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Summary 

 

The reaction development of E-selective semi-hydrogenation of alkynes by 

heterobimetallic catalysis is presented in this thesis.  

Chapter one provides a background on homogeneous hydrogenation reactions of 

unsaturated hydrocarbons and highlights how switching to cooperative strategies from the 

classical single-site metal strategy has given rise to the development of rare selectivity modes 

and the use of non-precious catalyst elements. The potential of employing heterobimetallic 

catalysts developed by the Mankad group for catalytic hydrogenation is discussed.  

To design catalysts methodically using this strategy, it is vital to gain insight about the 

structure and function of these heterobimetallic complexes. The next two chapters provide an 

experimental and a theoretical analysis of the heterobimetallic complexes.   

Chapter two probes the electronic structure and the function of heterobimetallic complexes 

using XANES, IR and Mössbauer spectroscopy. Bimetallic oxidative addition is studied 

extensively using these spectroscopic techniques and the individual roles of the metals and 

ligands during reactivity are elucidated spectroscopically. 

Chapter three examines the function of heterobimetallic complexes further using 

theoretical calculations. A DFT analysis of a bimetallic oxidative addition and a bimetallic N2O 

activation is presented. The calculated transition states and thermodynamic parameters are 

comparable to experimental values. The key components of the catalysts relevant to reactivity 

are identified, and a series of heterobimetallic complexes conserving these components are 

synthesized by the Mankad group. A theoretical analysis of these complexes is presented and 

structural trends are interpreted. 
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Chapter four is devoted to the actual implementation of the heterobimetallic strategy into 

reaction development. The initial catalyst screening is carried out by thermodynamic energy 

calculations using DFT. A robust heterobimetallic catalyst that utilizes H2 under atmospheric 

pressure for E-selective semi-hydrogenation of alkynes, a rare selectivity mode in high yields is 

developed.  

Chapter five discusses the mechanistic features of the E-selective semi-hydrogenation 

reaction. Experimentally, the proposed mechanism is probed using model complexes. 

Theoretically, the transition state of the bimetallic H2 activation step, bond orders and fragment 

charges along the reaction coordinate, and the key orbital interactions involved are calculated. 

Furthermore, a kinetic study inspired by calculations from a collaborating group is presented.  

Chapter six discusses the current and future directions inspired by the work in this 

dissertation. Preliminary work on the development of bifunctional catalytic reactions by trapping 

the intermediates of the initial hydrogenation reaction, are presented, revealing a gateway for 

many future developments.   
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“Forget about the results.   Creating the causes; that’s your work.   The results will come by themselves.” 
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1.1. Opening Remarks 

This dissertation narrates the story behind the reaction development of E-selective 

semi-hydrogenation of alkynes by heterobimetallic catalysis. 

 Chapter one unfolds the background of homogeneous hydrogenation reactions of 

C-C multiple bonds highlighting the main strategies employed today. It reveals how 

switching to cooperative strategies from the classical single-site metal strategy has given 

rise to the development of rare selectivity modes and the use of non-precious catalyst 

elements. It brings to light, the potential of using heterobimetallic catalysts developed by 

the Mankad group as a cooperative strategy to advance hydrogenation reactions.  

 In order to design catalysts methodically using this strategy, it’s important to gain 

insight into the structure and function of these heterobimetallic complexes. The next 

couple of chapters are dedicated to understanding the heterobimetallics thoroughly using 

experimental and theoretical studies.   

 Chapter two investigates the electronic structure and the function of 

heterobimetallic complexes using XANES, IR and Mössbauer spectroscopy. The 

individual roles of the metals and ligands in oxidative addition, a key step in catalysis is 

studied extensively using these spectroscopic techniques. 

 Chapter three investigates the function of heterobimetallic complexes further using 

theoretical calculations. A DFT analysis of a bimetallic oxidative addition and a bimetallic 

N2O activation is presented including calculated thermodynamic parameters and transition 

states which are comparable to experimental values. The key functional components of 

the catalysts relevant to reactivity are identified. Keeping these components intact, a 

series of heterobimetallic complexes available for catalysis synthesized by several 
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members of the Mankad group is mentioned. A theoretical analysis of these complexes 

along with the structural trends that emerged are presented. 

 Chapter four unveils the actual implementation of the heterobimetallic strategy into 

reaction development. Energy calculations by DFT are utilized for the initial catalyst 

screening. The development of a robust heterobimetallic catalyst that utilizes H2 under 

atmospheric pressure for E-selective semi-hydrogenation of alkynes, a rare selectivity 

mode in high yields is discussed.  

 Chapter five features the mechanistic aspects of the E-selective semi-

hydrogenation reaction. Experimentally, evidence for the proposed mechanism is given 

using model complexes. Theoretically, the transition state of the bimetallic H2 activation 

step, bond orders and fragment charges along the reaction coordinate, and the key orbital 

interactions involved are calculated. 

 Chapter six concludes the narrative by discussing the lessons learned and future 

directions. 

 

1.2. Evolution of C-C Hydrogenation Reactions with the Development of Cooperative 

Catalyst Paradigms 

Catalytic hydrogenation of unsaturated C-C bonds is a well-developed area of 

organometallic chemistry that has been studied extensively for decades. It’s a key 

transformation that has a multitude of applications in pharmaceutical, agrochemical and 

petroleum industries. Earlier breakthroughs in this area have been achieved 

predominantly by catalysts with noble metals such as Rh1–4 and Ir5 which are capable of 

single site multi-electron redox processes. 
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New developments that have emerged over the recent years promote the 

utilization of cooperative catalyst paradigms. Such systems undergo catalysis via metal-

ligand (metal-base and metal-acid) cooperativity, frustrated Lewis acid-base pair 

cooperativity and bimetallic cooperativity. One major advantage of switching to 

cooperative strategies is that it allows us to abandon the use of toxic precious metals. 

Another is that it opens up the door to uncover unique reactivity and selectivity modes that 

complement the traditional single-site catalysis. This asset is remarkably exemplified by 

the evolution of H-H activation modes with the development of cooperative catalytic 

paradigms.  
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Classical single site catalysts activate H2 via homolytic cleavage mechanisms 

(Scheme 1a). Cooperative catalysts however, operate mostly via heterolytic cleavage 

mechanisms (Scheme 1b, 1c and 1d)6. For example, metal-base catalysts developed by 

Shvo7, Noyori8 and Milstein groups9 feature a transition metal site which attracts the 

hydride and a Lewis base site which accepts the proton to collectively achieve heterolysis 

of H2 (Scheme 1b). Recent reports of metal-acid catalysts by the Peters Group10 consists 

of an electron-deficient Lewis acid ligand and an electron-rich transition-metal which 

activates H2 heterolytically in unison (Scheme 1c). Another cooperative approach that 
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implements heterolytic H2 cleavage is the use of non-transition metal frustrated Lewis acid-

base pairs developed by the Paradies11, Stephan12, Repo13 and Erker14 groups (Scheme 

1d).  

The chemistry accomplished by these novel cooperative catalytic paradigms and 

how they deviate from the traditional noble metal catalytic paradigm as it pertains to C-C 

hydrogenation reactions will be discussed in detail in the remainder of this chapter.  

 

1.2.1. Single-Site Strategy 

Precious metals have been utilized as hydrogenation catalysts due to their ability to 

homolytically activate H2. Classical oxidative addition of H2 in single-transition-metal-sites 

occur via a σ-complex formation, followed by homolysis of H2.This is brought forward by 

the donation of electrons from the σH-H orbital to an empty d-orbital of the metal and the 

back-donation from a filled metal d-orbital to the σ*H-H orbital (Scheme 2). 

 

 

 

Homogeneous catalytic hydrogenation of organic substrates with unsaturated C-C 

bonds was first introduced by Halpern and co-workers in 1961 using single site 

chlororuthenate(II) complexes.15 However, the most significant advance at the time was 



7 
 

made with the development of Wilkinson’s catalyst [RhCl(PPh3)3], first reported in 1966.1 

The mechanism of this single-site Rh catalyst has been studied vigorously over the 

years.16,17 The catalytic cycle depicts fundamental concepts in organometallic chemistry 

(Scheme 3) such as oxidative addition and reductive elimination which occur via two-

electron redox processes. It is interesting to note that in the sequence of steps, the H2 

addition occurs first, followed by the alkene addition. 

 

 

 

The Schrock-Osborn catalyst2–4
 developed in 1977, is another catalyst that stands 

out in the history of alkene hydrogenation. It undergoes catalysis via a cationic Rh species 
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(Scheme 4). The catalyst is more active and effective than the Wilkinson’s catalyst due to 

the cationic center being more electrophilic which facilitates the coordination of the alkene, 

which is the rate determining step. Mechanistic studies have shown that in Schrock-

Osborn catalysts featuring bidentate ligands, alkene coordination can precede H2 addition 

in the catalytic cycle.18 Selective hydrogenations were also demonstrated in converting 

dienes to monoenes.2 Alkyne hydrogenations were also achieved yielding the cis-olefin.4 

The incorporation of bidentate ligands to the Rh catalysts also enhanced its ability to 

control enantioselectivity in later years in asymmetric hydrogenations via chiral phosphine 

ligands.19  

 

 

 

Another single site catalyst that is of noteworthy importance is the Crabtree’s 

catalyst5,20 (Scheme 5). This Ir catalyst too is a cationic complex and shows higher activity 

especially towards the hydrogenation of hindered alkenes. Tetra-substituted olefins which 

were not accessible by both the Wilkinson and Crabtree catalyst were activated by it. The 

catalyst is also well-known for its substrate-directed hydrogenations which is a feature 

prominent in some Rh catalysts as well.21 
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Since these initial reports, an array of single site noble metal catalysts have been 

developed for the catalytic hydrogenation of unsaturated C-C bonds in the decades that 

followed.22–24. However, precious metal catalysts come with a number of weaknesses. 

They are toxic, expensive and scarce. Therefore, the development of catalysts which 

counter these weaknesses is of paramount importance. A search for single site catalysts 

using earth-abundant metals has been pursued, but only a handful of successful reports 

remain to date25–29 Most of these systems promote single-site chemistry using electron 

rich late transition metals assisted by ligands, but, their mechanistic features and common 

driving forces are not well understood.  

 

1.2.2. Cooperative Strategies 

Efficient single site catalysis is promoted by the noble metals’ ability to undergo two-

electron redox processes such as oxidative additions and reductive eliminations. Although 

switching to first-row transition metals is a desirable alternative, it’s proven to be 

challenging as 3d metals have a tendency to undergo single-electron redox reactions. An 

elegant solution that has surfaced in the recent years is the strategic use of two catalytic 

entities to cooperatively bring about two-electron redox processes. The two entities in 

action can be a metal/ligand pair where the ligand is either an acid or a base, a frustrated 

Lewis acid/base pair or a bimetallic pair.  
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1.2.2.1. Metal-Ligand Cooperativity 

The ligands present in single site catalysts are traditionally innocent and do not 

participate in the redox processes during catalysis. However, switching these ligands with 

ligands that are non-innocent with respect to acid-base chemistry, have given rise to a 

new class of bifunctional catalysts in which both the metal and the ligand work 

cooperatively to facilitate a two-electron redox process. Initial progress was made with 

basic ligands. 

 

1.2.2.1.1. Metal-Base Cooperativity 

Hydrogenation using metal-base cooperativity is possible due the ability of these 

bifunctional catalysts to heterolytically cleave H2. While the electron donation from the σH-

H orbital to an empty d-orbital in the metal is still carried out, the back-donation to the σ*H-

H orbital is actually done by a filled p-orbital in the basic residue. This brings about H2 

activation heterolytically, complementing single-site activity (Scheme 6).  

 

 

 



11 
 

Shvo’s catalyst reported in 1985 is the first example of catalytic hydrogenation of 

organic substrates with C-C bonds using metal-base cooperativity7 (Scheme 7). Both 

alkenes and alkynes were reduced by H2.
30 Whilst it still used Ru as the metal, the catalyst 

showed unique reactivity by distributing the redox changes between the metal center and 

the redox active cycopentadienone ligand. Similar bifunctional mechanistic features were 

observed in Noyori’s8 and Morris’s31 catalysts in the hydrogenation of C=O and C=N 

multiple bonds. However, their application in the hydrogenation of C-C bonds remains 

underdeveloped.  

 

 

A significant advance in the metal-base bifunctional catalysis that followed was the 

transition to first-row transition metals. A prominent example is Milstein’s catalyst, an 

acridine-based PNP iron complex capable of E-selective semi-hydrogenation of alkynes9 

(Scheme 8). The reaction occurs with no added base and under mild conditions. 
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Iron was utilized further by the Jones group recently for the hydrogenation of polarized 

alkenes32 (Scheme 9). Styrenes and similar substrates were efficiently hydrogenated 

using an iron catalyst bearing a bis(phosphino)amine pincer ligand. DFT calculations and 

further experiments revealed a metal-ligand cooperative pathway. 
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Pincer ligands have been employed for the synthesis of catalysts with other transition 

metals as well.33 In 2012, Hanson and co-workers achieved alkene hydrogenation using 

cationic and a neutral PNP nickel hydride complexes34 (Scheme 10a). Later they 

expanded their work to acquire the same feat using a cationic PNP cobalt(II)-alkyl 

complex35,36 (Scheme 10b).  

 

 

 

Organometallic frustrated Lewis pairs (FLPs) are another class of metal-base catalysts 

in which the metal acts as the Lewis acid in sync with a basic ligand. Erker and co-workers 

recently reported two systems based on zirconium containing cationic acidic residues and 
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nitrogen and phosphorus containing anionic basic residues capable of hydrogenating 

alkenes and alkynes catalytically up to >99% yields under mild conditions.14,37 The 

proposed catalytic cycle is an excellent example which demonstrates that single site 

catalysis can be mimicked by metal-base cooperativity but with a redox-inactive metal 

center. The H2 activation and the alkane elimination step show how the mimicking of a 

classical two-electron oxidative addition and a two-electron reductive elimination can be 

cooperatively carried out by metal-ligand cooperativity (Scheme 11).  
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Ison and co-workers enriched the organometallic FLP chemistry by introducing 

oxorhenium complexes with B(C6F5)3 adducts capable of olefin hydrogenation38,39 

(Scheme 12a and 12b). Interestingly, the H2 activation is preceded by the alkene 

coordination in the mechanism elucidated by the experimental and computational 

investigations that followed.  Mechanistic studies also showed that rhenium does not 

directly form or break bonds in catalysis. The addition of hydrogen and the product 

generation takes place across the rhenium oxo bond in the most favorable pathway 

(Scheme 12c). This is the first time that the incorporation of a transition-metal oxo in a 

FLP yielded enhanced catalytic activity through a synergistic effect.   
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1.2.2.1.2. Metal-Acid Cooperativity 

Incorporating an acidic ligand to a Lewis basic metal has recently introduced a new 

class of cooperative catalysts that uses metal-ligand cooperativity. These metal-acid 

catalysts usually consists of acidic boron ligands tethered to relatively basic and electron 

rich metal centers. In a typical example, the initial H2 activation occurs by the electron 

donation from the σH-H orbital to the empty orbitals in the acidic residue, and the back-

donation from the filled d-orbitals of the metal center to the σ*H-H orbital (Scheme 13) 

although alternative pathways have been calculated. 6,40  

 

 

 

Catalytic hydrogenation of unsaturated C-C bonds was first accomplished using this 

strategy by Peters and co-workers, who employed a nickel-borane bifunctional catalyst in 

which the borane Lewis acid was incorporated into a chelating multidentate ligand.10 The 

[Ni-B] unit was found to activate H2 reversibly, to form a hydridonickel borohydride 

intermediate that could deliver the activated H2 to styrene. Catalytic hydrogenation of both 

styrene and norbornene were achieved (Scheme 14a). Related chemistry was later 

reported by the same group using an iron boratrane system, where again a Lewis acidic 

borane moiety was held in proximity to an electron-rich metal center by chelation and 
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generated observable metal borohydride intermediates relevant to catalytic hydrogenation 

of styrene, ethylene and phenylacetylene (Scheme 14a).41  

 

 

 

In addition to these chelated metal-borane catalysts, the Peters group also reported 

the use of chelated metal-boryl complexes as catalysts for olefin hydrogenation. A 

borylcobalt(I) catalyst was found to add two equivalents of H2 to yield a 

dihydridoboratocobalt(II) dihydride intermediate relevant to catalytic hydrogenation of 
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styrene.42 This borylcobalt catalyst and a related borylnickel catalyst were later reported 

to catalyze hydrogenation reactions of styrene and some unactivated alkenes,43 with 

turnover frequencies exceeding those of related systems lacking the metal-acid 

cooperative effect (Scheme 14b). 

Selective alkyne hydrogenation was observed by the Szymczak group in 2016 using 

ruthenium-borane complexes.44 These bifunctional metal-acid catalysts selectively semi- 

hydrogenated internal and terminal alkynes at high pressures of H2 (Scheme 15) with high 

conversions and high reaction rates.  

 

 

1.2.2.2. Frustrated Lewis Acid-Base Pair Cooperativity 

Perhaps the most promising and desirable alternative cooperative strategy that has 

emerged to replace precious metal catalysts is the use of frustrated Lewis acid/base 
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pairs.11,45–47 The most exciting feature that this strategy unveils is that it allows the catalysts 

to be free of not only precious metals, but also of all transition metals altogether. It is a 

solution that is simple and therefore, elegant.  

In 2006, Stephan and co-workers reported the reversible activation of H2 using a 

phosphenium borate species containing both Lewis acidic and basic components 

comprising only of main group elements48 (Scheme 16). 

 

 

 

This new class of compounds termed frustrated Lewis pairs (FLPs), were ideal 

candidates for catalytic hydrogenations. The H2 interaction occurs via electron donation 

from the σH-H orbital to an empty orbital in the Lewis acid and back-donation from a filled 

orbital in the Lewis base into the σ*H-H orbital (Scheme 17)49–53 
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Due to the heterolytic nature of H2 activation, catalytic hydrogenation was initially 

pursued successfully for polar substrates with C-O and C-N bonds.54 Hydrogenation of 

non-polar C-C bonds was first reported by Paradies, Stephan, Grimm and co-workers in 

201255 with the activation of olefin substrates at low temperatures (Scheme 18). More 

examples for olefin hydrogenation surfaced in the following years with modified 

FLPs.11,47,56–60 

 

 

 

Semi-hydrogenation of alkynes with FLPs were reported for the first time by Repo and 

co-workers in 2013.13 Selective formation of cis-alkenes was observed using mild 

conditions. They later switched the C6F5 groups in the catalyst with Cl and H atoms while 

retaining catalytic activity.61  In the reaction mechanism, the activation of the pre-catalyst 

by H2 forms the active catalytic species. Their proposed catalytic cycle is a fine 

demonstration of how Lewis acid-base cooperativity is utilized in catalysis. It portrays once 

again that two-electron redox processes essential for catalysis such as oxidative addition 

and reductive elimination which previously needed precious metals can be mimicked by 

combining two entities that are individually only capable of mono-functional reactivity such 

as acid or base chemistry (Scheme 19).  
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In 2015, Du and co-workers showed that both cis- and trans-alkenes can be obtained 

in high stereoselectivities from alkynes using high temperatures and pressures62 (Scheme 

20). Here, the cooperative role in catalysis is assumed by HB(C6F5)2 and an alkene 

species interacting with a pentafluorophenyl group. Selective alkyne hydrogenation to 

produce cis-alkenes has been demonstrated by silica-supported FLP systems as well.63   

 

 

 

FLPs have shown catalytic activity in C-C hydrogenation of electron-poor alkynes and 

alkenes as well.12 Erker and co-workers have been able to selectively hydrogenate the C-

C triple bonds in ynones catalytically in 2011.64 Soós and co-workers selectively 

hydrogenated the C-C double bond in carvones46 in 2012. Similarly, C-C hydrogenation in 

nitroolefins, acrylates65 and enones47 was achieved by Paradies and co-workers (Scheme 

21).  
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In 2012, while studying H2 activation reactions by FLPs, Stephan and co-workers 

unexpectedly uncovered that FLPs were capable of hydrogenating C-C double bonds in 

phenyl rings when their catalyst itself was hydrogenated66 (Scheme 22).  
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This is a yet another example which demonstrates the emergence of a new and 

unusual mode of reactivity with the application of cooperative catalytic paradigms. The 

chemistry of hydrogenating aromatic systems was later extended to pyridines67, 

trisubstituted quinolines68, N-heterocycles69 and polyaromatics70 by Stephan and Du  

groups12 (Scheme 23).  
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1.2.2.3. Bimetallic Cooperativity 

Among the cooperative strategies employed for hydrogenations, the bimetallic 

strategy is perhaps the most underexplored. While theoretical71,72 and stoichiometric73–76 

studies of bimetallic H2 activations have been reported, their catalytic applications have 

been quite elusive.   

In 1982, Williams and co-workers introduced a dinuclear rhodium catalyst capable of 

catalytic hydrogenation of alkynes to selectively form trans-olefins.77 This was again a rare 
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selectivity mode as the cis-alkene is the favored product in alkyne hydrogenation in most 

precious metal catalytic conversions. This system is the first and the only homobimetallic 

catalyst to promote hydrogenation of C-C multiple bonds. The catalyst precursor is a 

bridged square-planer dimer with two adjacent reactive metal centers (Scheme 24). 

 

 

 

Almost a decade later, Bergman and co-workers reported an early-late 

heterobimetallic complex showing catalytic reactivity towards alkene and alkyne 

hydrogenation.78 This zirconium-iridium bridging imido complex hydrogenated ethylene, 

propylene, butane, 1-phenyl-1-propyne, 3-hexyne and N-phenylbenzaldimine (Scheme 

25). Iridium-tantalum complexes have also shown activity towards alkene 

hydrogenations.79–81  
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Lu and co-workers described a nickel-gallium heterobimetallic system demonstrating 

catalytic hydrogenation of olefins in high yields in 201582 (Scheme 26). They also showed 

that the parallel nickel-indium system is active in olefin hydrogenation, but suffers from 

poor reactivity.  

 

 

Catalytic hydrogenation of multiple C-C bonds have also been reported by some 

multimetallic complexes.83 However, their reaction mechanisms are poorly understood 

and sometimes even include heterogeneous pathways.  

 

1.3. Heterobimetallic Catalysts as a Cooperative Strategy by Mankad Group 

A majority of the efforts in pursuing heterobimetallic complexes as a cooperative 

strategy for catalysis has been focused on “early-late” heterobimetallic systems. Such 

complexes contain a polar metal-metal bond between an electropositive early transition 

metal with a low d-electron count and an electronegative late transition metal with a high 
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d-electron count. However, since early-transition metals form stable metal-heteroatom 

bonds with main group elements such as O, N and Cl, there’s a penchant for stable 

intermediates to be formed that would prevent catalytic turnover. Therefore, even though 

some attempts towards catalysis has been successful78,84 most of the reactions reported 

are stoichiometric in nature.  

A creative approach to evade this impediment is to switch the early transition metal 

with a late transition metal. The polarity of the metal-metal bond can still be maintained 

by keeping one of the late transition metals in a higher d-electron count than the other.  

