-(N2)-[M] complexes for early transition metals, 

the preceding analysis was extended to Ti and V. In particular, the choice of vanadium was 

motivated by its role in nitrogen fixation. Under conditions of Mo deficiency and low 

temperatures, vanadium nitrogenases have been isolated from several species of the 

Azotobacteriaceae family, such as Azotobacter vinelandii and A. chroococcum.145 The optimized 

structures of the Ti N2, N2H, and N2H2 intermediates are shown from left to right in Fig. 4.22; the 

V analogues are similar in structure. Here, the trend of longer N-N bond lengths with earlier [M]-

(N2)-M systems is preserved for the full models (N-N: 1.181 Ǻ (Fe), 1.239 Ǻ (V), and 1.358 Ǻ 

(Ti); Fig. 4.22). Additionally, this trend remains valid thus far on extension to the N2H (N-N: 

1.299 Ǻ (Fe), 1.438 Ǻ (V), and 1.495 Ǻ (Ti); Fig. 4.22) and N 2H2 intermediates (N-N: 1.419 Ǻ 

(Fe), 1.516 Ǻ (V), and 1.524 Ǻ (Ti ); Fig. 4.22), where pertinent values for the latter species are 

shown in red. Given the experimental hydrazine N-N distance of 1.46 Ǻ, the greater N -N 

distances found in 4LtBuTi-N2H-TiLtBu, 5LtBuTi-N2H2-TiLtBu, and 7LtBuV-N2H2-VLtBu suggest that 

little to no N2 bond remains in the Ti and V systems after reduction with ~1-2 H, a testament to 

the N2 reduction power of early transition metal systems. In terms of thermodynamics, initial H 

addition to 3LtBuTi-N2-TiLtBu and 7LtBuV-N2-VLtBu to yield 4LtBuTi-N2H-TiLtBu and 6LtBuV-N2H-

VLtBu, respectively, is most favorable for the Ti complex (Ti: -47.9 kcal/mol; V: -37.0 kcal/mol; 

Fig. 4.22). The exothermicities of the first H addition follow the same trend as N2 activation in 

LtBuM-N2-MLtBu with respect to M (i.e. Ti > V > Fe; Fig. 4.22). However, no such trend is 

apparent in the thermodynamics of the next H addition to give 5LtBuTi-N2H2-TiLtBu and 7LtBuV-

N2H2-VLtBu (Ti: -55.5 kcal/mol; V: -54.0 kcal.mol; Fig. 4.22), even though a more exothermic 

addition of the second H in the alternating mechanism is consistent with both the smaller 
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bimetallic Fe system (7[Fe]-N2-[Fe] + H  6[Fe]-N2H-[Fe]: -23.9 kcal/mol; 6[Fe]-N2H-[Fe] + H 

 7[Fe]-N2H2: -54.1 kcal/mol) and monometallic Fe system (4[Fe]-N2 + H  3[Fe]-N2H: -23.6 

kcal/mol; 3[Fe]-N2H + H  4[Fe]-N2H2; -59.6 kcal/mol).     

 
4.5 Conclusions 

 

In conclusion, several avenues in the ongoing computational study of first row transition 

metal dinitrogen complexes have been discussed. For monometallic N2 complexes, η2-N2 

isomers in which the metal is supported by an N-donor ligand were calculated to be the most 

activated but less stable than their κ1-N2 counterparts for late transition metals, whereas the η2-N2 

mode was most stable for the earliest systems (Fig. 4.4). Although the same isomeric preferences 

across the 3d series were calculated for bimetallic N2 complexes, the N-N bond lengths and 

hence N2 activation was found to be greater compared to the monometallic species. With respect 

to the experimental LtBuCo-NN-CoLtBu geometry, excellent reproduction of the Co-N and N-N 

bond lengths was found only on incorporation of CPCM solvent effects (toluene and n-pentane; 

Table 4.3). Addition of a single H/H+/H- to 4[Fe]-N2 is generally thermodynamically favorable, 

with or without hydration effects (Fig. 4.16), as is successive addition of H up to NH3 release 

(Figs. 4.17-4.20). Despite the two steps involving endothermic NH3 release within the cationic 

complexes, that within the distal mechanism may be exothermically side-stepped; however, the 

NH3/N2 exchange remains endothermic, even on replacing (β-diketiminate) with the bulkier LtBu 

supporting ligand. Each H addition to the bimetallic N2 complexes is thus far exothermic (Figs. 