To this effect, Mankad and co-workers synthesized a new class of heterobimetallic 

complexes featuring polar metal-metal bonds between late transition metals in 2013.85 

They demonstrated that these complexes featuring copper-iron, copper-zinc and copper-

molybdenum bonds activated methyl iodide, a polar substrate with rapid reactivity 

bringing about a bimetallic oxidative addition.   

In the years that followed, they developed the chemistry of these heterobimetallic 

complexes further to accomplish catalytic conversions utilizing metal-metal cooperativity 

mimicking reactivity that was previously accomplished only by precious metals. Our 

original hypothesis was that this feat would be achieved as the complexes could break 

their metal-metal bonds and each of the metals could then undergo single-electron redox 

changes to cooperatively bring about two-electron redox processes (Scheme 27). 

However, spectroscopic and theoretical investigations have revealed that a majority of 

the redox changes occur in the ligands and not the metals.86,87 This phenomenon will be 

discussed in detail in chapter two.  
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Photochemical C-H borylation was achieved catalytically using copper-iron and 

copper-zinc complexes88 (Scheme 28a). Experimental and computational investigations 

revealed a mechanistic pathway with bimetallic oxidative addition and bimetallic reductive 

elimination steps (Scheme 28b). 88,89  
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Tunable catalysts for CO2 activation were later developed with copper-iron, copper-

tungsten and copper-molybdenum complexes.90 The heterobimetallic catalysts were able 

to reduce CO2 to CO with the use of HB(pin) while the analogous monometallic copper 

catalysts were only able to produce formate (Scheme 29). Reduction of CO2 to CO by a 

monometallic copper catalyst has been reported previously, but has required the use of 

B2pin2.91,92 
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1.3.1. Potential for Hydrogenation Reactions 

With the rapid evolution of novel reactivity modes and non-precious catalysts (section 

1.2), it is evident that the hydrogenation of C-C multiple bonds can be developed and 

improved further using cooperative catalysts.  

With the successful display of catalytic reactivity in C-H borylation and CO2 reduction 

(section 1.3), it is evident that with rational design, heterobimetallic catalysts can be 

developed to implement fundamental and useful organic transformations as an alternative 

for single-site catalysts.  

Combining these two trains of thoughts would naturally lead one to conclude that 

heterobimetallic catalysts can be developed to implement the hydrogenation of C-C 

multiple bonds as an alternative cooperative strategy to replace single-site catalysts.  

As a starting point, we can envision activating H2 heterolytically using polar 

heterobimetallic complexes introduced by the Mankad group (Scheme 30a). As in the 

mechanism of the bimetallic C-H borylation (Scheme 28a),88 we can hypothesize a 
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bimetallic oxidative addition of H2 across the metal-metal bond, which is coincidentally the 

reverse step of the reductive elimination in the C-H borylation mechanism (Scheme 28a) 

with a low-energy transition state89 which could potentially be accessed from either 

direction.  Once H2 activation is achieved to form the corresponding metal hydrides, an 

alkene or an alkyne can be inserted into one of the metal hydrides as demonstrated by 

Erker and co-workers (Scheme 11b). The metal-alkyl/alkenyl species could then react with 

the remaining metal hydride to reductively eliminate the respective saturated alkane or 

alkene. Combining these steps together, it’s plausible to conceptualize a catalytic cycle in 

which the two metals cooperatively engage in multi-electron redox steps to bring forward 

catalysis (Scheme 30b).  
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1.4. Research Goals 

As demonstrated in the previous section of this chapter (section 1.3.1), polar 

heterobimetallic complexes introduced by the Mankad group have the potential to be 

developed for catalytic hydrogenation of organic substrates with C-C multiple bonds. 

However, rational design and reaction development requires a thorough understanding 

of these heterobimetallic systems.  
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Therefore, the research goals explored in this dissertation are to study the 

structure and reactivity features of polar heterobimetallic complexes (chapters two & 

three) and utilizing the insights obtained, to rationally design catalysts for C-C multiple 

bond hydrogenations (chapter four), and to study the mechanisms of the reactions 

developed (chapter five) in order to inspire future organic transformations (chapter six). 
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Chapter 2 

Experimental Determination of Redox Cooperativity and Electronic Structures  

in Catalytically Active Cu-Fe and Zn-Fe Heterobimetallic Complexes 

 

 

 

 
2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reproduced in part with permission from Karunananda, M. K.; Vázquez, F. X.; Alp, E. E.; Bi, W.;  

Chattopadhyay, S.; Shibata, T.; Mankad, N. P. Dalton Trans. 2014, 43, 13661-13671. 
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2.1. Opening Remarks 

As mentioned in chapter one, the goals of chapters two and three are to investigate the 

structural and functional features of the polar heterobimetallic complexes introduced by the 

Mankad group.85 Chapter two presents an experimental analysis. Heterobimetallic complexes 

competent in catalysis,88 are studied using modern spectroscopic tools such as XANES, IR 

and Mössbauer spectroscopy. The electronic structures of the complexes are elucidated. The 

intricate roles of the individual components of a typical heterobimetallic system, as it carries 

out an oxidative addition, a fundamental step in catalysis, are probed. The conclusions derived 

aided in the expansion of the toolbox of heterobimetallic complexes available for catalysis 

(chapter three). 

 

2.2. Introduction 

Although conventional catalytic transformations that employ multi-electron redox 

chemistry occur via single-site precious metal catalysis, some modern approaches utilize the 

use of cooperative strategies. One such approach that has been gaining momentum is the 

use of metal-metal cooperativity93–102  which has been well established in bioinorganic 

systems103 and in heterogeneous catalysis.104 For example, homobimetallic systems using 

metals such as rhodium105, palladium106, silver107 and gold108 have been developed for 

oxidative catalysis. In many of these examples, the ability of direct metal-metal bonds to 

facilitate multi-electron redox chemistry is a key feature, and understanding the electronic 

structures of metal-metal bonded systems as they relate to such redox processes is of 

fundamental importance.  
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Oxidative addition, a fundamental step in catalysis has been studied extensively in single-

site catalysis. However, reports of bimetallic oxidative additions are rare and their mechanisms 

are not as well-investigated. In 2011, Ritter and co-workers reported a binuclear Pd(II) 

complex which undergoes bimetallic oxidative addition to yield a binuclear Pd(III) complex 

(Scheme 31a).109 In this system, the formation of the metal-metal bond stabilizes the products 

of the oxidation. Ozerov and co-workers have also reported a binuclear Pd(I) complex which 

carried out an oxidative addition, breaking the metal-metal bond to yield separate products 

with Pd(II) centers (Scheme 31b).110   

 

 

 

Similarly, oxidative addition of H2 has been reported previously by Chan and co-workers 

in a dinuclear Rh(II) system in which the metal-metal bond breakage resulted in the formation 

of two separate Rh(III) hydrides (Scheme 32).73  
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Uyeda and co-workers recently reported an isostructural series of Ni2, Co2 and Fe2 

complexes capable of bimetallic oxidative addition with allyl chloride (Scheme 33).111 A 

comprehensive electronic structure analysis of the Ni2 complexes has been established 

previously112 revealing that the bimetallic complexes can access a range of oxidation states 

via accommodating varying amounts of electron density in the π-system of the ligand. 
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In considering systems capable of bimetallic oxidative addition, the redox participation of 

the different metals and ligands during reactivity has been investigated using experimental 

and computational studies by Ritter, Uyeda and Lu groups.106,111–116  

Adding to the bimetallic literature, our group has recently advanced the use of base metal 

heterobimetallic complexes to provide alternatives to traditional, single-site noble metal 

catalysts for C-H functionalization.88,89 These systems utilize Cu-Fe or Zn-Fe bonds 

constructed through salt metathesis reactions of metal-halide precursors with the anionic 

fragment [FeCp(CO)2]-, or Fp-.85 Heterobimetallic M-Fp complexes constructed in this way 

have been known for some time,117–122 although they have commonly employed d0 metal 

precursors to generate so-called “early-late” M-Fp systems that have generally resisted 

catalytic application development. Because the new Cu-Fp and Zn-Fp complexes derived 

from d10 metal precursors show promise for C-H functionalization catalysis88,123 and for small 

molecule activation processes,124 we sought to understand the electronic structures of these 

complexes in detail. In particular, we have argued previously88,123 that heterobimetallic 

catalysis reminiscent of single-site noble metal systems is enabled through bimetallic 

oxidative addition and bimetallic reductive elimination steps that couple the single-electron 

redox manifolds of two base metals in order to achieve net two-electron redox changes 

(Scheme 34).  
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As in the case of bimetallic systems with late-transition metals reported by Ozerov110 

and Chan73 groups, our original hypothesis was that our heterobimetallic systems would 

break their metal-metal bonds and each of the metals would then undergo single-electron 

redox changes to cooperatively bring about two-electron redox processes (Scheme 35).  

 

 

 

 

In this chapter, a combined Mössbauer spectroscopy and X-ray absorption 

spectroscopy (XAS) study that examines this hypothesis experimentally by probing the 

unique electronic structures of Cu-Fe and Zn-Fe heterobimetallic complexes is presented 

highlighting the degree to which the different parts of the molecules undergo redox 

changes during oxidative addition. 

 

2.3. Results & Discussion 

The complexes featured in this study are composed of the fragments shown in 

Scheme 36, with a canonical example complex being (IPr)Cu-Fp. Collectively, the 

available systematic variations allow for the effects on electronic structure of the N-

heterocyclic carbene (NHC) supporting ligand (IPr or IMes), the electrophilic metal (Cu or 
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Zn), and the nucleophilic metal (Fe or Mo) to be probed. Several benchmark complexes 

including (IPr)CuCl, (IPr)ZnCl2·THF, K+Fp−, FpMe, FpI, and Fp2 (Scheme 36) also were 

examined for comparison to the heterobimetallic systems. 

 

 

2.3.1. Mössbauer Spectroscopy 

Mössbauer spectroscopy was used to probe the electronic and geometric 

environments of the Fe centers in Fp-containing complexes (Figure 1).125 
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Figure 1: Mössbauer data (black) and fit (red) for (IPr)Cu-Fp126 

In addition, many Fp- containing complexes have been characterized by Mössbauer 

spectroscopy previously.127,128,129 Representative data, both from literature values and 

from measurements reported here, are tabulated in Table 1. 
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Table 1:  Mössbauer parameters for Fp-X complexes as a function of Xa 

Entry   X δ (mm s-1) ∆EQ (mm s-1) νCO (cm−1) 

1 -CH3
129,130 -0.008 1.753 1990, 1930 

2 –CH2Ph129 0.004 1.72 2010, 1960 

3 –Cl127 0.148 1.836 2050, 2002 

4 -Br127 0.148 1.849 2045, 1999 

5 -I127 0.128 1.830 2038, 1998 

6 -C(O)CH3
128,131 -0.15 1.68 2021, 1965 

7 -CN127 -0.0097 1.89 2060, 2015 

8 -Fp132 0.141 1.87 1925, 1750 

9b -GeR2
-133 0.084 1.744 1995, 1943 

10c -FeR’134 0.08 1.73 1958, 1902 

11 -Cu(IPr) 0.30 0.77 1914, 1849 

12 -Cu(IMes) 0.32 0.76 1905, 1842 

13 -Zn(Cl)(IPr) 0.42 0.72 1944, 1888 

14 -ZnFp135 0.288 1.733 1973, 1956, 1915 

15 [K]+ 0.34 (66%), 

0.13 (34%) 

0.72 (66%), 

1.8 (34%) 

1853, 1720 

16 [K(18-crown-6)2]+ 0.35 0.79 1854, 1775 

 

aData collected at room temperature unless otherwise indicated. bData collected at 78 K; R= ĸ2-

[C6H3-2-(C(CF3)2O)-4(CH3)]2-. cData collected at 190 K; R’= C6H-2,6-(C6H2-2,4,6-iPr3)2-3,5-iPr2; 

only parameters for the Fp iron center are shown here.126 

 

Typical Fp-containing complexes (entries 1–7 in Table 1) display small isomer 

shifts of about 0 mm s−1, typically associated with a low-spin Fe(II) formulation,125 and 

large quadrupole splittings of about 1.7-1.9 mm s−1. The isomer shifts in typical Fp-X 

complexes are slightly larger than 0 mm s−1 when X is a π-donor ligand (entries 3–5) and 

slightly smaller than 0 mm s−1 when X is a π-acceptor ligand (entries 6–7). Quadrupole 

splittings are relatively insensitive to these electronic effects and remain consistently large 

due to the similar local symmetries at Fe across most Fp-X complexes (entries 1–7). 

Examples of previously characterized M-Fp complexes also are included in Table 1. The 
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Mössbauer parameters for these complexes that feature either Ge-Fp133 or Fe-Fp134 bonds 

are within the range observed for typical Fp-X complexes (entries 8–10). In this context, 

the Cu-Fe complexes (IPr)Cu-Fp and (IMes)Cu-Fp, as well as the Zn-Fe complex 

(IPr)(Cl)Zn-Fp, were found to have unusual Mössbauer parameters (entries 11–13): the 

isomer shifts are large (0.30–0.42 mm s−1) and the quadrupole splittings are small (0.72–

0.77 mm s−1) compared to previously characterized Fp-containing complexes.  

Two electronic factors known to affect the isomer shift likely are operative for the 

Cu-Fp and Zn-Fp complexes. Large isomer shifts can indicate a decrease in s-electron 

density at Fe,125,133 which in the current systems would arise from Fe → Cu/Zn σ-

donation.85 Large isomer shifts also can indicate an increase in d-electron density at 

Fe,125,133 which in the current systems would arise from Cu/Zn → Fe π-backdonation 

involving dπ–dπ interactions. It is well understood for Fp-X complexes that σ(Fe-X) 

orbitals are of the correct symmetry to mix with the Fe s-orbitals, while the π(Fe-X) orbitals 

are forbidden by symmetry from possessing Fe s-character.136 When considering these 

two factors, it is unlikely that the anomalously large isomer shifts in the Cu–Fp complexes 

are due solely to a decrease in s-electron density due to Fe → Cu σ-donation, because 

otherwise a comparably large  effect would also be observed in the Ge-Fp and Fe-Fp 

complexes where the same type of donor–acceptor interaction is present.133,134 Instead, 

the most likely explanation is that the large isomer shifts arise from an increase in d-

electron density due to Cu → Fe π-backdonation. It is reasonable that this effect would be 

absent in Ge-Fp and Fe-Fp complexes, where the metals bound directly to the Fp fragment 

lack filled and accessible d-shells for π-backbonding, as is the case with Cu. Indeed, our 

previous theoretical studies of (NHC)Cu-Fp complexes indicated that the HOMO and 

HOMO−1 orbitals possess π*(Cu-Fe) character (Figure 2).85  
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        Figure 2:  Cu → Fe π-backdonation evident in calculated HOMO and HOMO-1 of a 

model (NHC)Cu-Fp complex. Calculated surfaces (0.04 isocontours) 

reproduced with permission from reference85  

 

It is further reasonable that X → Fe π-donation would be more pronounced in Cu-

Fp complexes than in the Fp-halide series, because of the more efficient orbital overlap 

available in dπ-dπ interactions compared to dπ-pπ interactions. The electron-rich nature 

of the Fe centers in the Cu-Fp complexes is evident from the lower-energy CO vibrational 

frequencies compared to other Fp-X complexes (Table 1). In addition to these bonding 

considerations, another important consideration is that the Cu-Fe bonding likely 

possesses significant electrostatic character due to the lack of empty Cu d-orbitals, 

thereby causing the Mössbauer parameters of the Fp fragment within the Cu-Fp 

complexes to resemble those for the free Fp anion (vide infra). The observed further 

increase in the isomer shift from (IPr)Cu-Fp and (IMes)Cu-Fp (0.30–0.32 mm s−1) to 

(IPr)(Cl)Zn-Fp (0.42 mm s−1) could arise from an increase in Zn → Fe π-backdonation 

relative to Cu → Fe π-backdonation (and corresponding increase in Fe d-electron density) 

due to the influence of the π-donor chloride ligand, an increase in Fe → Zn σ-donation 

relative to Fe → Cu σ-donation (and corresponding decrease in Fe s-electron density) due 

to the more Lewis-acidic Zn site, or a combination of both factors. Interestingly, ZnFp2 
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exhibits a similar isomer shift (Table 1, entry 14),135 indicating that these observations are 

relatively general to complexes with the [Fp] fragment bound to late transition metals 

centers like Cu and Zn.  

Quadrupole splitting values are typically sensitive to local symmetry at Fe.125 It is 

reasonable that relatively little variation is observed in most Fp–X complexes, because 

little variation in local symmetry at Fe is expected as a function of X. The anomalously 

small quadrupole splittings for (IPr)Cu-Fp and (IMes)Cu-Fp, then, may arise from the 

secondary Cu⋯CO interactions observed by X-ray crystallography and predicted by 

computations85 that cause deviations from idealized Fe geometry within the Fp fragments. 

A similar effect is proposed for (IPr)(Cl)Zn-Fp. It is interesting to note that the quadrupole 

splitting for ZnFp2 (Table 1, entry 14) falls within the more typical Fp range. Isomer shift 

and quadrupole splitting data computed from DFT calculations support these assertions 

(Table 2).  

Table 2:  Calculated Mössbauer parameters predicted by DFTa 

Entry Complex δ (mm s-1) Q (barn)c ηd ∆EQ (mm s-1) 

1 Fp2 0.0971 0.182 0.835 1.59 

2 FpI 0.122 0.182 -0.872 1.76 

3 FpMe -0.0107 0.182 0.684 1.90 

4 (IMe)Cu-Fpb 0.305 0.0494 0.147 0.768 

5 (IMe)(Cl)Zn-Fpb 0.425 0.0494 0.237 0.711 

 

aBVP86/LANL2TZ(f)/6-311+G(d). bIMe= 1,3-dimethylimidazol-2-ylidene. cQuadrupole 

moment determined by fitting. dAsymmetry parameter of electric field gradient determined 

directly from DFT calculations.126 

 

Computed isomer shift values reproduce the experimentally observed pattern and 

correctly predict an increase in the isomer shift in Fp-X complexes across the series Me < 
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I < Cu(NHC) < Zn(Cl)(NHC). Similarly, the computed quadrupole splitting values correctly 

predict a clustering pattern of high splittings for Fp2, FpMe, and FpI and low splittings for 

(NHC)CuFp and (NHC)(Cl)ZnFp. From the calculations, it is evident that this effect does 

indeed derive from the symmetry of the ligand fields around the Fe centers, as the 

heterobimetallic complexes (Table 2, entries 4–5) were computed to have very different 

quadrupole moments (Q) and electric field gradient asymmetry parameters (η) than the 

Fe-only complexes (Table 2, entries 1–3).  

To verify that the source of the asymmetry is distortion of the Fe environment due 

to semi-bridging Cu⋯CO or Zn⋯CO interactions, the calculated structural asymmetry 

parameters, α, for the CO ligands are tabulated in Table 3.  

 

Table 3:  Asymmetry parameters for CO ligands determined experimentally and 

computationallya,b 

Entry Complex α (observed) α (calculated) 

1 (NHC)Cu-Fp 0.40, 0.58 0.44, 0.48 

2 (NHC)(Cl)Zn-Fp 0.56, 0.70 0.63, 0.65 

3 FpI 0.76, 0.79c 0.78, 0.78 

 

aExperimental values from X-ray crystallography of IPr derivatives; computational values 

from DFT of IMe derivative (BVP86/LANL2TZ(f)/6-311+G(d))126; IMe= 1,3-dimethylimidazol-

2-ylidene86. bSee reference137 for definition of α. cStructural data for FpI from reference138.  

 

The typical ranges for bimetallic carbonyl complexes are: terminal CO, α ≥ 0.6; 

bridging CO, α ≤ 0.1; semi-bridging CO, 0.1 < α < 0.6.137 Both crystallographic and 

computational analyses of the Cu-Fe complexes reveal the presence of semi-bridging CO 
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ligands (Table 3, entry 1), a phenomenon that is clearly absent in Fp-I (Table 3, entry 3) 

when iodine is treated as a metal. The Zn-Fp complexes feature CO ligands that are 

borderline cases along the terminal/semi-bridging continuum, and we propose that the 

resulting modest distortion of the Fe environment compared to Fp-I causes the low 

quadrupole splitting observed. The anionic species K+Fp− exhibited two distinct Fe 

environments by Mössbauer spectroscopy (entry 15 in Table 1), consistent with previous 

observations139 by IR spectroscopy of multiple contact ion pair configurations existing 

between Fp− and either Na+ or K+. In order to examine the bare Fp− anion, we synthesized 

the cation-sequestered ion pair [K(18-crown-6)2]+[Fp]−, which was found to exhibit a clean, 

sharp pair of symmetric and antisymmetric CO vibrations by IR spectroscopy (Figure A1 

in Appendix).  

 The Mössbauer spectrum for this species was modeled as having a single Fe 

environment (entry 16) matching the major species present in K+Fp− (entry 15), although 

some disorder was evident from the relatively large linewidth of the spectrum for [K(18-

crown-6)2]+[Fp]− (0.6 mm s−1 vs. 0.3–0.35 mm s−1 in pure Fe). The observed quadrupole 

splitting of 0.79 mm s−1 is in the range observed for the Cu-Fp and Zn-Fp complexes of 

interest here, rather than in the range of more typical Fp-X complexes. The small 

quadrupole splitting can be rationalized by the observed C2v geometry apparent in the 

solid-state structure of Fp− that is distinct from CS-symmetric environments observed in 

Fp-X complexes but similar to the local Fe symmetry in (IPr)CuFp.140,141 This rationale fits 

the analysis of quadrupole splitting data for the Cu-Fp and Zn-Fp complexes. 
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2.3.2. X-Ray Absorption Spectroscopy 

X-ray absorption near edge structure (XANES) spectroscopy was employed to probe 

the local environment around Fe, Cu and Zn atoms in the organometallic compounds of 

interest. XANES is used to determine the oxidation state and electronic transitions and 

fingerprint the element of interest. XANES spectra are usually taken from 150 eV below 

the edge energy to 300 eV above the edge energy of the element of interest and are 

sensitive to the unoccupied electronic levels near the Fermi level. In most cases the edge 

position shifts to higher energies with increase in effective oxidation states, and the 

oxidation states of unknown samples can be obtained by comparison with well-understood 

reference standards.142,143 For each heterobimetallic complex in this study, a combination 

of the appropriate two K-edge XANES spectra was used to construct an electronic 

structure model. 

 

2.3.2.1. Cu K-Edge Spectroscopy 

Selected Cu K-edge data are plotted in Figure 3, and the peak energies of the pre-

edge features are tabulated in Table 4.  
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Table 4:  Cu K-Edge data 

Entry Complex Pre-edge Energya (eV) 

1 Cu foil 8983.1 

2 CuClb 8985.0 

3 CuCl2b 8988.0 

4 (IPr)CuCl 8983.6 

5 (IMes)CuCl 8983.9 

6 (IPr)CuI 8983.8 

7 (IPr)CuFp 8983.5 

8 (IMes)CuFp 8983.5 

9 (IPr)CuMp 8983.5 

 

aPeak energy of pre-edge feature. (Deconvolution shown in Appendix 1 Figures 

A2-A4 and Table A1). bAnhydrous.126 
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         Figure 3:  Cu K-edge spectra for (a) (IPr)CuCl (red), (IMes)CuCl (blue), IPrCuI 

(green) (b) (IPr)Cu-Fp (blue), (IMes)Cu-Fp (red) and (IPr)Cu-Mp 

(green)126  
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The spectra for all NHC complexes were dominated by intense pre-edge features in 

the 8983–8984 eV range of approximately 0.8 normalized intensity, consistent with the 

typical spectral shape observed for two-coordinate Cu complexes.144 Previous studies with 

covalent Cu complexes have indicated that these intense pre-edge features, which 

correspond to the first electric dipole allowed Cu 1s → 4p transitions, are highly sensitive 

to the effective nuclear charge at Cu, with a ∼3 eV change expected per oxidation 

state.144,145 The pre-edge energies for (NHC)CuX complexes were found to be relatively 

insensitive to the identity of X. The benchmark complexes (IPr)CuCl, (IMes)CuCl, and 

(IPr)CuI all displayed similar pre-edge positions (∼8984 eV) that indicated highly reduced 

Cu centers with effective nuclear charges lower than that in CuCl (8985.0 eV). The Cu-Fe 

complexes (IPr)CuFp and (IMes)CuFp displayed pre-edge energies (∼8983 eV) very 

similar to the halide complexes. The Cu-Mo complex (IPr)CuMp, which features a less 

nucleophilic146 Mp− anion relative to Fp−, also exhibited a similar pre-edge position (8983.5 

eV). Overall, the effective nuclear charge of Cu in (NHC)CuX complexes is relatively 

insensitive to the identity of the NHC ligand, the identity of the X ligand, or the 

presence/absence of a Cu-M bond. 

 

2.3.2.2. Zn K-Edge Spectroscopy 

Zn K-edge data are plotted in Figure 4 and tabulated in Table 5. The spectra were 

relatively featureless. A modest increase in intensity at ∼9663 eV for (IPr)(Cl)Zn-Fp 

relative to (IPr)ZnCl2·THF may reflect an increase in anisotropy of the Zn 4p orbitals due 

to the trigonal planar (as opposed to pseudotetrahedral) coordination geometry, akin to 

pre-edge behavior in Cu K-edge spectroscopy.144  

           

  



54 
 

Table 5:  Zn K-Edge data 

Entry Complex Rising edge Energya (eV) 

1 Zn foil 9661.2 

2 ZnCl2b 9665.4 

3 (IPr)ZnCl2.THF 9665.0 

4 (IPr)(Cl)Zn-Fp 9665.7 

 

aInflection point energy determined by analysis of first derivative spectra.126 bAnhydrous. 

 

 

The complexes (IPr)ZnCl2·THF and (IPr)(Cl)Zn-Fp displayed rising edge 

positions (∼9665 eV) very similar to that observed for anhydrous ZnCl2 (9665.4 eV), 

indicating an effective oxidation state of Zn(II) for both complexes. Much like the Cu 

K-edge data, these Zn K-edge data were relatively insensitive to the replacement of a 

halide ligand for Fp−. When comparing derivative spectra, it is evident that the Zn K-

edge position for (IPr)(Cl)Zn-Fp is modestly higher in energy than that of 

(IPr)ZnCl2·THF (Figure 4b), again consistent with the proposed presence of Zn → Fe 

π-backdonation counterbalancing Fe → Zn σ-donation. 
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        Figure 4:  (a) Zn K-edge spectra for Zn foil (dashed black), anhydrous ZnCl2 

(dashed blue), (IPr)ZnCl2.THF (solid red), (IPr)(Cl)Zn-Fp (solid green) 

(b) First derivative Zn K-edge spectra for (IPr)ZnCl2.THF (red) and 

(IPr)(Cl)Zn-Fp (green)126 
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2.3.2.3. Fe K-Edge Spectroscopy 

Selected Fe K-edge data are plotted in Figure 5 and 6, and both rising edge positions 

and pre-edge positions are tabulated in Table 6.  

Table 6:  Fe K-Edge data 

Entry Complex Rising edge Energya 

(eV) 

Pre-edge Energya 

(eV) 

1 Fe foil 7111.3 Not observed 

2 FeCl2c 7119.7 7111.8, 7113.7 

3 FeCl3c 7120.7 7113.4 

4 K+Fp- 7123.0 7113.7, 7114.7 

5 FpI 7125.1 7112.7, 7115.0 

6 FpMe 7123.3 7113.1, 7115.0 

7 (IPr)CuFp 7123.9 7113.4 

8 (IMes)CuFp 7123.6 7113.4 

9 (IPr)(Cl)ZnFp 7124.6 7113.4 

10 Fp2 7126.2 7114.2 

.. 

aInflection point energy determined by analysis of first derivative spectra. bPeak energies of 

pre-edge features.126 cAnhydrous 

 

The spectra for Fp-containing complexes exhibited pre-edge features in the 7112–

7115 eV range of approximately 0.2 normalized intensity, consistent with the strong-field, 

low-symmetry nature of the systems.147 Previous analyses of highly covalent Fe 

compounds have revealed that pre-edge energies do not reflect the effective nuclear 

charge of the Fe and remain relatively constant across multiple oxidation states.148 A 

similar pattern was observed in the set of complexes analyzed in this study (Table 6). On 

the other hand, rising edge energies at the Fe K-edge have been established as reporters 

of effective nuclear charge at Fe, with a ∼1 eV change expected per oxidation state.148  



57 
 

 

     Figure 5:  Fe K-edge spectra for (a) FpI (pink), KFp (blue), FpMe (orange), Fp2 

(green) (b) (IPr)Cu-Fp (pink), (IPr)(Cl)Zn-Fp (green), (IMes)Cu-Fp 

(blue)126 
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The benchmark complexes K+Fp−, FpI, and FpMe (Figure 5a), which have formal 

oxidation states ranging from Fe(0) to Fe(II), displayed rising edge positions (7123–7125 

eV) higher in energy than FeCl2 (7119.7 eV) and FeCl3 (7120.7 eV), indicating high 

effective nuclear charges at Fe in the Fp compounds resulting from π-backbonding to the 

carbonyl ligands. The effective nuclear charge at Fe is decreased in FpMe (7123.3 eV) 

relative to FpI (7125.1 eV), likely due to the strong σ-donating property of the methyl 

ligand, making it closer in effective Fe nuclear charge to formally Fe(0) complex K+Fp− 

(7123.0 eV). The homobimetallic Fp2 exhibited a very high-energy rising edge position 

(7126.2 eV), likely due to the presence of three Fe-CO linkages per metal (rather than 

two) in its structure (Scheme 36) resulting in anomalously high effective nuclear charge at 

Fe. Similar effects have been observed at the metal K-edge for systems with multiple CO 

ligands or other strongly π-acidic groups.149–151  

 

Figure 6: First derivative of Fe K-edge spectra for KFp (red), FpI (blue) and Fp2 (green)126 

 



59 
 

Although the observed differences in Fe K-edge position are minor when analyzing 

normalized Fe K-edge intensity, the differences are more pronounced when analyzing 

derivative spectra (Figure 6). The Cu-Fe bonded complexes (IPr)Cu-Fp and (IMes)Cu-Fp 

displayed slightly decreased Fe K-edge rising edge positions (∼7124 eV) compared to FpI 

and slightly increased compared to K+Fp− and FpMe (Figure 5b and 6). This is consistent 

with the electronic structure description that emerged from Mössbauer analysis: these Cu-

Fp complexes feature Cu → Fe dπ–dπ backdonation that is more pronounced than I → 

Fe pπ–dπ backdonation in FpI, counterbalancing Fe → Cu σ-donation and making the 

effective nuclear charge at Fe lower rather than higher. The rising edge position for 

(IPr)(Cl)Zn-Fp (7124.6 eV) was very similar to those of the Cu-Fe complexes, within the 

resolution of these experiments. 

 

2.3.3. Elucidation of Redox Cooperativity 

We have argued previously for metal–metal cooperativity during bimetallic oxidative 

addition and bimetallic reductive elimination to be a key factor in facilitating productive 

catalysis (Scheme 34).88 With the complete set of metal K-edge data available, the degree 

of redox coupling within a heterobimetallic system during such a stoichiometric reaction 

step can be probed. For example, we have reported previously that the Cu-Fe bonded 

complex (IPr)Cu-Fp is capable of activating methyl iodide to produce (IPr)CuI and FpMe 

as products.85 Such a R-X bimetallic oxidative addition reaction could, in principle, be used 

to build a catalytic reaction involving functional group interchange at a carbon–halogen 

bond if coupled to the known chemistry of FpR complexes152 and can be considered a 

model reaction for other catalytically relevant bimetallic redox reactions.  
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Table 7:  Experimentally determined bimetallic cooperativity during oxidative addition 

 

Energy 

parameter 

Before oxidative 

addition 

After oxidative 

addition 

Energy 

change 

Cu K-Edge 8983.5 eV 8983.8 eV +0.3 eV 

Fe K-Edge 7123.9 eV 7123.3 eV -0.6 eV 

νCOa 1914, 1849 cm-1 1992, 1924 cm-1 +75-78 cm-1 

 

aDetermined from IR spectroscopy in the solid state.126 

 

Tabulating metal K-edge data for the reactants and products in this bimetallic 

oxidative addition lends insight into the nature of the two-electron redox process. As 

shown in Table 7, the effective nuclear charges of both Cu and Fe change in subtle ways 

as evidenced by the minor changes in Cu and Fe K-edge positions, but the changes are 

not sufficient to account for the 2-electron oxidation expected for a net oxidative addition 

process. Therefore, despite the subtle electron effects of the Cu-Fe bonding noted from 

Mössbauer and XANES analyses, the supporting ligands must be participating to a 

significant extent in the redox process. Carbonyl ligands, in particular, are highly redox 

non-innocent. Indeed, an average increase of 76.5 cm−1 was observed for the coupled CO 

stretching vibrations upon oxidative addition, consistent with significantly less electron 

density being delocalized into the π* (C–O) orbitals in FpMe, the product of oxidative 

addition, compared to (IPr)Cu-Fp, the more reduced species. The cyclopentadienyl ligand 
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may also participate to some extent in the redox process: the rising Fe K-edge position in 

ferrocene/ferrocenium is, similarly, known not to be sensitive to the redox state,153 

although strong Cp-substituent effects are well known for XAS spectroscopy of ferrocene 

derivatives.154,155 Computation of partial charges within the molecules before and after 

bimetallic oxidative addition supports this view (Table 8).  

 

Table 8:  Computed partial charges during bimetallic oxidative addition 

 

Calculated partial 

chargea 

Before oxidative 

addition 

After oxidative 

addition 

Change in 

charge 

Cu  0.39 0.20 -0.19 

Fe  -1.19 -1.01 +0.18 

2COa 0.39 0.72 +0.33 

Cp 0.18 0.30 +0.13 

IMe 0.23 0.24 +0.01 

 

aNatural charges from NBO analysis at the BVP86/LANL2TZ(f)/6-311+G(d)  level of theory.126 

 

In a truncated model system, the calculated changes in partial charge for both Cu 

and Fe were <0.2e. The CO ligands, indeed, were calculated to experience significant 

increase in partial charge (0.33e combined). The Cp ligand also was calculated to 

experience a notable increase in partial charge (0.13e), while the model N-heterocyclic 

carbene was calculated to be redox-innocent with respect to the bimetallic oxidative 

addition. Extrapolating to bimetallic oxidative addition and bimetallic reductive elimination 

steps involving Cu-Fp and Zn-Fp complexes in catalytic scenarios,88 one can assume that 
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this pattern will hold true and that the carbonyl groups will bear the majority of redox 

changes during catalysis. It is our assertion that this insight will aid future designs for base 

metal catalysis using the heterobimetallic approach promoted here. 

 

2.4. Conclusions 

Collectively, the data presented here support our previous assertion85 that the 

(NHC)M-Fp complexes under study are best described as [(NHC)M]+/[Fp]− pairs stabilized 

by highly polar M-Fe bonds, with the [Fp]− group acting as a pseudohalide ligand with 

respect to effective nuclear charge at Cu or Zn. Close scrutiny of the physical data reveals 

that these Cu-Fe and Zn-Fe bonds have certain unique characteristics that distinguish 

them from M-Fe bonds in the more common “early-late” heterobimetallic M-Fp 

complexes.117–122 Most notably, spectral features reveal dependence on π-symmetry 

overlap involving filled d-orbitals on Cu or Zn that would be unoccupied in early metal 

analogues; although these interactions represent anti-bonding orbital mixing, they 

nonetheless serve to reduce effective nuclear charge at Fe. Additionally, Cu-Fe bond 

cleavage during bimetallic oxidative addition impacts the effective nuclear charges of Cu 

and Fe to a minimal extent and instead significantly attenuates π-backbonding into the 

CO ligands, providing insight into the nature of catalytically relevant multi-electron redox 

processes. Future strategies for base metal catalysis can be expected to leverage these 

conclusions in order to devise catalysts through rational design (chapter three). 
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2.5. Experimental Procedures86 

2.5.1. Synthesis 

2.5.1.1. General Considerations  

Unless otherwise specified, all reactions and manipulations were performed under 

purified N2 in a glovebox or using standard Schlenk line techniques. Glassware was oven-

dried prior to use. Reaction solvents were sparged with argon and dried using a Glass 

Contour Solvent System built by Pure Process Technology, LLC, or freshly distilled 

according to standard procedures.156 Deuterated solvents for NMR spectroscopy were 

degassed by repeated freeze-pump-thaw cycles and dried by prolonged storage over 

activated, 3 Å molecular sieves. 1H NMR and 13C{1H} NMR spectra were recorded at 

ambient temperature using a Bruker Avance DPX-400 spectrometer, and chemical shifts 

were referenced to residual solvent peaks. FT-IR spectra were recorded on solid samples 

in a glovebox using a Bruker ALPHA spectrometer fitted with a diamond-ATR detection 

unit. Literature procedures were used to prepare the complexes (IPr)CuCl,157 

(IMes)CuCl,157 (IPr)CuI,158 KFp,159 (IPr)ZnCl2(THF),160 FpI,161 FpMe,85 (IPr)CuFp,85 

(IMes)CuFp,85 (IPr)CuMp,85 and (IPr)(Cl)ZnFp,85. Unless otherwise indicated, all other 

chemicals were purchased from commercial sources and used without further purification. 

 

2.5.1.2. Preparation of [K(18-crown-6)2]+[Fp]-  

(108.9 mg, 0.504 mmol) and 18-crown-6 (133.2 mg, 0.504 mmol) were dissolved in 

THF (10 mL), generating an orange-red suspension. The solution was stirred overnight 

and filtered through a medium-porosity fritted funnel. The resulting bright orange solid was 

washed with pentane and dried in vacuo. Yield: 105.7 mg (74%). 1H NMR (400 MHz, 

CD3CN): δ 4.23 (s, 5 H, Cp), 3.57 (s, 48 H, CH2). 13C{1H} NMR (400 MHz, CD3CN): δ 229.2 
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(CO), 76.8 (Cp), 70.9 (CH2). IR (solid, cm−1): 2897, 1854 (νCO), 1775 (νCO), 1472, 1353, 

1253, 1098, 959, 835, 672, 603, 586, 502. 

 

2.5.2. Mössbauer Spectroscopy 

The Mössbauer spectroscopy experiments were conducted with a 57Co source in 

a Pd matrix, using constant acceleration mode. The zero velocity point is adjusted to 

coincide with the isomer shift of α-iron to be zero. AVORTEX silicon drift detector was 

used with an energy resolution of 200 eV at 14.4 keV, providing excellent background 

rejection. The linewidths used have varied between 0.4 and 0.6 mm s−1. All data 

presented here were taken at room temperature. Typical data collection time was a few 

days, with a baseline count of several millions. The samples were synthesized using 

natural iron. 

 

2.5.3. Computational Methods 

All calculations were performed using Gaussian09, Revision B.01.162 Density 

functional theory (DFT) calculations were carried out using a hybrid functional, BVP86, 

consisting of Becke’s 1988 gradient-corrected Slater exchange functional163 combined 

with the VWN5 local electron correlation functional and Perdew’s 1986 non-local electron 

correlation functional.164 Mixed basis sets were employed: the LANL2TZ(f) triple-ζ basis 

set165,166,167 with effective core potential165,168,169 was used for Fe and Cu; the LANL2TZ+ 

triple-ζ basis set166 with effective core potential165,168,169  was used for Zn; the LANL2DZ 

double-ζ basis set with effective core potential was used for Cl;165,168,169  and the 

Gaussian09 internal 6-311+G(d) basis set was used for C, H, N, and O. The 2,6-

diisopropylphenyl and 2,4,6-trimethylphenyl groups on the NHC ligands were truncated 
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to methyl groups in order to minimize computational time. Structural geometries were 

optimized to energy minima, and then frequency calculations were performed to confirm 

that no imaginary frequencies were present. Molecular orbital surfaces were viewed 

using Gaussview 4.1.170 Partial charges were determined by natural population analysis 

from NBO v. 3.1 within Gaussian09.171 

 

2.5.4. X-Ray Absorption Spectroscopy 

Fe K edge (7112 eV), Cu K edge (8979 eV) and Zn K edge (9659 eV) for the 

samples were measured at 10ID beamline at the Advanced Photon Source, Argonne 

National Laboratory.172 A rhodium coated harmonic rejection mirror was used to eliminate 

higher energy photons. Experiments were performed in transmission mode. A mixture of 

70% helium and 30% nitrogen gas was used in the initial ion chamber Io placed before 

the sample and full nitrogen gas in transmission and reference ion chambers. The gases 

in the ion chambers were optimized for adequate absorption of photons. Samples and 

standards were spread uniformly on kapton tape and stacked for obtaining the right edge 

height for each of the three edges. The samples were loaded in an air sensitive sample 

holder that was kept filled with helium gas during the measurements. Metal foils were 

measured with the help of the reference ion chamber for every scan taken at Fe, Cu and 

Zn edges, respectively. The spot size of the incident X-ray beam on the sample was 500 

micron × 500 micron. Measurements were done in quick scanning mode, where the 

undulator gap and taper were fixed while the Bragg angle of the double crystal 

monochromator (with Si(111) crystal) was scanned at a constant speed. Several scans 

were taken on each sample and then averaged to obtain satisfactory statistics. The 

samples were re-measured after purposely exposed to air to establish that the data 

presented do not correspond to oxidized samples. Analysis of the sequential individual 
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scans established that the samples were not incurring any measurable radiation damage 

during the experiment. Data collected were processed using the Athena software.173 

Normalization of each data set was carried out in the following way. After subtracting 

background by fitting the pre-edge region, χ(μ) was fit between 50 and 150 eV far enough 

from the post-edge features and then extrapolated to E = 0. Normalization was done by 

dividing the spectra by the edge height at E = 0. 
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Chapter 3 

Theoretical Investigations of the Structure and Reactivity of Heterobimetallic 

Complexes 

 

3. J 
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3.1. Opening Remarks 

As mentioned earlier in chapter one, chapter two and three are dedicated to investigating 

the structural and functional features of the polar heterobimetallic complexes introduced by 

Mankad group.85 Chapter three presents a theoretical analysis of heterobimetallic complexes 

capable of polar substrate activations85 and small molecule activations,174 using DFT. The 

mechanisms of these reactions are investigated using transition state calculations. The 

charges and bond orders of the individual components of a typical heterobimetallic system, 

as it undergoes bimetallic oxidative addition and bimetallic N2O activation are probed using 

IRC calculations. Some thermodynamic parameters such as ΔH‡, ΔG‡ and ΔS‡ are also 

calculated. The key components of the complexes functional during these reactions are 

identified using the theoretical analysis presented here and the experimental analysis 

presented earlier (chapter two). A series of new heterobimetallic complexes synthesized by 

the Mankad group keeping these key components intact or enhanced is also studied using 

DFT calculations and the structural trends present are elucidated. The trends uncovered aid 

in future reaction development (chapter four).  

 

3.2. Bimetallic Oxidative Addition 

3.2.1. Introduction 

As emphasized in chapter two, whilst oxidative addition (OA) and reductive 

elimination (RE) in single-site catalysts have been studied extensively, their mechanistic 

features in bimetallic catalysts remain underexplored.83,84,117,175 Out of the examples 

present, most of the studies in literature on bimetallic oxidative addition (BOA) and 

bimetallic reductive elimination (BRE) are focused on noble metals which are also capable 

of single-site OA and RE steps81,97,108,176–197 while studies on earth-abundant first-row 

transition metals which do not favor single-site mechanisms198 are scarce.199–211  
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In chapter two, an experimental study on a BOA was presented on a copper-iron 

heterobimetallic system capable of activating methyl iodide. The (IPr)Cu-Fp (IPr = N,N’-

bis(2,6-diisopropylphenyl)-imidazol-2-ylidine, Fp = FeCp(CO)2) complex studied, had 

previously shown catalytic activity in C-H borylation of arenes utilizing bimetallic OA and 

RE steps on B-H and H-H substrates respectively.  

To better understand the nature of the bimetallic reaction pathways in this system, 

our group has conducted a thorough mechanistic study of alkyl halide activation by the 

Cu-Fe heterobimetallic reaction center.87 Use of cyclopropylmethyl halide substrates as 

radical clocks established that alkyl halide activation occurs by a two-electron mechanism 

for alkyl bromides and chlorides but not iodides. Eyring analysis of the activation of benzyl 

chloride allowed for experimental determination of activation parameters, including a large 

and negative entropy of activation (ΔS‡ = −36 eu). A Hammett study with para-substituted 

benzyl chlorides revealed a reaction constant of ρ = 1.6, indicating accumulation of 

negative charge in the transition state on the alkyl halide carbon. The Ru analogue, 

(IPr)Cu-Rp (Rp = RuCp(CO)2), was found to react approximately 17−25 times more slowly 

with selected benzyl chlorides than (IPr)Cu-Fp, indicating that the relative nucleophilicities 

of the free metal carbonyl anions are predictive of the relative reactivities of their 

heterobimetallic counterparts. 