4.21 and 4.22), where the bridging N-N becomes substantially activated with each successive 

intermediate. Finally, the activation trend (longer N-N for early transition metals) for bimetallic 

systems (Fig. 4.6) may be extended to the LtBuM-N2H-MLtBu and LtBuM-N2H2-MLtBu 

intermediates (Fig. 4.22).  
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APPENDIX A  

DERIVATION OF EQUATION (2.5) 
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 Given the Kohn-Sham (K.S.) equations,146 - , i = 1-N, where  

 
                                    (A.1) 

 

is the sum of two universal terms, a Coulomb term and an Exchange-Correlation potential, along 

with a system-dependent term (corresponding to ) and the  are the N  K.S. spin orbitals of 

the corresponding N X N ground-state K.S. Slater determinant  = det{ }, consider two 

different external potentials  and  with corresponding electron densities (  and ) and 

Slater determinants ( = det{ } and = det{ }). 

 According to the Variational Theorem, 

                              - -                                           (A.2) 

for each value of i. Summing both sides from i = 1-N gives 

                                                                                                                                          
                                                                                                                                                   (A.3)    

       
 

or 
 
                                                                                                                                          

                                                                                                                                            

                                                                                                                                                   (A.4) 

 
where 
 

 
 
 

 
 
(m = 1,2) was employed in (A.3).   

 

 

 

 

 



 

104 

By similar reasoning with , the equation 

                                                                                                                                                

 

 
                                                                                                                                                   (A.5) 

                                                                                                                                                  

 

is obtained. Adding (A.3) and (A.5) gives 

                                                             
                                                                                                   

 

 

 

                                                                                                                                                   (A.6) 

 
where -  and - , which is just equation 2.5.147 
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APPENDIX B  

GROUND STATE MULTIPLICITIES FOR ALL OPTIMIZED HAA/RR SPECIES 
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Table B.1. Evolution of active species ground state multiplicities in the HAA/RR reaction   
                  (LnM=E  LnM-EH  LnM(CH3EH))a 

Ln = β-diket 
 NCF3 NCF3 

(Csub) 
NCF3 

(N/P)sub 
NCH3 NCH3 

Csub 
NCH3 

(N/P)sub 
O O 

Csub 
O 

Nsub 
Fe 4/5/4 4/5/4 4/5/4 4/5/4 4/5/4 4/5/4 4/5/4 4/5/4 4/5/4 
Co 3/2/3 3/4/3 3/4/3 3/4/3 3/4/3 5/4/3 5/4/3 5/4/3 5/4/3 
Ni 2/3/2 2/3/2 4/3/2 2/3/2 2/3/2 2/3/2 2/3/2 2/3/2 4/3/2 

Ln = dhpe 
Fe 5/4/3 5/4/3 5/4/3 3/4/3 3/4/3 3/4/3 5/4/3 5/4/3 5/4/3 
Co 2/3/2 2/3/2 2/3/2 2/3/2 2/3/2 2/3/2 4/3/2 4/3/2 4/3/2 
Ni 3/2/1 3/2/1 3/2/1 3/2/1 3/2/1 3/2/1 -b -b -b 

 

a) [Multiplicity of LnM=E] / [Multiplicity of LnM-EH] / [Multiplicity of LnM(CH3EH)].  b)  Note that (dhpe)Ni=O and related complexes are 
unstable at the B3LYP/6-311+G(d) level of theory. See footnote b in Table 3.1. 
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