In this section, the mechanistic investigations are continued through theoretical 

calculations. The oxidative addition of methyl chloride into (IMe)Cu-Fp, a model of (IPr)Cu-

Fp, is studied (Scheme 37) computationally. The transition state of the reaction, and the 

thermodynamic parameters associated with it (ΔH‡, ΔG‡ and ΔS‡), are calculated and they 

correlate well with the experimental values deduced by the Mankad group.87   
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3.2.2. Results & Discussion 

In order to examine the heterobimetallic reaction computationally, we chose to begin 

with gas-phase DFT calculations at the BVP86/LANL2TZ(f) level of theory on the model 

reaction between the reactants (IMe)Cu-Fp + CH3Cl to yield products (IMe)Cu-Cl + Fp-

CH3 (IMe = N,N′-dimethylimidazol-2-ylidene) (Scheme 37). The overall reaction was 

calculated to be exergonic by ΔG298 K = −20.0 kcal/mol. A transition state (TS1) for this 

reaction was identified computationally as lying higher in energy by ΔG‡
298 K = +26.2 

kcal/mol than the individual reactants. A surprisingly good match was found between the 

calculated activation parameters for the (IMe)Cu-Fp + CH3Cl reaction (ΔH‡ = +14.6 

kcal/mol; ΔS‡ = −39.0 eu) and the experimental ones for the (IPr)Cu-Fp + benzyl chloride 

reaction (ΔH‡ = +13(2) kcal/mol; ΔS‡ = −36(7) eu).87 When benzene solvation was 

included in the calculations, these energetics differed by only ∼2 kcal/mol compared to 

the gas phase values, and so gas-phase calculations were utilized subsequently.  

The calculated energetics of this pathway are consistent with the experimental 

observation of the reaction occurring at ambient conditions. For comparison, an alternative 

mechanism would involve ionization of the Cu−Fe bond to reveal [Fp]−, which could then 

react with the alkyl halide by the known SN2 pathway.212 We have previously calculated 

that the [(IMe)Cu]+[Fp]− ion pair is higher in energy by >80 kcal/mol than neutral (IMe)Cu-

Fp in benzene solution, i.e., too high in energy to be accessible under ambient 
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conditions.89 This fact, combined with the phenomenological observations regarding 

product profiles,89 causes us to rule out this alternative pathway, as it is inconsistent with 

experimental observations. 

The structure of TS1 (Figure 7) results from approach of CH3Cl toward a point between 

Cu and Fe along a trajectory that bisects one of the Cp(centroid)-Fe-CO angles. The C-Cl 

bond is almost fully broken (2.45 Å) relative to the calculated C-Cl distance in free CH3Cl 

(1.84 Å). The [CH3] unit is planar, resembling the stereoinvertive transition-state structure 

of a typical SN2 reaction. The Cu-Fe bond is intact but slightly elongated (2.41 Å) relative 

to the reactant structure (2.33 Å). The Cu···CO interaction nearest to the incoming CH3Cl 

molecule is elongated (2.94 Å) relative to the reactant structure (2.57 Å), while the Cu···CO 

interaction on the face opposite the incoming CH3Cl molecule is contracted (2.22 Å) 

relative to the reactant structure (2.49 Å). Because no new Cu- CO bond ultimately forms 

in the products, this latter Cu···CO contraction in TS1 highlights the templating role played 

by that CO ligand, holding the bimetallic transition-state structure together as the Cu−Fe 

bond breaks.  
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Figure 7:  a) Calculated reaction coordinate diagram for reactants (IMe)Cu-Fp + CH3Cl 

to products (IMe)Cu-Cl + Fp-CH3 with relative free energies given in 

kcal/mol at 298 K.     b) Structure of TS187 

 

The Fe−CH3 bond is only slightly formed (2.85 Å) relative to the calculated distance in 

the Fp-CH3 product (2.05 Å). The [CH3] carbon also engages in a close Cu···C contact 

(2.19 Å) despite the fact that no new Cu-C bond forms in the products, indicating that the 

Cu center plays an important role in the transition state, as well. NBO calculations on TS1 

were carried out to analyze how both natural charge distribution and bonding interactions 

change during the reaction pathway. For comparative purposes (see Figure 7a), we also 

present these data for the reactants and products. 

Selected natural charge data are compiled in Table 9. Consistent with the formally 

BOA process, the [Fp] fragment is oxidized during the reaction. As we have noted before 

in chapter two,89,86 within the [Fp] fragment the redox chemistry is dominated by the CO 

ligands (Table 9) and Cp ligand, and the natural charge on Fe is relatively constant 

(between q = −1.17 and −1.00) throughout the reaction pathway. Regarding the CH3Cl 

molecule undergoing BOA, there is essentially no change in natural charge residing on 
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the [CH3] unit. The chloride, however, experiences dramatic ionization at TS1 and remains 

largely anionic in character in the (IMe)Cu-Cl product.  

 

Table 9:  Calculated natural charges along the reaction coordinate87 

Complex q(IMeCu) q(Fp) q(2CO) q(CH3) q(Cl) 

Reactants 0.62 -0.62 0.39 0.08 -0.08 

TS1 0.28 -0.28 0.48 0.10 -0.50 

Products 0.52 0.01 0.72 -0.01 -0.52 

 

 

Selected Wiberg and Mayer bond index data are compiled in Table 10. As expected, 

the CH3Cl carbon experiences a smooth increase in bonding interaction with the Fe center 

during the reaction. Of particular note is that while a Cu-CH3 bond does not form in the 

products, there is a significant Cu-CH3 interaction in TS1 of equal magnitude to the Fe-

CH3 interaction. This observation indicates that TS1 is a true bimetallic transition state, 

where both Cu and Fe interact with the BOA substrate equally. As expected because the 

[(IMe)Cu] and [Fp] fragments are separating in this reaction, the Cu···CO interaction with 

the carbonyl group proximal to the incoming CH3Cl substrate experiences a smooth 

decrease during the reaction. Of particular note is the Cu···CO interaction distal to the 

incoming CH3Cl molecule. Whereas this semi-bridging Cu··· CO interaction in (IMe)Cu-Fp 

ultimately breaks, the interaction is actually amplified in TS1. In other words, the distal 

semi-bridging CO ligand bridges the Cu-Fe bond more significantly in the transition state 

than in either the reactants or the products. This observation indicates that, in addition to 

playing an important role in the redox changes during BOA and BRE (chapter two), 89,86  

the semi-bridging CO ligands also play a key structural role, essentially templating the 

bimetallic transition state to stabilize it as the metal-metal bond is breaking. 
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Table 10: Selected Wiberg and Mayer bond index values along the reaction coordinatea 

 

Complex Cu-

C(methyl) 

Fe-

C(methyl) 

Cu-C(proximal 

CO)b 

Cu-C(distal 

CO)b 

Reactants 0.00/0.00 0.00/0.00 0.13/0.13 0.15/0.15 

TS1 0.25/0.25 0.31/0.31 0.07/0.07 0.26/0.26 

Products 0.00/0.00 0.71/0.71 0.00/0.00 0.00/0.00 

 

aValues are given as Wiberg/Mayer bProximal and distal refer to the position of a CO ligand 

relative to the incoming CH3Cl molecule.87  

 

Lastly, we attempted to study transition states related to TS1 with various para-

substituted benzyl chloride substrates in place of CH3Cl. A similar transition state, TS2-H, 

was located for the parent benzyl chloride, with a similar barrier height to that for CH3Cl 

(ΔG‡
298 K = +28.6 kcal/mol) and with similar activation parameters (ΔH‡ = +15.8 kcal/mol; 

ΔS‡ = −43.0 eu). Transition states also were located for benzyl chloride substrates with 

cyano, methyl, and methoxy substituents in the para position (TS2-CN, TS2-Me, TS2-

OMe). Unlike the experimentally determined Hammett reaction constant of ρ = 1.6(2),87 

the barrier heights corresponding to TS2-H, TS2-CN, TS2-Me, and TS2-OMe were very 

similar (between +27.1 and +28.6 kcal/mol), indicating a Hammett constant close to zero. 

When conducting the calculations with a different DFT functional (B3LYP instead of 

BVP86) or when including implicit benzene solvation, the absolute values of the energies 

changed, but the collective trend remained unchanged. While this inability to reproduce a 

kinetic parameter in the BOA reaction is likely reflective of the various sources of error 

associated with quantitatively correlating computational mechanisms to experimental rate 

constants (especially regarding entropic contributions to highly polarized systems such as 

this one),213,214 we are nonetheless confident in the ability of our model to qualitatively 
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reveal the detailed nature of the BOA transition state highlighted in the discussion of TS1 

above. 

 

3.2.3. Conclusions 

In conclusion, the transition states for alkyl halide BOA by (IPr)Cu-Fp and related 

complexes have been characterized by computational methods. Computational analysis 

revealed important features of the transition state unavailable from experimental data, 

including the dual role of the carbonyl ligands in the [Fp] group both of acting as redox 

non-innocent ligands during the BOA reaction and also of providing structural stability to 

the transition state as the metal-metal bond cleaves. 

 

3.3. Bimetallic N2O Activation 

3.3.1. Introduction 

N2O is an ozone depletion agent and a greenhouse gas three hundred times more 

potent than CO2.215,216 Activating N2O and using it as an oxygen-donating agent is highly 

desirable, especially since the only byproduct is N2 which is environmentally harmless. 

Although oxygen-atom abstraction from N2O is thermodynamically favorable due to the 

stability of the byproduct N2 with a strong N-N triple bond, it still remains a challenging 

conversion since it’s burdened with high kinetic barriers which are hard to overcome as 

N2O is a poor ligand. Nonetheless, some successful examples of stoichiometric217 and 

catalytic conversions have been reported.  

Nature catalyzes N2O deoxygenation utilizing the enzyme, nitrous oxide reductase 

(N2OR). The catalytic site of N2OR is a tetracopper sulphide cluster that is thought to bind 

N2O in a µ-1,3-N,O fashion using two adjacent Cu centers (Scheme 38a).218 Similarly, a 



76 
 

Cu-ZSM-5 zeolite material capable of catalyzing oxidation reactions with N2O219 is thought 

to bind N2O in a µ-1,1-O fashion using pairs of Cu centers spaced at appropriate distances 

(Scheme 38b).220 Molecular Cu complexes capable of N2O activation also typically utilize 

homobimetallic cooperativity. Cramer, Tolman and co-workers reported the stoichiometric 

deoxygenation of N2O by a tricopper disulphide complex, where N2O activation was 

proposed to occur by µ-1,1-O interaction with a transient dicopper intermediate (Scheme  

38c).221 Beloglazkina and co-workers reported electrocatalytic N2O deoxygenation as well 

as catalytic oxygen-atom transfer from N2O to PPh3 using a dicopper catalyst, although 

the nature of N2O binding to the catalyst was not addressed.222 Torelli and co-workers 

reported an asymmetric dicopper thiolate species capable of stoichiometric N2O 

deoxygenation, and terminal η-1-O binding of N2O to one of the two Cu centers (Scheme 

38d) was proposed.223 
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Recently, our group reported a heterobimetallic system capable of stoichiometric 

oxygen atom transfer from N2O to PPh3.124 The (IMes)Cu-Fp complex (IMes = N,N’-

bis(2,4,6-trimethylphenyl)imidazol-2-ylidine, Fp = FeCp(CO)2) reacted with N2O and PPh3 

to give N2 and OPPh3. The resting states of the catalyst were hypothesized to be (IMes)Cu-

Cp and an unknown FexCyOz species (Scheme 39). Preliminary experiments hinted the 

possibility of a catalytic cycle. Since the intermediates involved in the reaction were not 

identified experimentally, a theoretical investigation was carried out to probe the reaction 

pathway using DFT calculations. The analysis is presented here.  
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. 

 

3.3.2. Results & Discussion 

Theoretical investigation of the oxygen-atom transfer reactions from N2O to PPh3 

mediated by our Cu-Fe heterobimetallic complexes are presented here. As mentioned in 

the introduction, since the experimental evidence was inconclusive, we sought to model 

the intermediates associated with N2O bonding and/or N2 loss computationally. The model 

complex (IMe)CuFp (A, IMe = N,N’-dimethylimidazol-2-ylidene) was used for 

computations, and different N2O-bound isomers were examined. Energy minima for 

(IMe)Cu(µ-N2O)Fp with µ1,1-N (B), µ-1,3-N,O (C), and µ-1,2-N,N (D) binding were located 

(Figure 8). These were identified as possible intermediates in the bimetallic N2O activation 

process.  
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Figure 8: Intermediates of N2O activation by (IMe)Cu-Fp B) µ-1,1-N isomer C), µ-1,3-

N,O isomer D) µ-1,2-N,N isomer E) N2 dissociated (IMe)Cu(µ -O)Fp species 

modelled by DFT calculations. Bond distances are shown in angstroms, 

and all displayed angles refer to <N-N-O. Color code: C, grey; H, white; Cu, 

bronze; Fe, orange; N, blue; O, red.   

  

  

Of these isomers, species B was lowest in energy (∆G = +17.3 kcal/mol relative to 

A + N2O). The species C and D were only slightly higher in energy (+18.2 kcal/mol and 

19.2 kcal/mol respectively). Because µ-1,3-N,O and µ-1,1-O binding are most commonly 

invoked in the bimetallic N2O activation literature,224 we also attempted to locate an energy 

minimum for a µ-1,1-O isomer. However, geometry optimizations for a such a species 

from different starting geometries invariably yielded the intermediate (IMe)Cu(µ-O)Fp (E) 

with a dissociated N2 outside of bonding distance from the other atoms of the molecule. 

The combination of E and N2 was significantly lower in energy than the intermediates B, 

C and D (Figure 9).  
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 When analyzed further, a transition state with µ-1,1-O binding (TS3) was located 

along the reaction coordinate connecting A and E (Figure 10). The activation energy 

associated with TS3 (∆G‡ = +25.2 kcal/mol) is similar in magnitude to the minimum 

energies for B, C, and D. Therefore, at this time we favor the reaction between A and N2O 

producing species E via transition state TS3 and without any N2O-bound energy minimum 

along the reaction pathway (Figure 10). 
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However, involvement of intermediates such as B, C, and D cannot be ruled out 

definitively at this time. Transition state TS3 for N2O deoxygenation by A is qualitatively 

similar to transition states previously identified for bimetallic oxidative addition reactions 

between A and CH3Cl (section 3.2) and between (IMe)CuRp (Rp = RuCp(CO)2) and H2 

(chapter five), in that (a) both metal centers interact with a single atom of the incoming 

substrate and (b) a CO ligand bridges the two metal sites in the transition state more 

strongly than in the ground state, presumably to provide stability to the elongating metal-

metal bond.  

Unlike in previous calculations, in transition state TS3, the incoming N2O molecule 

does not approach the midpoint of the metal-metal bond but rather approaches the Cu 

center more directly than the Fe center. This bias of N2O approach towards one of the two 



82 
 

metal sites closely resembles di-copper transition states for N2O activation identified by 

Sels, Schoonheydt and Solomon220 (Scheme 38b) and by Cramer and Tolman221 (Scheme 

38c), the latter of which involves asymmetric µ-1,1-O binding in the transition state despite 

the homobimetallic di-copper species itself being completely symmetrical.  

The overall catalytic transformation is calculated to be exothermic by ∆G = -60.4 

kcal/mol. Approximately half of this energy release (∆G = -28.1 kcal/mol) comes from N2O 

deoxygenation by the catalyst and liberation of N2 (Figure 10) The resulting species after 

N2O deoxygenation is the bridging oxo complex E. The LUMO of E has Fe-O σ* character, 

with large oxygen 2p contribution oriented in a way that is appropriate for backside attack 

by a nucleophilic phosphine (Figure 11).  

 

 

Figure 11: Orbital surface for the LUMO of E calculated by DFT (0.04 isovalue) 

 

In contrast, the N2O-bound intermediates B, C, and D do not possess low-energy 

orbitals with significant oxygen 2p character, and so P-O bond formation from these 

intermediates is less likely. Therefore, at this time we favor E as being the electrophilic 

oxygen-atom donor along the catalytic reaction pathway. Bimetallic M(µ-O2-)M’ complexes 

with a single oxygen-atom bridging ligand are known to be quite unstable when the total 

d-electron count of the molecule exceeds 10,225 as it does in E. Consequently, it is 
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reasonable to expect intermediate E to have decomposition pathways competing with 

productive phosphine oxidation; one of these pathways might ultimately result in Cp 

migration to Cu and generation of the catalytic resting states observed experimentally.   

 

3.3.3. Conclusions 

In conclusion, a heterobimetallic oxygen-atom transfer reaction from N2O to PPh3 

has been probed computationally using DFT calculations. Possible N2O bound 

intermediates were located as well as a (IMe)Cu(µ-O)Fp (E) intermediate after a potential 

N2 release step. The transition state for this heterobimetallic N2O activation step, resulting 

in the oxygen-atom transfer to the heterobimetallic species, has been located. The 

transition state of this N2O activation shows structural similarities to the transition states 

of CH3Cl (section 3.2) and H2 (chapter 5) activations: CO ligands play a templating role in 

keeping the transition state stable as the metal-metal bond breaks.  

 

3.4. Key Functional Components of Heterobimetallic Catalysts  

In conclusion, the (IPr)Cu-Fp complexes developed by Mankad group which are 

active catalysts for C-H activation88 show some interesting functional features. 

Mechanistic investigations reveal that the analogous monometallic counterparts are 

unable to show reactivity individually, proving that both the metals are required for 

catalysis.88,89 Calculated charges and bond orders of the metals before, after and during 

bimetallic activations (CH3Cl and N2O) also confirm that both the metals do contribute to 

the reactivity (chapter two, sections 3.2 and 3.3).86,87   

Even though we originally hypothesized that the two transition metals would 

exclusively perform redox activity during catalysis, spectroscopic data reveals that the 

bulk of the redox chemistry is carried out by the non-innocent CO ligands (chapter two). 
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Theoretical investigations resulting in transition state calculations of both MeCl and N2O 

activation reactions reveal that the CO ligands also play a bridging role, stabilizing the 

transition state as the metal-metal bond breaks (sections 3.2 and 3.3).  

 

3.5. Development and Characterization of a Toolkit of Heterobimetallics 

3.5.1. Introduction  

The polar unsupported complexes of the type (NHC)Cu-Fp developed by Mankad 

group85 have shown reactivity in both C-H activation88 and small molecule activation 

reactions124. As demonstrated earlier (chapter two, section 3.2 and 3.3), mechanistic 

investigations of the reactions done by these heterobimetallic complexes reveal bimetallic 

analogues of the classical oxidative addition and reductive elimination reactions, 86,87 and 

so we have speculated that other reactions traditionally conducted with single-site noble-

metal catalysts might be viable using this bimetallic approach.123 In order to probe such 

questions and fully explore the possibilities of such heterobimetallic catalysts, it is 

substantial to synthesize and characterize a more comprehensive series of (NHC)Cu-[M] 

complexes that can collectively access a vast chemical reactivity space.122,226–229  

The mechanism of the bimetallic OA and RE reactions such as demonstrated in C-

H activation, relies on subtle interplay between the nucleophilicity of the [Fp]- moiety and 

the electrophilicity of the [(NHC)Cu]+ fragment and highlights the need to vary both of 

these parameters in a controlled manner for future reaction development. As a starting 

point in expanding our heterobimetallics, we sought to retain the electrophilic [(NHC)Cu]+ 

fragment and vary the nucleophillic [Fp]- fragment. Due to their key functional role (section 

3.4), retaining CO ligands in the nucleophilic metal fragment was deemed desirable.  

Fortunately, [Fp]− is but one of a series of anionic metal carbonyls whose relative 

nucleophilicities have been quantified and span an impressively large range (Scheme 40 
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).146 These nucleophilicity data, which represent a kinetic parameter, also correlate well 

with thermodynamic reduction potentials and possibly with pKa.230,231 Using this series of 

nucleophiles, Mankad group reported the synthesis and crystallographic characterization 

of a set of (NHC)Cu−[M] complexes using the same strategy as they’ve previously 

demonstrated (Scheme 40).232  

 

 

 

This section examines these new complexes computationally. The analysis includes 

calculated bond indices and elucidation of molecular orbital diagrams. Structural trends 

that emerge with respect to nucleophilicity are also determined. Collectively, this series of 

complexes provides a toolbox of potential catalysts for future reaction discovery, with fine 

control of structure−function relationships, that will access an expansive chemical space 

unavailable to just the initial (NHC)Cu-Fp complexes. 
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3.5.2. Results & Discussion 

We have previously established, through computational methods85,86 as well as 

chemical reactivity studies85, 174,86, 88 and spectroscopic analyses (chapter two),86 that the 

Cu-Fe bond in (IPr)Cu−Fp is polarized such that the Cu retains positively charged, 

electrophilic character and the Fe retains negatively charged, nucleophilic character (i.e., 

the Cu-Fe bond possesses a significant degree of ionic character). Because of the varying 

nucleophilicities and reducing potentials of the [M]− anions used in this study to construct 

(IPr)Cu-[M] complexes,146,230,231 we chose to undertake computational analysis to examine 

how this polar, ionic Cu-M bonding is affected by the identity of [M]−.  

Model complexes featuring the truncated IMe ligand (where IMe = N,N′-

dimethylimidazol-2-ylidene) in place of IPr were examined using density functional theory 

(DFT), with the BVP86 functional, the LANL2TZ(f) basis set for metal centers, and the 6-

311G+(d) basis set for non-metal atoms. As demonstrated previously with (IMe)Cu-Fp, 

(IMe)Cu-Mp, and related complexes, this level of theory provided excellent correlation with 

experimentally determined structural parameters and vibrational frequencies.  
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Table 11: Calculated and experimental bond distances for (IMe)Cu-[M] model complexesa 

 

Complexb Calculateda 

d(Cu-M) (Ᾰ) 

/FSRc 

Experimentala,f 

d(Cu-M) (Ᾰ)/FSRc 

Calculateda 

d(Cu…CO) 

(Ᾰ)d 

Experimentala,f 

d(Cu…CO) (Ᾰ)d 

(IMe)Cu-Fpe 2.330/0.997 2.3462(5)/1.004 2.490, 2.574 2.423(3), 2.749(3) 

(IMe)Cu-Rp 2.441/1.011 2.4387(9)/1.010 2.739, 2.755 2.610(6), 2.828(5) 

(IMe)Cu-Wp 2.535/1.025 2.5345(6)/1.025 1.971, 1.971, 

1.975 

2.272(5), 

2.300(7), 2.468(6) 

(IMe)Cu-Mc 2.408/1.028 2.415(1)/1.032 2.434, 2.434, 

3.054, 3.055 

2.63(1), 2.66(1), 

2.644(6), 2.973(6) 

(IMe)Cu-Mpe 2.588/1.050 2.5600(8)/1.039 2.194, 2.196, 
3.640  

2.193(7), 
2.322(7), 3.861(7) 

(IMe)Cu-Crp 2.468/1.052 2.4569(7)/1.048 2.172, 2.172, 

3.556 

2.174(4), 

2.237(5), 3.547(5) 

(IMe)Cu-Cc 2.315/0.994 2.3423(6)/1.005 2.486, 2.501, 
2.660, 4.086 

2.354(4), 
2.444(4), 
2.933(4), 4.077(4) 

 

aBVP86/LANL2TZ(f)/6-311+G(d). bDecreasing order of [M]− nucleophilicity; see ref.146 

cFormal shortness ratio; see ref).233  dOnly distances within van der Waals contact (<4.2 

Å)234 are listed. Italicized values represent semi-bridging carbonyls (0.1 < α < 0.6), and 

non-italicized values represent terminal carbonyls (α ≥ 0.6); see ref137. eData taken from 

ref85 fIMe = IPr (N,N’-bis(2,6-diisopropylphenyl)-imidazol-2-ylidine)232  

 

Calculated bond distances are presented in Table 11 for comparison to the IPr 

derivatives, and calculated vibrational data for the CO ligands is presented in Table 12. 

The optimized structures for the IMe supported heterobimetallic complexes featuring Fe, 

Ru, Mo, and Cr closely matched experimental observations for the IPr supported 

complexes in terms of Cu-M distances, semi-bridging CO distances, and number of semi-

bridging CO interactions (see Table 11).  
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Table 12:  Calculated and experimental vibrational frequencies for (IMe)Cu-[M] model 

complexes232 

 

Complexa,b Calculated νCO (cm-1) Experimental νCO (cm-1)b 

(IMe)Cu-Rpc 1890, 1943 1867, 1940 

(IMe)Cu-Wp 1802, 1819, 1882 1784, 1818, 1920 

(IMe)Cu-Mc 1890, 1912, 1964, 1965, 2040 1830, 1885, 2042 

(IMe)Cu-Crp 1790, 1821, 1930 1790, 1881, 1925 

(IMe)Cu-Cc 1926, 1950, 1969, 2028 1915, 1957, 2038 

 

aBVP86/LANL2TZ(f)/6-311+G(d). bDecreasing order of [M]− nucleophilicity; see ref.146 bIMe = IPr 

(N,N’-bis(2,6-diisopropylphenyl)-imidazol-2-ylidine) cFrom ref 235 

 

The Cu-M distances can be compared using Cotton’s formal shortness ratio (FSR) 

calculations to correct for metal sizes (Table 11).233,236 As expected, FSR values for the 

metal-metal single bonds were all near 1. Periodic trends in FSR were not immediately 

evident: for example, FSR decreased going down the Group 6 triad but increased going 

down Group 8. However, a clear trend emerged by which FSR increased with decreasing 

nucleophilicity of [M]−, indicating that stronger nucleophiles result in shorter Cu-M bonds. 

An outlier in this regard was (IPr)Cu-Cc, which exhibited an anamolously short Cu-Co FSR 

value, despite the weakly nucleophilic character of [Cc]−. The trends in Cu-M FSR values, 

including the anomalous value for the Cu-Co bond, were successfully replicated 

experimentally by the crystallographic analysis.232  
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Figure 12: a) Two independent (IPr)Cu-Wp molecules found in the same asymmetric 

unit, depicted as 50 % probability thermal ellipsoids. Hydrogen atoms and 

co-crystallized solvent molecules have been omitted.232 b) Optimized 

structures of (IMe)Cu-Wp and (IMe)Cu-Mc determined by density functional 

theory (DFT) energy minimization (BVP86/LANL2TZ(f)/6-311+G(d)).232 

 

The optimized structure for (IMe)Cu-Wp closely matched the (IPr)Cu-Wp structure 

with the linear Cu-W-Cp(centroid) angle, shorter Cu-W distance, and three semi-bridging 

CO ligands rather than two (Figure 12b). The outliers were the Mn (Figure 12b) and Co 

cases: (IMe)Cu-Cc and (IMe)Cu-Mc were calculated to have three and two semi-bridging 

CO ligands, respectively, whereas, experimentally, this trend was reversed for the IPr 

series. This distinction apparently had little effect on the calculated Cu-Mn and Cu-Co 

distances, which agreed quite well with the experimental values. The latter observation 

implies that the semi-bridging CO interactions do not influence the Cu-M distances to a 

large extent.  

The frontier molecular orbitals for the expanded heterobimetallic series closely 

mimic the previously published frontier orbitals for (IMe)Cu-Fp.85 As an example, selected 
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orbital surfaces for (IMe)Cu-Mc are plotted on a computationally determined energy scale 

in Figure 13.  

 

Figure 13: Frontier molecular orbital diagram calculated for (IMe)Cu-Mc 

(BVP86/LANL2TZ(f)/6-311+G(d), 0.04 isocontours). In this case, the HOMO 

and HOMO-2 orbitals possess Cu-Mn π*character, the HOMO-1 orbital 

possesses Cu-Mn σ-character, the LUMO (not shown) does not involve Cu-

Mn or Cu-CO interactions, and the LUMO+1 exhibits Cu-CO through-space 

overlap.232 

 

A general pattern is largely conserved throughout the series. For each complex, 

the three highest-lying filled molecular orbitals (MOs) have closely spaced energies; one 

possesses Cu-M σ-character and the other two possess Cu-M π*-character. The effect of 

the filled Cu-Fe π* MOs in (IPr)Cu-Fp has been detected spectroscopically.86 A low-lying 
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empty MO exhibits significant through-space overlap between Cu and the semi-bridging 

CO ligands, and the relevant MO of Cu-M σ*-character is invariably quite high in energy 

(LUMO+3 or higher).  

 

Table 13:  Calculated charges (q) from natural population analysis for (IMe)Cu-

MCpn(CO)m model complexesa 

 

Complexb q[Cu] q[M] q[(IMe)Cu] q[MCpn(CO)m] 

(IMe)Cu-Fpc 0.39 -1.19 0.63 -0.63 

(IMe)Cu-Rp 0.40 -1.05 0.61 -0.61 

(IMe)Cu-Wp 0.40 -0.95 0.69 -0.69 

(IMe)Cu-Mc 0.45 -2.22 0.68 -0.68 

(IMe)Cu-Mpc 0.45 -1.19 0.72 -0.72 

(IMe)Cu-Crp 0.43 -1.66 0.70 -0.70 

(IMe)Cu-Cc 0.37 -1.41 0.65 -0.65 

 

aBVP86/LANL2TZ(f)/6-311+G(d).232  bDecreasing order of [M]− nucleophilicity; see ref.146                   

cData taken from ref85   

 

Charge distribution in the heterobimetallic series was probed using natural 

population analysis (Table 13). Contrary to our expectations, both the calculated Cu 

atomic charges and the calculated [(IMe)Cu] fragment charges were relatively invariant 

across the series, despite the extreme differences in relative nucleophilicities and 

reduction potentials of the [MCpn(CO)m] partners. The calculated charge of Cu ranged only 

from 0.37 to 0.45 e across the series, and the calculated fragment charge of [(IMe)Cu] 

ranged only from 0.61 e to 0.72 e. Furthermore, no discernible trends were evident. While 

the fragment charge of [MCpn(CO)m] was necessarily invariant as well, the calculated 

charge of M did span a large range, from −0.95 to −2.22 e. Within both the group 6 series 
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and the group 8 series, the atomic charge of M became less anionic going down the triad, 

tracking with the trends in metal electronegativities. No discernible trend was evident 

across the 3d series, with regard to the electronegativity of M. Instead, the dominant trend 

was with the number of CO ligands, with a greater number of CO ligands generally 

stabilizing more anionic charge localized on M. The negative charge localization on the 

metal centers was counterbalanced by positive charge delocalization in the Cp rings and, 

especially, by positive charge localization on CO carbon atoms (Table 14).  

 

Table 14:  Calculated charges (q) for Cp and CO ligands from natural 

population analysis for (IMe)Cu-[M] model complexesa 

 

Complexb q[CO] q[CO]total q[Cp] 

(IMe)Cu-Rp 0.19, 0.19 0.38 0.05 

(IMe)Cu-Wp 0.09, 0.04,0.04 0.18 0.09 

(IMe)Cu-Mc 0.23, 0.36, 0.36, 0.34, 0.23  1.53  

(IMe)Cu-Crp 0.17, 0.17, 0.34 0.67 0.29 

(IMe)Cu-Cc 0.16, 0.19, 0.15, 0.26 0.76  

 

aBVP86/LANL2TZ(f)/6-311+G(d).232  bDecreasing order of [M]− nucleophilicity; see ref.146   

 

Once again, the (IMe)Cu-Cc complex was an outlier, as the Co center was 

calculated to hold less anionic charge than expected based on the number of CO ligands. 

This anomaly could be tied to the unusually short Cu-Co bond distance resulting in 

negative charge transfer from Co toward Cu.  

NBO analysis of the Fe, W, Mn, Mo, and Cr derivatives underscored the ionic 

nature of the Cu-M bonds. In all of these cases, significant (3-4%) non-Lewis occupancies 
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were calculated, and no Cu-M bonding NBOs were located in any of these cases. Instead, 

significant M → Cu donor-acceptor interactions were identified, with the two predominant 

acceptor orbitals being Cu valence (∼85% Cu 4p) and Cu-CNHC antibonding (∼65−70% 

Cu 4s) in nature. For the Ru and Co cases, Cu-M bonding NBOs were located. For the Ru 

derivative, this bonding NBO was 13% Cu sp0.07d0.09 and 87% Ru sp0.79d6.17 in nature; for 

the Co derivative, this bonding NBO was 20% Cu sp0.72d0.09 and 80% Co sp2.66d1.75 in 

nature. Apparently, the Cu-Ru and Cu-Co bonds are unusually covalent, according to NBO 

analysis, compared to the other Cu-M bonds. In the Co case, there may be a link between 

this finding and the anomalously small Cu-Co FSR and anomalously positive Co partial 

charge values.  

 

Table 15:  Wiberg bond indices for (IMe)Cu-MCpn(CO)m model complexesa 

 

Complexb Cu-M Cu-CNHC Cu…CO M-CO 

(IMe)Cu-Fpc 0.39 0.58 0.15, 0.13 1.20, 1.18 

(IMe)Cu-Rp 0.40 0.57 0.11, 0.11 1.27, 1.27 

(IMe)Cu-Wp 0.29 0.63 0.21, 0.21, 0.17 1.38, 1.38, 1.36 

(IMe)Cu-Mc 0.28 0.58 0.17, 0.17, 0.05, 

0.05, 0.03 

1.08, 1.08, 

1.06, 1.04, 1.04 

(IMe)Cu-Mpc 0.28 0.59 0.24, 0.24, 0.02 1.33, 1.33, 1.29 

(IMe)Cu-Crp 0.30 0.58 0.25, 0.25, 0.02 1.20, 1.20, 1.18 

(IMe)Cu-Cc 0.32 0.60 0.18, 0.18, 0.13, 
0.03 

2.13, 2.10, 
2.07, 2.06 

 

aBVP86/LANL2TZ(f)/6-311+G(d).232  bDecreasing order of [M]− nucleophilicity; see ref.146  

cData taken from ref85   

 

Wiberg bond index (WBI) values were calculated to further probe covalency of the 

bonding in the heterobimetallic series (Table 15). The (IMe)Cu-[M] complexes constructed 
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with the strongest nucleophiles, [Fp]− and [Rp]−, were calculated to have higher Cu-M bond 

indices. These values were significantly ≪1, indicating that the Cu-Fe and Cu-Ru bonds 

possess low covalent character and are best-viewed as polar bonds with significant ionic 

character. The WBI values decreased even further for the weaker nucleophiles, but the 

difference was minor and all the Cu-M WBI values span a very small range across the 

series. Small but significant WBI values were calculated for the semi-bridging Cu···CO 

interactions and corroborated their independent assignment using the structural 

asymmetry parameter, α. The asymmetry parameter (α) was used to determine the 

presence of so-called “semi-bridging” CO ligands (0.1 < α < 0.6).137  The number of semi-

bridging CO ligands identified matched the number of close Cu···CO contacts having non-

negligible WBI values in all cases. 

 

3.5.3. Conclusions 

In conclusion, a new series of Cu-M heterobimetallic complexes supported by N-

heterocyclic carbene ligands that has been synthesized by the Mankad group was 

analyzed computationally. Structural trends that emerged were analyzed. Future 

stoichiometric and catalytic reactivity studies stand to leverage the tunable kinetic and 

thermodynamic parameters available upon construction and analysis of the 

heterobimetallic toolbox presented here with precise control over structure-function 

relationships. 
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3.6. Computational Methods 

3.6.1. General Considerations 

All calculations were performed using Gaussian09, Revision B.01.162 Density 

functional theory (DFT) calculations were carried out using a hybrid functional, BVP86, 

consisting of Becke’s 1988 gradient-corrected Slater exchange functional163 combined 

with the VWN5 local electron correlation functional and Perdew’s 1986 non-local electron 

correlation functional.164 Structural geometries were optimized to energy minima, and then 

frequency calculations were performed to confirm that no imaginary frequencies were 

present. Natural population analysis was used to determine atomic and fragment charges, 

and Wiberg and Mayer bond indices were used to determine bond orders: both were 

obtained from NBO v. 3.1171 calculations within Gaussian09. Optimized structures of 

(IMe)Cu-Fp and (IMe)Cu-Mp were reported previously.85,86 

 

3.6.1.1. Bimetallic Oxidative Addition 

Mixed basis sets were employed for the smaller MeCl system: the LANL2TZ(f) triple-

ζ basis set165–167 with effective core potential165,168,169 was used for Cu and Fe; the 

LANL2TZ+ triple-ζ basis set166 with effective core potential165,168,169  was used for Zn; the 

LANL2DZ double-ζ basis set with effective core potential was used for Cl;165,168,169  and 

the Gaussian09 internal 6-311+G(d) basis set was used for C, H, N, and O. All geometry 

optimizations were performed using LANL2DZ effective core potentials (ECP) for the 

larger systems with BnCl and BnCl derivatives. Single-point electronic energy calculations 

were then carried out using larger mixed basis sets: the LANL2TZ(f) triple-ζ basis set with 

effective core potential for Cu and Fe, the LANL2DZ double-ζ basis set with effective core 

potential for Cl, and the Gaussian09 internal 6-311+G(d) basis set for C, H, N, and O. In 

some cases, effects of solvation by benzene were calculated with the polarizable 
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continuum model (PCM) using the integral equation formalism variant (IEFPCM)237 with 

default settings as implemented in Gaussian09. The 2,6-diisopropylphenyl and 2,4,6-

trimethylphenyl groups on the NHC ligands were truncated to methyl groups in order to 

minimize computational time. Vibrational frequency analysis confirmed that all stationary 

points were correctly identified either as stable intermediates with zero imaginary 

frequencies or transition states with only one imaginary frequency. Intrinsic reaction 

coordinate calculations confirmed that each transition state was situated between its 

corresponding reactant and product states on the Born−Oppenheimer potential energy 

surface. 

 

3.6.1.2. Bimetallic N2O Activation 

All optimizations were performed using the LANL2DZ165,168,169 effective core 

potentials (ECP). 165–167 Single point electronic energy calculations were then carried out 

using larger mixed basis sets: the LANL2TZ(f) triple-ζ basis set165–167 with effective core 

potentials165–167 for Cu and Fe, and the Gaussian09 internal 6-311+G(d) basis set for C, 

H, N, P and O. The 2,6-diisopropylphenyl and 2,4,6-trimethylphenyl groups on the NHC 

ligands and the phenyl groups on the triphenylphosphine and triphenylphosphine oxide 

were truncated to methyl groups in order to minimize computational time. Vibrational 

frequency analysis confirmed that all stationary points were correctly identified either as 

stable intermediates with zero imaginary frequencies or transition states with only one 

imaginary frequency. Intrinsic reaction coordinate calculations confirmed that each 

transition state was situated between its corresponding reactant and product states on the 

Born−Oppenheimer potential energy surface.  The sum of electronic and thermal free 

energies were used to calculate ∆G values at 298 K. Molecular orbital surfaces were 

plotted using Avogadro 1.0.3.238  
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3.6.1.3. Development and Characterization of a Toolkit of Heterobimetallics 

Mixed basis sets were employed: the LANL2TZ(f) triple-ζ basis set165–167 with 

effective core potential165,168,169 was used for all transition metals, and the Gaussian 09 

internal 6-311+G(d) basis set was used for all other atom types.  
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Chapter 4 

E-Selective Semi-Hydrogenation of Alkynes by Heterobimetallic Catalysis 

 

4.  

 

 

 

 

 

 

 

 

 

 

 

 

Reproduced in part with permission from Karunananda, M. K.; Mankad, N. P. J. Am. Chem. 

Soc. 2015, 137, 14598-14601. 
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4.1. Opening Remarks 

The theme of this dissertation set forward in chapter one is that cooperative catalytic 

paradigms such as the late-late heterobimetallic strategy introduced by Mankad group 

lead to the development of novel reactivity and selectivity modes in hydrogenations. Our 

original hypothesis was that catalytic hydrogenation of unsaturated C-C bonds can be 

achieved by our bimetallic systems (chapter one). Before the reaction development, the 

structural and functional features of the polar heterobimetallic complexes were 

investigated experimentally and theoretically, and the results obtained which improved our 

understanding of these complexes were presented in chapter two86 and three.87,232 

Chapter four presents the actual implementation of the bimetallic strategy in developing 

hydrogenation reactions.239 The screening of catalysts was pursued initially using 

thermodynamic calculations of the energies of the H2 activation step. The experiments 

that followed led to the discovery of a catalytic semi-hydrogenation of alkynes. Catalyst 

optimization, robustness screening and some isomerization studies are presented here 

along with the proposed mechanism. 

 

4.2. Introduction 

Catalytic hydrogenation of unsaturated organic substrates remains a crucial 

application of homogeneous catalysis, in part due to the exquisite control of selectivity that 

is possible through catalyst design. The classical approach to catalytic hydrogenation 

involves single-site oxidative addition/reductive elimination mechanisms (chapter one). 

This approach is exemplified by well-known examples such as Wilkinson’s catalyst,1 the 

Schrock-Osborn catalyst,2–4
  and Crabtree’s catalyst5,20 that all operate by RhI/RhIII or IrI/IrIII 

cycles initiated through single-site oxidative addition of H2. Exciting developments have 
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emerged through exploring non-classical approaches to H2 activation. Representative 

examples include catalysts that activate H2 using metal-base cooperativity,7,9,14,30,32–39  

metal-acid cooperativity41,42,44 or non-metal frustrated Lewis acid-base cooperativity.11–

13,47,55–64,66 Hydrogenation chemistry brought forward by these cooperative catalysts in C-

C multiple-bonds have been discussed in detail in chapter one.  

Another cooperative effect to potentially exploit is bimetallic cooperativity, wherein two 

metal sites within a catalyst cooperate to activate H2 and initiate catalytic reduction of a 

substrate. Although bimetallic H2 cleavage reactions have been long known, 71–76,78  their 

use in catalytic transformations is underdeveloped.81,83,84 Previous examples of bimetallic 

hydrogenation catalysts often suffer from poor activity,240 and in some cases faster rates 

can actually be achieved by using monometallic analogues that omit one of the two metal 

sites.241  

In this chapter, a semi-hydrogenation reaction of alkynes that requires bimetallic 

cooperativity to proceed, is described. Through optimizing the nature of the bimetallic 

pairing within a tunable catalyst design, we have achieved unusual E-selectivity in the 

alkyne reduction, a rare selectivity mode in hydrogenation catalysis that complements the 

famously Z-selective Lindlar catalyst (Scheme 41)242,243 and more modern updates.44,244,245 

as well as the E-selective but, stoichiometric Birch reduction reported in 1944, that utilizes 

sodium which is not compatible with many sensitive functional groups.246 
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Prior to our work, E-selective hydrogenation of alkynes was reported by Fϋrstner24 and 

co-workers using a ruthenium/silver catalyst (Scheme 42) at elevated pressures (10 bar) 

under ambient temperatures (chapter one, Scheme 8). 

 

 

 

Milstein9 and co-workers also reported an iron-pincer catalyst capable of E-selective 

semi-hydrogenation of alkynes under ambient temperatures of 90 ◦C and elevated H2 

pressures of 10 bar (chapter one, Scheme 8).  

Since our initial report in 2015, several reports on E-selectivity has emerged in recent 

literature. In 2015, Fout and co-workers reported a single-site cobalt catalyst capable of 

hydrogenating alkynes to yield cis-alkenes which are subsequently isomerized to form the 

trans-alkenes (Scheme 43).247 The catalyst operates at mild temperatures, and requires 

moderate H2 pressures up to 4 atm. A range of substrates with a variety of functional 
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groups were tolerated, including para-substitued diphenylacetylenes featuring electron-

donating and electron-withdrawing groups. However, reactivity was not observed for 

terminal alkynes. Substrates with silyl, furanyl, thienyl, and imadazolyl groups were also 

tolerated.  

 

 

 

Mashima and co-workers demonstrated an iridium catalyst which hydrogenated 

alkynes to give trans-alkenes in 2016 (Scheme 44).248 
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While utilizing H2 gas as the hydrogen source for hydrogenation reactions is desired 

due to the lack of waste products and efficient atom economy, using other hydrogen 

sources can sometimes be cheap and may require only mild reaction conditions. E-

selectivity has been achieved in such transfer-hydrogenation reactions as well.249 For 

example, Jöge and co-workers showed an alkyne reduction to give E-alkenes using 

triethoxysilane in 2002.250 Han and co-workers demonstrated E-selective alkyne reduction 

using formic acid as the hydrogen source in a palladium catalyzed reaction in 2011.251 In 

2016, Liu and co-workers published a cobalt catalyst capable of transfer-hydrogenating 

alkynes to yield cis- and trans-alkenes.252 Ammonia borane; a hydrogen storage material 

was used here as the hydrogen source. Grela and co-workers also reported ruthenium 

catalysts capable of transfer-hydrogenation of alkynes to yield E-alkenes in 2016.253  

 

4.3. Results & Discussion 

4.3.1. Catalyst Screening Using Thermodynamic Calculations 

Our interest in bimetallic H2 activation began through the study of a heterobimetallic 

catalyst for the dehydrogenative borylation of arenes.88 The proposed mechanism for this 

transformation includes a key turnover step involving bimetallic reductive elimination from 

(NHC)CuH + FpH to regenerate the (NHC)Cu-Fp catalyst through loss of H2. The 

calculated pathway89 for this dehydrogenation event has a low-energy transition state that 

could reasonably be approached from the reverse direction, i.e., in a hypothetical H2 

cleaving reaction. We thus reasoned that a (NHC)Cu-Fp complex or one of its (NHC)Cu-

[M] analogues232 ([M] = metal carbonyl anion) might be active for bimetallic H2 addition. 

To explore this possibility, we calculated the thermodynamics of this hypothetical H2 

activation, as a function of [M], using DFT methods with a truncated NHC model (IMe = 
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N,N′-dimethylimidazol-2-ylidene, Table 16). The relative trends that emerged (Table 16) 

guided our experimental catalyst development, although the energies would be more 

accurate by including NHC sterics, solvation, and (NHC)CuH dimerization254 energies. 

 

Table 16:  Thermodynamics for H2 activation by (NHC)Cu-[M]239 

 

Entry [M] Relative nucleophilicity of 

[M]- a 

ΔG298 K 

(kcal/mol)b 

1 FeCp(CO)2 70,000,000 21.9 

2 RuCp(CO)2 7,500.000 20.1/14.5c 

3 Re(CO)5 25,000 26.4 

4 WCp(CO)3 500 24.8 

5 Mn(CO)5 77 33.0 

6 MoCp(CO)3 67 34.0 

7 CrCp(CO)3 4 34.5 

8 Co(CO)4 1 49.0 

 

aFrom ref X. bCalculated by DFT for H2 cleavage. cFor (IMes)Ag in place of (IMe)Cu. 

 

As expected on the basis of facile dehydrogenation reactivity observed 

previously,88,89 the H2 activation is thermodynamically unfavorable for all systems 

calculated. Two key observations guided our experimental trials. First, the general trend 

is for H2 activation to be less favorable with decreasing [M]− nucleophilicity.146 Second, 

among the most promising candidates, the (NHC)Cu-Rp system (Rp = RuCp(CO)2) has 

an unusually low ΔG value for H2 addition (Table 16, entry 2) considering the relative 
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nucleophilicity of [Rp]−. Based on these observations, we began experimental studies with 

(NHC)Cu-Fp and (NHC)Cu-Rp complexes. In a related study, Meyer recently observed 

stoichiometric H2 activation based on cooperation between [Rp]− and a carbon Lewis 

acid.255 

As expected, no evidence for any reaction occurring was obtained by NMR 

spectroscopy when different (NHC)Cu-Fp and (NHC)Cu-Rp complexes were exposed to 

H2. However, when the reactions were done in the presence of alkynes at elevated 

temperatures, alkene products were observed, indicating that H2 was indeed being 

activated by the catalyst. 

 

4.3.2. Catalyst Optimization 

Preliminary experimentation indicated that appropriate conditions for catalytic 

hydrogenation would include 150 °C reaction temperature in xylenes solvent at 1 atm of 

H2 pressure. Rapid catalyst decomposition was observed when polar solvents were used 

in place of xylenes or when higher H2 pressures were employed. Catalysis was observed 

at lower temperatures, but multiple days were required for reaction progress to reach 

completion. When comparing diphenylacetylene hydrogenation results for (NHC)Cu-Fp 

catalysts (Table 17, entries 1 and 2) with those for (NHC)Cu-Rp catalysts (entries 3 and 

4), we found that selectivity for trans-stilbene increased significantly when substituting Fe 

for Ru.  
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Table 17:  Alkyne semi-hydrogenation catalyst optimization239 

 

Entry Catalyst Conversion 

(%)a 

1:2:3a 

1 (IPr)Cu-Fp 32 8:23:1 

2 (IMes)Cu-Fp 64 12:50:2 

3 (IPr)Cu-Rp 60 40:18:3 

4 (IMes)Cu-Rp 61 42:17:2 

5 (IPr)Ag-Fp 29 17:12:1 

6 (IMes)Ag-Fp 32 21:11:0 

7 (IPr)Ag-Rp 84 54:24:5 

8 (IMes)Ag-Rp 95.7b 90.2:4.2:1.2 b 

9 (IPr)AgOAc 0 N/A 

10 Rp2
c 7 4:3:0 

11 (IMes)Ag-Rp + Hg drop 89 67:18:4 

 

aFrom  1H NMR integration against an internal standard. bAveraged over two 

independent runs (±0.2 error bars). cCatalyst loading was 10 %, i.e., 20 % Ru. 

 

In all cases, the total conversions of diphenylacetylene were low to modest, and so 

we proceeded to test (NHC)Ag-Fp (entries 5 and 6) and (NHC)Ag-Rp analogues (entries 

7 and 8), which were predicted by DFT to activate H2 more readily (Table 16, entry 2). 

Only for the (NHC)Ag-Rp catalysts were high conversions realized. The optimal catalyst 

was (IMes)Ag-Rp (IMes = N,N′-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene), which gave 

96% conversion of diphenylacetylene and yielded trans-stilbene as 95% of the product 
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mixture (Table 17, entry 8). The cis-stilbene was the main side product, while 1,2-

diphenylethane was formed only in trace amounts.  

To confirm that both metal sites are required for catalysis, we note that neither 

(IPr)AgOAc nor Rp2 catalyze hydrogenation of diphenylacetylene (entries 9 and 10). 

Preliminary indications are that the reaction does involve homogeneous catalysis: a drop 

of Hg did not significantly poison catalysis (entry 11), and we believe that the modest 

lowering of conversion and erosion of selectivity is due to a slow background reaction 

between (IMes)Ag-Rp and Hg, evident from a visible color change even prior to heating 

(IMes)Ag-Rp + Hg with H2 and alkyne. Quantitative conversions of both an electron-rich 

and an electron-poor diarylalkyne were achieved under these catalytic conditions, still 

with high E:Z selectivity (Table 18, entries 2 and 3). A terminal alkyne also underwent 

quantitative reduction (entry 4). 1-phenyl-1-hexyne underwent efficient reduction, but we 

were unable to identify the product(s) formed (entry 5). 

 

Table 18:  Alkyne semi-hydrogenation by (IMes)Ag-Rp239 

 

Entry R R’ Conversion (%)a 1:2:3a 

1 Ph Ph 95.7b 90.2:4.2:1.2 b 

2 4-MeOC6H4 4-MeOC6H4 >99 71:24:5 

3 4-F3CC6H4 4-F3CC6H4 >99 72:20:8 

4 4-(n-H11C5)C6H4 H 91 91 c:n.d.d 

5 Ph nBu >99 n.d.d 

 

aFrom  1H NMR integration against an internal standard. bAveraged over two 

independent runs (±0.2 error bars). cTerminal alkene dNot determined. 
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4.3.3. Hydrogenation Mechanism 

A hypothetical hydrogenation mechanism is shown in Figure 14a. Reversible H2 

activation by the (NHC)M′-[M] catalyst produces (NHC)M′-H + [M]-H. This H2 activation 

can be viewed as a heterolysis, producing an equilibrium mixture of a protic species and 

a hyridic species.  

 

 

 

The calculated transition state for H2 activation by (IMe)Cu-Rp TS4 is shown in 

Figure 14b (ΔH‡ = 20.1 kcal/mol, ΔS‡ = −29.8 eu, ΔG298K
‡ = 29.0 kcal/ mol). As expected 

for a late transition state, the Cu-Ru and H-H bonds are almost completely broken (2.74 

and 1.28 Å, respectively, vs 2.44 and 0.75 Å in reactants). As we have noted previously 

for a related reaction (chapter three),87 one of the CO ligands bridges the two metals in 

the transition state (Cu···CO = 2.64 Å) to provide stability as the metals separate. As 
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evidence for this step occurring, we note that 1H NMR peaks (e.g., in toluene-d8: δ = 4.52 

and −12.04, 5:1 integration) initially assigned to RpH were observed in typical product 

mixtures, along with precipitation of the coinage metal consistent with known 

decomposition of (NHC)M′-H complexes.254,256,257 The ruthenium species assigned here 

as RpH was later identified as the decomposition product of hydrogenation: 

HRuCp(CO)(IMes) which will be discussed in detail in chapter five.   

Following H2 activation, alkyne insertion into (NHC)M′-H produces a σ-alkenyl 

intermediate. This hydro-metalation step is expected to proceed with syn 

stereochemistry, based on the known reactivity of the (IPr)CuH dimer.254 Less is known 

about the insertion chemistry of analogous (NHC)Ag-H species. 256,257 Finally, 

protonolysis of the σ-alkenyl ligand by [M]-H regenerates the (NHC)M′-[M] catalyst 

through bimetallic elimination of the Z-alkene. According to this proposal, the alkyne 

substrate is initially reduced to the Z-alkene, which must then be isomerized under the 

reaction conditions. To probe the validity of this proposal, we exposed cis-stilbene to the 

catalytic conditions and, indeed, observed isomerization to the trans isomer (Table 19, 

entry 1). 
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Table 19:  Alkene isomerization studies239  

 

Entry Alkene Variation on conditions 1:2:3a 

1 cis-stilbens None 92:4:5 

2 trans-stilbens None 98:0:2 

3 cis-stilbens Catalyst omitted <1:99:0 

4 cis-stilbens H2 omitted 22:78:0 

 

aFrom  1H NMR integration against an internal standard.  

 

On the other hand, exposing the trans-stilbene to the catalytic conditions resulted in 

no isomerization (entry 2). The Z-to-E isomerization was stopped when the catalyst was 

omitted (entry 3) and slowed when H2 was omitted (entry 4). These observations indicate 

that cis-stilbene is a viable reaction intermediate that isomerizes to trans-stilbene under 

the reaction conditions, and that the isomerization is catalyzed by a H2 derived 

metal−hydride species. A proposed mechanism for isomerization is shown in Scheme 

45.  
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The mechanism involves Z-alkene insertion into the (NHC)M′-H intermediate to 

generate a metal−alkyl species. This metal−alkyl subsequently undergoes β-hydride 

elimination to extrude either the E or Z alkene, the former of which is favored 

thermodynamically. The metal−alkyl intermediate species should also be susceptible to 

protonolysis by [M]-H, consistent with our observation of trace alkanes in most product 

mixtures. According to our catalyst optimization results (Table 17), the general trends are 

for the cycle in Scheme 45 to be faster for M′ = Ag, M = Ru, and NHC = IMes.  

 

4.3.4. Time-Dependent Robustness Screening 

Finally, we sought to explore the functional group tolerance of the transformation 

using a modified version of Glorius’s robustness screening method.258 The reduction of 

diphenylacetylene was conducted in the presence of various additives containing 
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potentially reactive functional groups. Product mixtures were analyzed at both partial (6 

h) and full (24 h) conversion (Table 20).  

 

Table 20:  Time-dependent robustness screening data239 

 

Entry additive Conversion 

(%)a,b 

1:2:3a,b 

1 None 55/96 49:4:1/90:4:1 

2 Heptaldehyde 36/96 8:22:5/15:81:1 

3 6-undecanone 74/90 61:12:1/71:16:2 

4 Acetonitrile 55/94 37:17:2/78:16:2 

5 Ethyl acetate 58/>99 43:13:2/92:0:8 

6 1-butanol 79/99 69:8:2/84:11:4 

7 Pyridine 68/79 62:5:1/66:11:2 

8 1-dodecane 65/.99 48:15:2/96:1:3 

9 Neopentyl chloride 54/99 39:13:2/94:2:3 

 

aFrom  1H NMR integration against an internal standard. bListed as 6 h/24 h. 

 

It is clear from the partial conversion data that the rate of catalysis is not slowed by 

any of the functional group tested, other than by aldehydes (entry 2). From the full 

conversion data, it is evident that the alkyne reduction is tolerant of many reactive 

functional groups. The E:Z selectivity was eroded slightly by the presence of a pyridine 

or a ketone (entries 3 and 7), and was actually inverted by the presence of an aldehyde 

(entry 2). As an illustrative example, the aldehyde additive was detected at the end of the 

reaction, indicating that (IMes)Ag-Rp is capable of catalyzing alkyne hydrogenation but 
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not aldehyde reduction. The selective reduction of alkynes in the presence of other 

reducible functional groups (e.g., aldehydes, ketones, alkenes, nitriles) is quite 

remarkable especially given the reactivity of Cu/Ag hydrides towards polar substrates 

such as CO2, aldehydes and ketones.259 

 

4.4. Conclusions 

In conclusion, a unique cooperative H2 activation reaction by heterobimetallic 

(NHC)M’-MCp(CO)2 complexes (NHC = N-heterocyclic carbene, M’ = Cu or Ag, M = Fe or 

Ru) has been leveraged to develop a catalytic alkyne semi-hydrogenation transformation. 

The optimal Ag-Ru catalyst operates at low pressures and gives high selectivity for 

converting alkynes to E-alkenes, a rare selectivity mode for reduction reactions with H2. 

The transformation is tolerant of many reducible functional groups such as ketones and 

aldehydes. Computational analysis of H2 activation was utilized to guide rational catalyst 

development. Bimetallic alkyne hydrogenation and alkene isomerization mechanisms are 

proposed. While this initial catalyst still requires ruthenium and silver metals and elevated 

temperatures, strategies for developing second-generation catalysts with cheaper first-

row transition metals functional under lower temperatures are investigated (chapter five). 

 

4.5. Experimental Procedures 

4.5.1. General Considerations 

Unless otherwise specified, all reactions and manipulations were performed under 

purified N2 in a glovebox or using standard Schlenk line techniques. Glassware was oven-

dried prior to use. Reaction solvents were sparged with argon and dried using a Glass 

Contour Solvent System built by Pure Process Technology, LLC (toluene, pentane), or 
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purified by repeated freeze-pump-thaw cycles followed by prolonged storage over 

activated, 3-Å molecular sieves (xylenes, NMR solvents). H2 gas was purchased from 

PRAXAIR at a purity of 99.999% (5.0 UHP grade) and purified further by running through 

an O2 removing catalyst column (RCI GetterMax 133T) and a drying column (Drierite). 

Literature methods were used to synthesize Rp2,235 (IPr)AgOAc,260 (IMes)AgCl, 

(IPr)AgCl,261 KFp,262 NaRp, (IMes)CuFp, (IPr)CuFp, (IMes)CuRp, (IPr)CuRp, and 

(IPr)AgRp.232 Unless otherwise specified, all chemicals were purchased from commercial 

sources and used without further purification. 

 

4.5.2. Physical Measurements  

NMR spectra were recorded at ambient temperature using Bruker Avance DPX-400 

and Bruker Avance DRX-500 spectrometers. 1H NMR and 13C{1H} NMR chemical shifts 

were referenced to residual solvent peaks. FT-IR spectra were recorded on solid samples 

in a glovebox using a Bruker ALPHA spectrometer fitted with a diamond-ATR detection 

unit. Elemental analyses were performed by Midwest Microlab, LLC in Indianapolis, IN. 

Single-crystal X-ray diffraction studies were performed using a Bruker SMART X2S 

benchtop diffractometer fitted with an Oxford Cryostreams desktop cooler. Solution and 

refinement were accomplished with the SHELXTL suite of programs,263 using standard 

methods.264 

 

4.5.3. Computational Methods 

Optimized data for (IMe)Cu-[M] complexes (where [M] = FeCp(CO)2, RuCp(CO)2, 

WCp(CO)3, Mn(CO)5, MoCp(CO)3, CrCp(CO)3, CrCp(CO)3, Co(CO)4)) were obtained 

from chapter three and previous literature.232,85 All calculations were performed using 

Gaussian09, Revision B.01.162 Density functional theory (DFT) calculations were carried 
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out using a hybrid functional, BVP86, consisting of Becke’s 1988 gradient-corrected 

Slater exchange functional163 combined with the VWNS local electron correlation 

functional and Perdew’s 1986 nonlocal electron correlation functional.164 Mixed basis sets 

were employed: the LANL2TZ(f) triple-ζ basis set165–167 with effective core 

potential165,168,169 was used for Cr, Mn, Fe, Co, Cu, Mo, Ru, Ag, W and Re; and the 

Gaussian09 internal 6-311+G(d) basis set was used for C, H, N, and O. The 2,4,6-

trimethylphenyl groups on the NHC ligands were truncated to methyl groups in order to 

minimize computational time. Vibrational frequency analysis confirmed that all stationary 

points were correctly identified either as stable intermediates with zero imaginary 

frequencies or transition states with only one imaginary frequency. The sum of electronic 

and thermal free energies were used to calculate the ∆G values at 298 K. Intrinsic 

reaction coordinate calculations confirmed that the transition state was situated between 

its corresponding reactant and product states on the Born−Oppenheimer potential energy 

surface.  

  

4.5.4. Synthesis of Catalysts 

4.5.4.1. (IMes)Ag-Rp  

(IMes)AgCl (0.1004 g, 0.224 mmol, 1 equiv) was dissolved in toluene (10 mL), and 

NaRp (0.1100 g, 0.448 mmol, 2 equiv) was added to the solution. The brown solution was 

stirred for 24 h at room temperature. The solution was filtered through Celite, and the 

filtrate was evaporated to dryness. The remaining solid was suspended in pentane (10 

mL) and stirred vigorously for 30 min. The suspension was filtered through a fritted glass 

filter, and the brown-yellow solid was washed with pentane (3 × 5 mL) and then dried in 

vacuo. Yield: 0.1052 g, 0.165 mmol, 74%. The solid was stored in a glovebox freezer at 

−36 °C. X-ray quality crystals were grown by vapor diffusion of pentane into a concentrated 
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toluene solution at −36 °C. 1H NMR (400 MHz, C6D6): δ 6.76 (s, 4H, m-H), 6.05 (s, 2H, 

NCH), 4.80 (s, Cp), 2.08 (s, 6H, p-CH3), 2.03 (s, 12H, o-CH3). 13C{1H} NMR (125 MHz, 

C6D6): δ 209.1 (CO), 139.1, 135.8, 134.7, 129.3, 121.0, 80.1 (Cp), 20.7, 17.5. Note: Even 

after 10000 scans on a near-saturated solution, the 13C signal for the carbene carbon was 

not detected. IR (solid, cm−1): 1930 (νCO), 1864 (νCO), 788, 566. Anal. Calcd for 

C28H29N2O2AgRu: C, 53.00; H, 4.61; N, 4.42. Found: C, 52.97; H, 4.49; N, 4.46.   

 

4.5.4.2. (IPr)Ag-Rp 

(IPr)AgCl (0.0849 g, 0.160 mmol, 1 equiv) was dissolved in toluene (10 mL), and 

NaRp (0.0783 g, 0.320 mmol, 2 equiv) was added to the solution. The solution was stirred 

for 24 h at room temperature. The solution was filtered through Celite, and the filtrate was 

evaporated to dryness. The remaining solid was suspended in pentane (10 mL) and stirred 

vigorously for 30 min. The suspension was filtered through a fritted glass filter, and the off-

white solid was washed with pentane (3 × 5 mL) and then dried in vacuo. Yield: 0.0891 g, 

0.123 mmol, 77%. The solid was stored in a glovebox freezer at −36 °C. X-ray quality 

crystals were grown by vapor diffusion of pentane into a concentrated toluene solution at 

−36 °C. 1H NMR (400 MHz, C6D6): δ 7.21 (t, J = 7.8 Hz, 2H, p-H), 7.09 (d, J =  7.8 Hz, 4H, 

m-H), 6.32 (s, 2H, NCH), 4.77 (s, Cp), 2.60 (sept., J =  6.8 Hz, 4H, CH(CH3)2), 1.46 (d, J 

= 6.9 Hz, 12H, CH(CH3)2), 1.10 (d, J = 6.9 Hz, 12H, CH(CH3)2). 13C{1H} NMR (125 MHz, 

C6D6): δ 208.6 (CO), 145.7, 135.0, 130.4, 124.0, 121.0, 80.0 (Cp), 28.7, 24.5, 23.6. Note: 

Even after 10000 scans on a near-saturated solution, the 13C signal for the carbene carbon 

was not detected.  IR (solid, cm−1): 1936 (νCO), 1868 (νCO), 755, 565. Anal. Calcd for 

C34H41AgN2O2Ru: C, 56.82; H, 5.75; N, 3.90. Found: C, 55.88; H, 5.56; N, 3.98.  
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4.5.4.3. (IMes)Ag-Fp 

(IMes)AgCl (0.0674 g, 0.150 mmol, 1 equiv) was dissolved in toluene (10 mL), and 

KFp (0.0650 g, 0.300 mmol, 2 equiv) was added to the solution. The solution was stirred 

for 24 h at room temperature. The solution was filtered through Celite, and the filtrate was 

evaporated to dryness. The remaining solid was suspended in pentane (10 mL) and stirred 

vigorously for 30 min. The suspension was filtered through a fritted glass filter, and the 

yellow solid was washed with pentane (3 × 5 mL) and then dried in vacuo. Yield: 0.0571 

g, 0.096 mmol, 64%. The solid was stored in a glovebox freezer at −36 °C. 1H NMR (500 

MHz, C6D6): δ 7.16 (s, 4H, m-H), 6.75 (s, 2H, NCH), 4.33 (s, Cp), 2.07 (s, 6H, p-CH3), 2.03 

(s, 12H, o-CH3). 13C{1H} NMR (125 MHz, C6D6): δ 222.4 (CO), 139.4, 136.1, 135.0, 129.6, 

121.2, 76.8 (Cp), 21.0, 17.8. Note: Even after 10000 scans on a near-saturated solution, 

the 13C signal for the carbene carbon was not detected. IR (solid, cm−1): 1905 (νCO), 1844 

(νCO), 655, 584. Anal. Calcd for C28H29N2O2AgFe: C, 57.07; H, 4.96; N, 4.75. Found: C, 

57.27; H, 4.68; N, 4.51.    

 

4.5.5. General Procedure for Catalyst Optimization 

In a nitrogen filled glovebox, the catalyst (5.0 mg, 0.2 equiv), diphenylacetylene (1 

equiv) and an internal standard (hexamethylbenzene or 1,3,5-trimethoxybenzene, 1 

equiv) were dissolved in xylenes (1 mL), transferred to a J-Young NMR tube, and sealed. 

(The transfer was done in two steps: First, the maximum amount of the solids were 

dissolved in 0.7 mL of xylenes and transferred. The vial was washed with another 0.3 mL 

of xylenes and the washings were then transferred.) The J-Young tube was inverted 

multiple times to make sure that all the solids dissolved and then connected to a Schlenk 

line containing H2 gas (1 atm). After degassing the solution using three 5-minute freeze-
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pump-thaw cycles, the sample was frozen again, exposed to H2 and allowed to thaw and 

equilibrate for 30 minutes. The J-Young tube was then resealed and heated in an oil bath 

at 150 ◦C for 24 h. The J-Young tube was then transferred back into the glovebox, and 

the solution was transferred into a scintillation vial and dried in vacuo. The dried product 

was then dissolved in toluene-d8 and pipette-filtered through Celite into a J-Young tube. 

The 1H NMR spectrum was recorded. (The catalyst impurities present can be removed 

by pipette-filtering the product mixture through silica)  

 

4.5.6. General Procedure for Catalytic Semi-Hydrogenation of Alkynes by 

(IMes)AgRp 

In a nitrogen filled glovebox, (IMes)Ag-Rp (5.0 mg, 0.2 equiv), the alkyne (1 equiv) 

and an internal standard (hexamethylbenzene or 1,3,5-trimethoxybenzene, 1 equiv) were 

dissolved in xylenes (1 mL), transferred to a J-Young NMR tube, and sealed. (The 

transfer was done in two steps: First, the maximum amount of the solids were dissolved 

in 0.7 mL of xylenes and transferred. The vial was washed with another 0.3 mL of xylenes 

and the washings were then transferred.) The J-Young tube was inverted multiple times 

to make sure that all the solids dissolved and then connected to a Schlenk line containing 

H2 gas (1 atm). After degassing the solution using three 5-minute freeze-pump-thaw 

cycles, the sample was frozen again, exposed to H2 and allowed to thaw and equilibrate 

for 30 minutes. The J-Young tube was then resealed and heated in an oil bath at 150 ◦C 

for 24 h. The J-Young tube was then transferred back into the glovebox, and the solution 

was transferred into a scintillation vial and dried in vacuo. The dried product was then 

dissolved in toluene-d8 or CDCl3 depending on the alkyne and pipette-filtered through 

Celite into a J-Young tube.  The 1H-NMR spectrum was recorded. 
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4.5.7. General Procedure for the Alkene Isomerization 

In a nitrogen filled glovebox, (IMes)Ag-Rp (5.0 mg, 0.2 equiv) (unless indicated 

otherwise), the cis or trans-stilbene (1 equiv), and an internal standard 

(hexamethylbenzene or 1,3,5-trimethoxybenzene, 1 equiv) were dissolved in xylenes (1 

mL), transferred to a J-Young NMR tube, and sealed. (The transfer was done in two 

steps: First, the maximum amount of the solids were dissolved in 0.7 mL of xylenes and 

transferred. The vial was washed with another 0.3 mL of xylenes and the washings were 

then transferred.) The J-Young tube was inverted multiple times to make sure that all the 

solids dissolved and then connected to a Schlenk line containing H2 gas (1 atm). After 

degassing the solution using three 5-minute freeze-pump-thaw cycles, the sample was 

frozen again, exposed to H2 and allowed to thaw and equilibrate for 30 minutes. The J-

Young tube was then resealed and heated in an oil bath at 150 ◦C for 24 h. The J-Young 

tube was then transferred back into the glovebox, and the solution was transferred into a 

scintillation vial and dried in vacuo. The dried product was then dissolved in toluene-d8 

and pipette-filtered through Celite into a J-Young tube. The 1H-NMR spectrum was 

recorded. 

 

4.5.8. Procedure for the Control of the Alkene Isomerization. 

In a nitrogen filled glovebox, (IMes)Ag-Rp (5.0 mg, 0.2 equiv), cis-stilbene (1 

equiv), and an internal standard (hexamethylbenzene or 1,3,5-trimethoxybenzene, 1 

equiv) were dissolved in xylenes (1 mL), transferred to a J-Young NMR tube, sealed. 

(The transfer was done in two steps: First, the maximum amount of the solids were 

dissolved in 0.7 mL of xylenes and transferred. The vial was washed with another 0.3 mL 

of xylenes and the washings were then transferred.) The J-Young tube was inverted 
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multiple times to make sure that all the solids dissolved and then heated in an oil bath at 

150 ◦C for 24 h. The J-Young tube was then transferred back into the glovebox, and the 

solution was transferred into a scintillation vial and dried in vacuo. The dried product was 

then dissolved in toluene-d8 and pipette-filtered through Celite into a J-Young tube. The 

1H-NMR spectrum was recorded. 

 

4.5.9. General Procedure for the Robustness Screen Using Additives 

In a nitrogen filled glovebox, (IMes)Ag-Rp (5.0 mg, 0.2 equiv), diphenylacetylene 

(1 equiv), an additive (1 equiv) and an internal standard (hexamethylbenzene or 1,3,5-

trimethoxybenzene, 1 equiv) were dissolved in xylenes (1 mL), transferred to a J-Young 

NMR tube, and sealed. (The transfer was done in two steps: First, the maximum amount 

of the solids were dissolved in 0.7 mL of xylenes and transferred. The vial was washed 

with another 0.3 mL of xylenes and the washings were then transferred.) The J-Young 

tube was inverted multiple times to make sure that all the solids dissolved and then 

connected to a Schlenk line containing H2 gas (1 atm). After degassing the solution using 

three 5-minute freeze-pump-thaw cycles, the sample was frozen again, exposed to H2 

and allowed to thaw and equilibrate for 30 minutes. The J-Young tube was then resealed 

and heated in an oil bath at 150 ◦C for 6 or 24 h. The J-Young tube was then transferred 

back into the glovebox, and the solution was transferred into a scintillation vial and dried 

in vacuo. The dried product was then dissolved in toluene-d8 and pipette-filtered through 

Celite into a J-Young tube. The 1H-NMR spectrum was recorded.  
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Chapter 5 

Mechanistic Investigations into E-Selective Semi-Hydrogenation of Alkynes by 

Heterobimetallic Catalysis 
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5.1. Opening Remarks 

In the previous chapter, the reaction development of an E-selective semi-

hydrogenation of alkynes was presented (chapter four). The initial catalyst screening done 

by DFT calculations, the catalyst optimization, substrate screening and robustness 

screening that followed were also discussed. A hypothetical hydrogenation mechanism 

was proposed and the transition state for the H2 activation step was calculated and 

thermodynamic parameters were elucidated. According to the mechanism, the Z-alkene 

is first formed and isomerized to form the E-alkene. A mechanism for the isomerization 

was also proposed and confirmed using isomerization experiments.  

Continuing from chapter four, the mechanistic investigations in to E-selective 

hydrogenation is further pursued in chapter five. Computationally, the bimetallic H2 

activation is analyzed further using IRC and NBO calculations. The inter-nuclear bond 

orders, atom/fragment charges and NBO occupancies are analyzed as functions of the 

reaction coordinate for H2 activation by a model copper-ruthenium complex. 

Experimentally, the catalyst decomposition is studied through a series of control 

experiments and the alkene/alkane elimination steps in the catalytic cycle is probed using 

model copper-ruthenium analogues to better understand the selectivity effects at work. A 

kinetic study motivated by a computational analysis performed by a collaborator is also 

presented.  

 

5.2. Introduction 

Catalytic hydrogenation of C−C multiple bonds, one of the most studied topics in 

organometallic chemistry, remains crucial both for conversion of bulk hydrocarbon 

feedstocks and for late-stage manipulations of complex organic molecules. Advancing 

new technologies in this area inherently relies on identifying systems capable of H2 
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activation. Many homogeneous hydrogenation catalysts rely on single-site oxidative 

addition of H2.1,4,5,28 As emphasized in chapter one, recent advances, some of which have 

enabled unique catalytic selectivity and/or use of non-precious catalyst elements, move 

beyond the single-site paradigm to involve heterolytic H2 activation by cooperative 

strategies. Examples include cooperation between a metal site and a basic 

residue,7,9,14,30,32–39 between a metal site and a Lewis acidic residue,41,42,44 between two 

different metal sites,71–76,78 or between non-metal frustrated Lewis acid−base pairs.11–

13,47,55–64,66 

On a fundamental level, the emergence of novel selectivity modes is clearly 

demonstrated with the evolution of H-H activation modes with cooperative strategies. As 

mentioned in chapter one, the single-site oxidative addition of H2 occurs through a σ-

complex formation and the subsequent concerted homolysis of H2. This occurs via the 

electron dontation to an empty d-orbital of the metal from the σH-H orbital and the back-

donation to the σ*H-H orbital from a filled metal d-orbital (Scheme 46a). 

When switching to heterolytic H2 cleavage via metal-ligand cooperativity, the 

orbital interactions are maintained, but using different orbital combinations. In metal-base 

systems, while the electron donation from the σH-H orbital to an empty d-orbital is still 

operational, the back-donation to the σ*H-H orbital is taken over by a filled p-orbital in the 

basic residue (Scheme 46b).8 In metal-acid systems, multiple orbital combinations have 

been calculated. 6,40  In many examples, the electron donation occurs to the empty orbitals 

in the acidic residue from the σH-H orbital, and the back-donation, to the σ*H-H orbital from 

the filled d-orbitals of the metal center (Scheme 46c). In FLPs, orbital interactions show 

that the electron donation occurs from the σH-H orbital to an empty orbital in the Lewis acid 

and back-donation from a filled orbital in the Lewis base into the σ*H-H orbital (Scheme 

46d)49–53 
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In the case of bimetallic H2 activation, both homolytic77 and heterolytic76 H2 

cleavage has been reported (Scheme 47). Although d-orbitals are expected to play a 

major role, the exact orbitals involved in electron donation and back-donation to and from 

σ*H-H and σH-H orbitals aren’t well understood.  
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In chapter four, a heterobimetallic silver-ruthenium catalyst which initially activated 

H2 heterolytically was described. This catalyst displayed high stereoselectivity for E-alkene 

products, and was chemoselective for alkyne reduction in the presence of other reducible 

functional groups such as aldehydes, ketones, nitriles, and alkyl chlorides (Scheme 48). 

 

 

 

The observed stereoselective trans-addition of H2 to alkynes puts this catalyst in a 

select group of systems exhibiting E-selective semi-hydrogenation behavior, whether by 

direct hydrogenation9,24,62,77,264–266 or by transfer hydrogenation or indirect 

reduction/deprotection routes.246,249–253,268–270 The observed chemoselectivity for alkyne 

reduction in the presence of vulnerable functional groups raises the possibility of using 
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this technology for late-stage introduction of trans-alkene moieties.271 While the optimal 

system utilized the precious metals Ag and Ru, non-precious metal analogues pairing Cu 

and/or Fe did show some activity and represent opportunities for further development. 

Understanding the nature of heterobimetallic H2 activation, the catalytic mechanism, and 

the selectivity-determining reaction steps will aid in the design of second-generation 

systems featuring nonprecious metals capable of operating efficiently and selectively 

under mild conditions.  

In this chapter, studies on the mechanism of heterobimetallic H2 activation and on 

the heterobimetallic alkene/alkane elimination reactions that contribute to the observed 

catalytic selectivity are presented. The H2 activation step is analyzed by computational 

modeling of the reaction coordinate, providing understanding of the key transition states 

and orbital interactions involved in H2 cleavage. The alkene/alkane elimination steps are 

analyzed by stoichiometric reactivity studies of isolable models of catalytic intermediates. 

Additionally, new insights into catalyst decomposition pathways are disclosed. A kinetic 

analysis supporting predictions by a computational study by a collaborator is also 

presented. Inspired by the kinetic study, attempts to replace silver with copper in search 

for cheaper catalysts are carried out and discussed. Collectively, a mechanistic picture 

emerges that will aid future catalyst development in this area. 

 

5.3. Results & Discussion 

5.3.1. Control Experiments and Catalyst Decomposition 

In chapter four,239 evidence for a bimetallic catalytic mechanism was provided by 

comparing results for diphenylacetylene hydrogenation obtained with (IMes)AgRp (Table 

21, entry 1) with those obtained with (IPr)AgOAc and Rp2, neither of which gave 

productive catalysis (entries 2, 3). To examine this issue further, we have subsequently 
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examined a larger array of Ag-free Ru catalysts, with a focus on the Ru-containing 

compounds produced upon catalyst decomposition under the reaction conditions.  

 

Table 21:  Ag-free and Ru-free control experiments272 

 

Entry Catalyst Conversion 

(%)a 

1:2:3a 

1b (IMes)Ag-Rp 95 90:4:1 

2 b (IPr)AgOAc 0 N/A 

3 b Rp2
c 7 4:3:0 

4 HRp 35 22:13:0 

5 HRuCp(CO)(IMes) 47 30:17:0 

6 Cp*Ru(COD)Cl/AgOTf d 23 6:5:12 

7b (IMes)Cu-Rp 61 42:17:2 

8b (IPr)Cu-Rp 60 40:18:3 

9 (6Dipp)Cu-Rp 70 60:9:0 

 

aFrom 1H NMR integration against an internal standard. bFrom ref239 cCatalyst loading 

was 10 %, i.e., 20 % Ru. dCatalyst loading was 20 %, i.e., 20 % Ag. 

 

Originally, we assigned the (IMes)AgRp decomposition mixture during catalysis 

as involving precipitation of metallic Ag and formation of HRp (observed 1H NMR 

resonances in toluene-d8: δ = 4.52 and −12.04). Because a Hg drop did not poison the 

reaction, metallic Ag was ruled out from being catalytically relevant, but HRp was not 

tested as a catalyst due to initial difficulties in isolation of a pure sample. Now, we report 

that an isolated sample of pure HRp was found to catalyze diphenylacetylene 
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hydrogenation but did not provide high conversion of diphenylacetylene or high selectivity 

for E-stillbene (1) relative to the other reduction products (2 and 3) (entry 4). Upon 

examining the 1H NMR characterization of isolated HRp, however, we noticed that its 

observed 1H NMR resonances (δ = 4.57 and −10.75 in toluene-d8) did not match the 

resonances observed under catalytic conditions with (IMes)AgRp. Furthermore, the IMes 

resonances observed after catalysis with (IMes)AgRp did not match those for authentic 

samples of free IMes ligand. Filtration of metallic Ag and removal of organics from a 

catalytic product mixture provided an isolated sample of the catalyst decomposition 

product, which is now assigned as HRuCp(CO)(IMes) on the basis of NMR and IR 

characterization.  

Isolating this species and re-exposing it to the catalytic conditions did provide 

diphenylacetylene hydrogenation (entry 5), but again the observed conversion of 

diphenylacetylene and selectivity for 1 were significantly lower than those for 

(IMes)AgRp. These two single-site Ru catalysts (entries 4, 5) likely mediate trans-

hydrogenation of diphenylacetylene through a Ru-carbene pathway akin to that detailed 

by Fürstner for [Cp*Ru] catalysts at high H2 pressure.273 One of the Fürstner catalyst 

mixtures utilized both Ru and Ag, but does not provide high levels of catalytic conversion 

or selectivity under the conditions optimal for (IMes)AgRp (entry 6). Lastly, to 

contextualize the Cu/Ru model studies presented below, catalytic results for (NHC)CuRp 

complexes are shown in entries 7 and 8. 

  

5.3.2. Bimetallic H2 Activation 

Within the bimetallic mechanism that is operative in this system, we have proposed 

that the metal-metal bonded (NHC)M′-[M] complexes react directly with H2 to generate 
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(NHC)M′-H and H[M] pairs that subsequently reduce alkyne substrates. Experimental 

evidence for the feasibility of this proposed bimetallic H2 activation step comes from three 

observations (Scheme 49): (a) experimental observation of the microscopic reverse 

reaction, i.e., bimetallic H2 elimination from 0.5 [(IPr)CuH]2 + HFp;88,89 (b) H/D exchange 

reactivity of (IPr)CuFp observed during dehydrogenative borylation conditions, 88 which 

likely involves activation of HD generated in situ; and (c) observation of 

HRuCp(CO)(IMes) upon thermolysis of (IMes)AgRp in the absence of alkyne under H2 (1 

atm), which is presumably the result of intermediate formation of (IMes)AgH + HRp 

followed by thermal decomposition of (IMes)AgH by the known pathway256 and ligand 

substitution at Ru. However, experimental data on the mechanism of H2 activation is 

elusive due to the thermodynamically unfavorable nature of (NHC)M′-H + H[M] relative to 

(NHC)M′-[M] + H2.239 This motivated our pursuit of computationally modeling the 

heterobimetallic H2 activation step.  
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In chapter four,239 a computed transition state for H2 activation by an (IMe)CuRp 

model (IMe = N,N′-dimethylimidazol-2-ylidene) was presented. The reaction between 

(IMe)CuRp and H2 was calculated to be thermodynamically unfavorable (ΔG298 K = 20.1 

kcal/mol), with an even smaller driving force than the analogous reaction involving 

(IMe)AgRp (ΔG298 K = 14.1 kcal/mol). The calculated activation barrier of ΔG‡
298 K = 29.0 

kcal/mol was consistent with the high temperature required for catalysis and was 

determined using a computational method that had been calibrated with experimental 

data previously.87  

The calculated activation parameters included a large and negative entropy of 

activation (ΔH‡ = 20.1 kcal/mol, ΔS‡ = −29.8 eu), indicating a highly organized transition-

state structure. Here, to develop a deeper understanding of this H2 activation reaction, 

we provide a thorough discussion of the computed reaction pathway provided by analysis 

of atom/fragment charges, interatomic bond orders, and natural bond orbital 

occupancies, all as functions of the intrinsic reaction coordinate (IRC). These results also 

expand on the discussions of an analogous Cu-Fe transition state for H2 elimination89 and 

of a Cu-Fe transition state for C-Cl activation,87 both disclosed previously, the latter which 

was presented in chapter three.  

For all the results discussed below, the various computed parameters have been 

tracked across several points along the computational IRC scan: the optimized reactant 

complex (R), three points from the IRC scan before the transition state, the transition 

state (TS4), three points from the IRC scan after the transition state, and the optimized 

product complex (P). The energetic profile of these states and the TS4 structure are 

shown in Figure 15.  
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Figure 15:  Computational modeling of the reaction between (IMe)-CuRp and H2. a) 

Relative energies of the structures from the intrinsic reaction scan that 

were analyzed for this study b) Transition state structure TS4, with key 

inter-nuclear distances labeled in units of Ᾰ. // = discontinuity.272  

 

Upon examining the calculated trajectory of H2 approach, it is clear that the 

reaction proceeds via the H2 substrate initially forming a σ-complex at the Cu site. As the 

H2 molecule approaches Cu, it induces Cu-Ru bond dissociation as well as NHC-Cu-Ru 

bending (133° in TS4 vs 179° in R). Structural templating of the bimetallic transition state 

involving semibridging carbonyl ligands seems not to be operative in this case, as both 

Cu···CO distances increase smoothly along the reaction coordinate without exhibiting a 

local minimum at the transition state that is seen in other cases.87,239 
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Figure 16:  Selected inter-nuclear distances for the reaction between (IMe)-CuRp 

and H2, plotted along the calculated intrinsic reaction coordinate 

scan. // = discontinuity.272 

 

Figure 16 plots key inter-nuclear distances as functions of reaction coordinate. The 

Cu-Ru distances increase smoothly as the Cu−H1 distance decreases smoothly. The 

Ru−H2 and H1−H2 distances change more abruptly: the Ru−H2 bond is almost 

completely associated and the H1−H2 bond nearly dissociated at the TS4 structure. 

These observations are consistent with a late transition state resembling the products 

and with a model that resembles deprotonation of a Cu(H2) σ-complex by the Rp 

fragment.  

Prior to dissociation of the two metal-hydride complexes to yield the P state, there 

appears to be a locally preferred H1···H2 contact of 1.76−1.88 Å at later stages of the 

reaction profile. These short H···H distances are in the dihydrogen-bonding regime274,275 

and indicate polarization of the H2 molecule. Experimental evidence for M−H···H−M′ 

dihydrogen bonding in a related system has been reported, and the accompanying 
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computational analysis indicated a dihydrogen bond strength of 1.7 kcal/mol in that 

system.276  

The reaction profile was also analyzed using computed bond orders, determined 

by calculation of Wiberg bond indices (WBIs) derived from natural bond orbital (NBO) 

calculations. The changes in WBI values across the reaction coordinate (Figure 17) 

reinforce conclusions reached by analyzing bond distances. The Cu−Ru bond in R 

experiences a smooth dissociation across the reaction coordinate and is partially broken 

at the TS4 state. The Cu−H1 and Ru−H2 bonds are partially formed at TS4, and the 

covalent H1−H2 bond is mostly broken at TS4. In the post-TS4 portion of the reaction 

coordinate, a locally preferred set of WBI values again indicates the presence of 

dihydrogen bonding between (IMe)CuH and HRp. Only upon complete dissociation at the 

P state are the Cu−H1 and Ru−H2 bonds completely formed and the Cu−Ru and H1−H2 

bonds completely broken.  

 

 

Figure 17:  Selected Wiberg bond index values for the reaction between (IMe)-

CuRp and H2, plotted along the calculated intrinsic reaction 

coordinate scan. // = discontinuity.272  
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Analysis of atom/fragment charges across the reaction coordinate provides insight 

into the extent to which redox activity is delocalized throughout the bimetallic reaction 

center and its supporting ligands. Natural charge values derived from natural population 

analysis are plotted in Figure 18. A traditional, single-site oxidative addition process is 

generally thought to involve homolytic H-H bond dissociation accompanied by two-

electron oxidation of the metal center. In the bimetallic H2 cleavage reaction being 

examined here, the reaction clearly involves heterolytic H2 cleavage. In addition to the 

computational evidence for dihydrogen bonding disclosed above, the H1−H2 bond 

undergoes cleavage to produce hydridic H1 (q = −0.42 in P) and protic H2 (q = 0.18 in P) 

as the reaction proceeds. 

 

 

Figure 18:  Selected natural charge values derived from natural population 

analysis for the reaction between (IMe)-CuRp and H2, plotted along 

the calculated intrinsic reaction coordinate scan. // = discontinuity.272 
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Neither the Cu center itself nor the (IMe)Cu fragment undergoes significant 

oxidation during the reaction, indicating that the oxidation behavior is located mainly on 

the Rp fragment. Indeed, the Rp charge is calculated to increase during the reaction. The 

Ru center maintains constant charge throughout the reaction, indicating that redox 

activity is localized not on Ru but mainly on the ligands supporting Ru. The cumulative 

charge of the two carbonyl ligands tracks with the increase in charge of the Rp fragment 

during the reaction, indicating that much of the redox activity occurs at the two CO units. 

Similar conclusions have been reached previously during studies of bimetallic reaction 

pathways involving (NHC)M′[M] complexes through experimental (chapter two)126 and 

computational (chapter three) 87,89,126 analyses, and all of these studies collectively 

highlight the importance of redox-active carbonyl ligands in the (NHC)M′-[M] catalyst 

design. On the other hand, the IMe and Cp ligands have similar charges in R and P and 

therefore are not redox-active with regard to this reaction.  

Analysis of NBO occupancies as functions of reaction coordinate provides insight 

into the key orbital interactions involved in bimetallic H2 cleavage.6 Selected NBO 

occupancies are plotted in Figure 19 (left axis). As the reaction proceeds from R to TS4, 

the occupancy of the σH-H orbital (labeled BD(H-H)) decreases, consistent with transfer of 

charge from this orbital toward the catalyst upon formation of a σ-complex. 
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Figure 19:  Selected NBO occupancy values for the reaction between (IMe)-CuRp 

and H2, plotted along the calculated intrinsic reaction coordinate 

scan. Lewis occupancies of the H2 bonding and antibonding NBOs 

and of a key Cu acceptor NBO are plotted on the left axis. Total non-

Lewis occupancy of the system is plotted on the right axis. // = 

discontinuity.272 

 

The loss of electron density (0.38 e) from the σH-H orbital is almost completely 

matched by an increase in occupancy (0.33 e) of a Cu valence orbital (labeled LP*1(Cu)) 

that has s0.05p0.94d0.01 hybridization (Figure 20). This is the only NBO that increases 

occupancy significantly as a function of reaction coordinate, and so it is assigned as the 

acceptor orbital to which the σH-H orbital is donating charge. Additionally, the σ*H-H orbital 

(labeled BD*(H−H)) gains occupancy (0.43 e) as the reaction proceeds, consistent with 

back-donation from the catalyst as the H2 molecule coordinates and cleaves. We could 

not identify any NBO that experienced a corresponding decrease in occupancy over the 

same part of the reaction coordinate. Instead, we assign the donor orbital that transfers 
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charge into the σ*H-H orbital as being the Cu-Ru bonding orbital shown in Figure 20. In 

the R state, this NBO has 87% Ru character (s0.13p0.01d0.77) and 13% Cu character 

(s0.87p0.06d0.08).  

 

 

Figure 20:  Surface plots (0.04 isovalues) of the LP*1(Cu) (left) and BD(Cu-Ru) 

(right) NBOs in R that are crucial acceptor and donor orbitals, 

respectively, for bimetallic H2 cleavage. For clarity, the distant H2 

molecule has been omitted from the images.272 

 

In subsequent states in the reaction profile where the Cu-Ru bond has partially 

dissociated, this Cu-Ru bonding NBO was not identified but instead was replaced by 

enhanced Rp→Cu(IMe) donor/acceptor interactions and Rp→H2 donor/acceptor 

interactions, with the Rp→Cu(IMe) donation decreasing and the Rp→H2 donation 

increasing in energetic contribution with the reaction coordinate. This behavior can be 

tracked using the non-Lewis occupancy of each state (Figure 20, right axis), which does 

increase as the reaction proceeds. The Cu-Ru bonding orbital has 1.59-e occupancy in 

R, and 1.05 e are accounted for by the increase in non-Lewis occupancy as the reaction 

progresses to TS4. The remaining 0.54 e resembles the buildup of σ*H-H occupancy (0.43 
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e), allowing us to assign the Cu-Ru bonding orbital (of predominantly Ru 4d character) 

as the main back-donating orbital that triggers H−H cleavage.  

 

 

Scheme 50:  Transition states and orbital interactions involved in a) monometallic 

and b) bimetallic H2 addition.272   

 

The traditional view of single-site H2 oxidative addition involves formation of a σ-

complex followed by concerted H−H homolysis that is triggered by (a) donation from σH-

H to an empty metal d-orbital and (b) back-donation from a filled metal d-orbital into σ*H-H 

(Scheme 50a). For the bimetallic H2 activation reaction studied here, a complementary 

mechanistic scheme has emerged from the computational data above (Scheme 50b). 

Heterobimetallic H2 addition involves formation of a σ-complex at the electrophilic metal 

site, followed by H-H heterolysis via H+ transfer to the proximal nucleophilic metal site. 

The key orbital interactions that trigger this heterolytic H2 cleavage are (a) donation from 

σH-H to an empty orbital at the electrophilic metal site and (b) back-donation into σ*H-H 

from a filled orbital predominantly located at the nucleophilic metal site. Such separation 

of the key orbital interactions across two reactive sites strongly resembles H2 activation 
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by p-block frustrated Lewis pairs (FLPs), which involves donation from σH-H to a Lewis 

acid and from a Lewis base to σ*H-H.49–53 In this regard, the (NHC)M′-[M] catalysts can be 

viewed as d-block analogues of the classical p-block FLPs. 

 

5.3.3. Alkene/Alkane Elimination and Selectivity Effects 

Upon heterobimetallic H2 activation under catalytic conditions, our proposal is that 

the alkyne substrate undergoes 1,2-insertion with the transient (IMes)AgH intermediate 

to yield an alkenyl species. On the basis of stoichiometric syn-hydrocupration behavior 

reported for [(IPr)CuH]2,277 we propose that this 1,2-insertion reaction produces the C=C 

geometry shown in structure G (Scheme 51a).  
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Under catalytic conditions, bimetallic alkene elimination is proposed to occur 

through reaction of G with HRp, producing a Z-alkene and regenerating the bimetallic 

catalyst. To test the feasibility of this proposed step, we prepared alkenyl-copper complex 

4 by syn-hydrocupration of diphenylacetylene. Complex 4 was found to react with HRp 

to produce (IPr)CuRp and generate stilbene with high Z-selectivity (Scheme 51b).  

The fact that both the hydrocupration and alkene elimination steps proceed at room 

temperature implies that H2 activation is the turnover-limiting step in the catalytic process. 

The generation of Z-alkene from this model reaction is consistent with our model of a 

cascade alkyne → Z-alkene → E-alkene process. The feasibility of Z → E alkene 

isomerization was supported by experiments reported in our initial communication,239 

showing that cis-stilbene was isomerized to trans-stilbene under catalytic conditions 

provided that both the catalyst and H2 were present. The proposed mechanism of 

isomerization (Scheme 52a) involves 1,2-insertion of alkene with (IMes)AgH to produce 

an alkyl intermediate (H).  
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The key, selectivity determining step then involves single-site β-hydride elimination 

from H to produce the final E-alkene product. In order to produce high selectivity for E-

alkene relative to Z-alkene and alkane, this β-hydride elimination reaction must (a) be 

under thermodynamic control to suppress reversion to Z-alkene by β-hydride elimination 

and (b) outcompete bimetallic alkane elimination from reaction between H and HRp. To 

probe these factors, we conducted model reactions with two known alkyl-copper species 
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that have β-hydrogens. The ethyl complex 5278 was found to react with HRp to produce 

(IPr)CuRp and ethane (Scheme 52b). This observation establishes that bimetallic alkane 

elimination from intermediate H is feasible, consistent with the small amounts of alkane 

formed in typical catalytic trials.239 No evidence for ethylene formation was observed in 

this experiment, indicating that for model complex 5 the bimetallic alkane elimination 

reaction outcompetes the desired β-hydride elimination reaction. We conducted an 

analogous experiment with alkyl-copper complex 6 (Scheme 52c), which has been shown 

to undergo reversible β-hydride elimination under mild conditions.279 Complex 6 was 

found to react with HRp to produce (IPr)CuRp and generate a 2:1 mixture of alkane 7 

and E-alkene 8. No evidence for Z-alkene was observed.  

These observations show that, in a model system with an alkyl ligand that more 

closely resembles the catalytically relevant intermediate, β-hydride elimination can 

outcompete alkane elimination and furthermore that it is selective for extrusion of E-

alkene products. These results show that the relative rates of β-hydride elimination and 

bimetallic alkane elimination are very sensitive to steric effects, and an optimal steric 

environment must be used in the catalyst design in order to produce high selectivity for 

E-alkene generation. The real catalytic system, which features less stable alkyl 

intermediates H, is thus finely tuned to favor β-hydride elimination over bimetallic alkane 

elimination, unlike the model systems 5 and 6, which are stable enough for stoichiometric 

reactivity studies. These observations are consistent with the dramatic impact that the 

NHC steric bulk has on catalytic selectivity.239 In addition, the use of Ag in place of Cu in 

the optimal catalyst may derive, in part, from the more facile rate of β-hydride elimination 

from a 4d metal compared to a 3d metal. Lastly, the use of Rp in place of Fp in the optimal 

catalyst may derive, in part, from the fact that HRp is a weaker acid than HFp by ∼2pKa 

units,280 which serves to suppress the bimetallic alkane elimination process that is in 
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competition with productive β-hydride elimination. All of these factors need to be held in 

consideration when designing second-generation catalysts. 

 

5.3.4. Kinetic Studies 

Transition metal heterobimetallic catalysts have been gaining attention in the 

recent years as a cooperative strategy to mimic single-site catalysis. Therefore, 

mechanistic studies of such reactions are of broad interest. However, some of the 

mechanistic inquiries are not always accessible by conventional experimental 

approaches. Thus, computational calculations are utilized in the modern era to aid 

mechanistic studies and add insight to experimental findings.  

For example, Ess group has been studying both heterobimetallic and 

homobimetallic catalytic reactions via computational calculations. Their work includes 

hydrogenation of alkenes by iridium-tantalum systems81, allylic amination by palladium-

titanium systems,178 and alkyne cyclotrimerization reactions by di-nickel systems.281  

Recently, our hypothetical hydrogenation mechanism was probed computationally 

by the Ess group. The transition states and the energy barriers (ΔG‡) associated with the 

steps in the catalytic cycle were calculated for both copper-ruthenium and silver-ruthenium 

catalysts. Preliminary calculations revealed that the energy barrier for H2 activation by the 

metal-metal bond was indeed relatively high for the copper-ruthenium system making it 

the rate-limiting step in the cycle (Scheme 53a), in agreement with our calculations and 

experiments presented earlier (chapter four and five).239,272 However, an interesting new 

finding that surfaced was that when the catalytic cycle of the silver-ruthenium system was 

probed, the alkyne insertion into the metal-hydride step had the overall higher energy 

barrier (Scheme 53b) implying this step to be the rate-determining step.  
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 In order to examine this experimentally, a series of kinetic experiments was carried 

out (Table 22) using diphenylacetylene as the starting material. First, the kinetic isotope 

effects (KIEs) were analyzed. For the copper-ruthenium system, a primary KIE was 

observed with a value of 4.9 (entry 1). This is consistent with the H2 activation step being 

the rate determining step282 as predicted by the calculations and our previous experiments. 

For the silver-ruthenium system, an inverse KIE of 0.6 (entry 1) was observed. An inverse 

KIE can occur if the coordination of the reaction center increases at the transition state.282 

This again fits nicely with the calculations as the reaction center, the alkyne, is converted 

to a metal-alkenyl product in the proposed rate determining alkyne insertion step in to the 

metal.  
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Table 22: Kinetic parameters for hydrogenation by (IMes)M-Rp; (M=Cu, Ag) 

 

Entry Kinetic parametera M =Cu  M =Ag 

1 Kinetic Isotope Effect (kH/kD)b 4.9 0.6 

2 Rate of reaction (kOMe/kH)c 2.0 7.4 

 

aDetermined by initial rates using in-situ NMR bAr = Ph cAr = p-MeOC6H4 for OMe and Ph 
for H. 

  

The substitution effects of the alkyne on the reaction rate was explored next by 

comparing the initial rates for two different alkynes. The para-hydrogens of 

diphenylacetylene were switched with methoxy groups and the initial rates were 

determined. The effect on the rate of the copper-ruthenium system was minimal as only 

a kOMe/kH ratio of 2.0 was observed (entry 2). However, the effect on the rate of the silver-

ruthenium system was significantly higher with a kOMe/kH ratio of 7.4 (entry 2). This further 

validates the projection from the calculation that the rate determining step for the silver-

ruthenium system is in fact the alkyne insertion step. 

 

5.3.4.1. Potential for Cheaper Hydrogenation Catalyst Development 

Another interesting and unanticipated result that we stumbled upon with the kinetic 

experiments was that the initial reaction rate of hydrogenation was actually three times 

faster in copper-ruthenium systems than in silver-ruthenium systems. This is quite 

unexpected as we know that the final yields of the silver-ruthenium catalysts are actually 
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much higher than the copper-ruthenium ones (Table 23, entries 1 and 2). Our rationale 

for this result and how to manipulate it is as follows.  

NHC-copper-hydrides are known to be extremely unstable and sometimes even 

un-isolable.259 Our working theory is that even though the initial rate of hydrogenation is 

higher for the copper-ruthenium catalysts, due to the unstability of the copper-hydride 

intermediates, they actually decompose readily before reaction completion is achieved. 

Therefore, despite their efficiency, they end up performing poorly in the end due to their 

short lifetime. However, if we can move towards accessing more stable copper hydrides, 

we can expect to improve the overall yield by the copper-ruthenium systems and 

ultimately aim to even out-perform the silver-ruthenium catalysts.  

Whilst most of the NHC-copper-hydrides are unstable, Sadighi group recently 

reported relatively stable copper-hydrides using expanded-ring-N-heterocyclic carbenes 

6Dipp (Scheme 54a) and 7Dipp (6Dipp = 1,3-bis(2,6-isopropylphenyl)-3,4,5,6-

tetrahydropyrimidin-2-ylidene and 7Dipp = 1,3-bis(2,6-isopropylphenyl)-4,5,6,7-

tetrahydro-1,3-diazepin-2-ylidene).283  Therefore, we synthesized heterobimetallic 

analogues using these NHC-copper precursors. As a proof of concept, (6Dipp)Cu-Rp 

(Scheme 54b) was synthesized.   
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Catalytic hydrogenation was then attempted with this newly synthesized catalyst 

(Table 23, entry 3). As predicted, the overall yield of the reaction as well as the E-alkene 

production increased from 60 to 70 percent and 42 to 60 percent respectively, in 

comparison to the previous best copper-ruthenium catalyst, (IMes)Cu-Rp (Table 23, entry 

2). So, an improvement on both the yield and selectivity was evident. However, the silver-

ruthenium system remains as the best catalyst (Table 23, entry 1). Still, this is a promising 

result as this (6Dipp)Cu-Rp catalyst is the best copper-ruthenium catalyst to date and 

could be utilized in pursuing future hydrogenation reactions.  

 

Table 23:  Catalytic hydrogenation of alkynes 

 

Entry Catalyst Conversion 

(%)a 

1:2:3a 

1b (IMes)Ag-Rp 95 90:4:1 

2 b (IMes)Cu-Rp 61 42:17:2 

3  (6Dipp)Cu-Rp 70 60:9:0 

 

aFrom 1H NMR integration against an internal standard. bFrom ref239  

 

5.4. Conclusions 

In conclusion, in this study we have disclosed further details regarding catalyst 

decomposition pathways, the mechanism of H2 activation, the feasibility of the proposed 

mechanistic cascade, and the factors relating to E-alkene selectivity in the catalytic semi-
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hydrogenation of alkynes using heterobimetallic catalysts of the type (NHC)M′-[M]. The 

conclusions drawn from this study will inform future catalyst designs related to 

hydrogenation catalysis. Specifically, in order to improve catalytic activity (possibly with 

earth-abundant metals) and operate at milder temperatures, it will be necessary both to 

(a) lower the barrier for heterobimetallic H2 activation and (b) stabilize the vulnerable 

(NHC)M′H intermediates. Knowledge gained here about the key transition states and 

orbital interactions involved in heterobimetallic H2 activation can serve to guide 

development of second-generation systems that activate H2 more readily, and known 

methods for stabilizing (NHC)M′H can be pursued in concert.284,283 In order to maintain 

high selectivity for E-alkenes, it will be necessary for such systems to allow for efficient 

alkene 1,2-insertion and β-hydride elimination processes while suppressing 

heterobimetallic alkane elimination. The experimental results disclosed here indicate that 

the relative rates of these processes will be highly sensitive not only to the steric demands 

of the substrate but also to the steric and electronic properties of the NHC, M′, and [M] 

fragments in the catalyst species. A kinetic study was also presented revealing a 

possibility of switching the expensive metals with cheaper ones. Development of new 

hydrogenation catalysts, with these factors in mind, is in progress in our laboratories. 

  

5.5. Experimental Procedures 

5.5.1. General Considerations 

Unless otherwise specified, all reactions and manipulations were performed under 

purified N2 in a glovebox or using standard Schlenk line techniques. Glassware was oven-

dried prior to use. Toluene was sparged with argon and dried using a Glass Contour 

Solvent System built by Pure Process Technology, LLC. Xylenes, benzene, and all 

deuterated solvents were purified by repeated freeze−pump−thaw cycles followed by 
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prolonged storage over activated 3 Å molecular sieves. H2 gas was purchased from 

Praxair at a purity of 99.999% (5.0 UHP grade) and purified further by running through 

an O2-removing catalyst column (RCI GetterMax 133T) and a drying column (Drierite). 

Literature methods were used to synthesize 5,278 6,279 (IMes)AgRp,239 (IPr)CuOtBu,277 

6DippCuCl283 and NaRp.232 Unless otherwise specified, all other chemicals were 

purchased from commercial sources and used without further purification. 

 

5.5.2. Physical Measurements 

NMR spectra were recorded at ambient temperature using Bruker Avance DPX-

400 and Bruker Avance DRX500 spectrometers. 1H NMR and 13C{1H} NMR chemical 

shifts were referenced to residual solvent peaks. FT-IR spectra were recorded on solid 

samples in a glovebox using a Bruker ALPHA spectrometer fitted with a diamond-ATR 

detection unit. GC-MS data were obtained using an Agilent Technologies 7890A GC 

system interfaced to an Agilent Technologies 5975C VL mass selective detector. 

Elemental analyses were performed by Midwest Microlab, LLC (Indianapolis, IN, USA). 

 

5.5.3. Computational Methods 

Optimized structures for the reactants, products, and transition state for (IMe)CuRp 

+ H2 were obtained from our previous study (chapter four),239 along with the IRC scan 

data. All calculations were performed using Gaussian09, revision B.01. 162 Density 

functional theory calculations were carried out using a hybrid functional, BVP86, 

consisting of Becke’s 1988 gradient-corrected Slater exchange functional163 combined 

with the VWNS local electron correlation functional and Perdew’s 1986 nonlocal electron 

correlation functional.164 Mixed basis sets were employed: the LANL2TZ(f) tripleζ basis 
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set165–167with effective core potential165,168,169 was used for Cu and Ru and the 6-311+G(d) 

basis set285,286 was used for C, H, N, and O. The sum of electronic and thermal free 

energies was used to calculate ΔG values at 298 K. Natural population analysis was used 

to determine atom/fragment charges, and Wiberg bond indices were used to determine 

bond orders. Both were obtained from NBO v. 3.165 calculations within Gaussian09. 

 

5.5.4. Preparation of HRp 

A modified version of the literature procedure280 was used. NaRp (0.0380 g, 0.155 

mmol, 1 equiv) was mixed with toluene (5 mL), and 4.0 M HCl in dioxane (0.038 mL, 

0.155 mmol, 1 equiv) was added. The resulting mixture was stirred overnight at room 

temperature. The solution was filtered through a Celite pad, and the filtrate was 

evaporated to dryness. Yield: 0.0131 g, 0.59 mmol, 38%. The solid was stored in a 

glovebox freezer at −36 °C. 1H NMR (400 MHz, toluene-d8): δ 4.57 (s, 5H, Cp), −10.75 

(s, 1H, Ru−H). 

 

5.5.5. Preparation of HRu(Cp)(CO)(IMes) 

In a nitrogen-filled glovebox, (IMes)AgRp (0.0051 g, 0.00788 mmol) was dissolved 

in xylenes (1 mL), transferred to a J. Young NMR tube, and sealed. (The transfer was 

done in two steps: First, the maximum amount of catalyst was dissolved in 0.7 mL of 

xylenes and transferred. The vial was washed with another 0.3 mL of xylenes to transfer 

remaining solids.) The J. Young tube was inverted multiple times to make sure that all 

solids dissolved; then the tube was connected to a Schlenk line containing H2 gas (1 

atm). After degassing the solution using three 5 min freeze−pump−thaw cycles, the 

sample was frozen again, exposed to H2, and allowed to thaw and equilibrate for 30 min. 
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The J. Young tube was then resealed and heated in an oil bath at 150 °C for 24 h. The 

tube was then transferred back into the glovebox, filtered through Celite, and dried in 

vacuo. Yield: 0.0026 g, 0.00520 mmol, 66%. 1H NMR (400 MHz, benzene-d6): δ 7.08 (s), 

7.04 (s, 4H), 6.85 (s), 6.28 (s), 4.58 (s, Cp), 2.21 (s), 2.18 (s), 2.14 (s), −11.98 (s, Ru−H). 

13C{1H} NMR (125 MHz, benzene-d6): δ 208.8 (CO), 139.0, 138.5, 136.4, 136.4, 136.1, 

129.4, 121.8, 82.1 (Cp), 21.3, 18.8, 18.5. IR (solid, cm−1): 1885 (CO). Anal. Calcd for 

C27H30N2RuO: C, 64.91; H, 6.05; N, 5.61. Found: C, 64.78; H, 6.20; N, 4.36. 

 

5.5.6. Catalytic Trials 

Catalytic hydrogenation trials with HRp and HRuCp(CO)(IMes) were conducted 

using the procedure we published previously and mentioned in chapter four,239 under 

identical reaction conditions, and using the same method of product analysis by 1H NMR 

integration. 

 

5.5.7. Preparation of 4. 

This species was prepared by hydrocupration of diphenylacetylene using the 

procedure reported for hydrocupration of 3-hexyne.277 In a scintillation vial, (IPr)CuOtBu 

(0.0633 g, 0.12 mmol, 1 equiv) and diphenylacetylene (0.0215 g, 0.12 mmol, 1 equiv) 

were dissolved in benzene (10 mL). Triethoxysilane (40.5 μL, 0.23 mmol, 1.9 equiv) was 

added to the solution, which was then stirred overnight at room temperature. The solution 

was concentrated in vacuo to afford an off-white powder. Yield: 0.0574 g, 0.091 mmol, 

76%. The solid was stored in a glovebox freezer at −36 °C. 1H NMR (400 MHz, benzene-

d6): δ 7.26 (t, 3JH−H = 4.0 Hz, 2H, p-H), 7.19 (s, 2H), 7.08 (d, 3JH−H  = 4.0 Hz, 4H, m-H), 

7.05 (d, 3JH−H = 4.0 Hz, 2H), 6.99−6.87 (m, 3H), 6.86−6.74 (m, 4H), 2.56 (sept, 3JH−H = 4.0 
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Hz, 4H, CH(CH3)2), 1.32 (d, 3JH−H = 4.0 Hz, 12H, CH(CH3)2), 1.08 (d, 3JH−H = 4.0 Hz, 12H, 

CH(CH3)2). 13C{1H} NMR (125 MHz, benzene-d6): δ 185.6 (NCCu), 177.1, 154.7, 145.8, 

141.3, 135.3, 133.9, 130.5, 129.6, 126.0, 124.3, 122.3, 121.4, 29.0, 25.0, 23.7. Anal. 

Calcd for C41H47N2Cu: C, 78.00; H, 7.50; N, 4.44. Found: C, 77.70; H, 7.61; N, 4.06. 

 

5.5.8. Alkene/Alkane Elimination Reactions with HRp 

In a nitrogen filled glovebox, HRp (∼5 mg, 1 equiv) and either 4, 5, or 6 (1 equiv) were 

dissolved separately in either toluene-d8 or benzene-d6 (0.5 mL each), transferred to the 

same J. Young NMR tube, and sealed. The tube was inverted several times to mix the 

solutions. The reactions were monitored by 1H NMR until all HRp was consumed. For the 

reactions with 4 and 5, the organic products were detected by 1H NMR. For the reaction 

with 6, the product mixture was transferred to a vial under air, pipet-filtered through silica 

gel, diluted with THF, and analyzed by calibrated GC-MS (with dodecane internal 

standard). 

 

5.5.9. General Procedure for the Kinetic Runs 

In a nitrogen filled glovebox, the catalyst (5.0 mg, 0.2 equiv), the alkyne substrate 

(1 equiv) and an internal standard (hexamethylbenzene or 1,3,5-trimethoxybenzene, 1 

equiv) were dissolved in toluene-d8 (1 mL), transferred to a J-Young NMR tube, and 

sealed. (The transfer was done in two steps: First, the maximum amount of the solids were 

dissolved in 0.7 mL of toluene-d8 and transferred. The vial was washed with another 0.3 

mL of toluene-d8 and the washings were then transferred.) The J-Young tube was inverted 

multiple times to make sure that all the solids dissolved and then connected to a Schlenk 

line containing H2 or D2 gas (1 atm). After degassing the solution using three 5-minute 
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freeze-pump-thaw cycles, the sample was frozen again, exposed to H2 or D2 and allowed 

to thaw and equilibrate for 30 minutes. The J-Young tube was then resealed and 

monitored by 1H NMR at 90 ◦C overnight (experiments = 600, delay time = 30 s, scans per 

experiment = 8). Initial rates were determined by monitoring the starting materials by 1H 

NMR integration using stacked plots. A sample NMR stack plot (Figure A5) and a sample 

concentration vs time plot (Figure A6) is presented in the appendix.  

 

5.5.10. Preparation of (6Dipp)Cu-Rp 

(6Dipp)CuCl (0.0160 g, 0.032 mmol, 1 equiv) was dissolved in toluene (10 mL), 

and NaRp (0.0156 g, 0.064 mmol, 2 equiv) was added to the solution. The brown solution 

was stirred for 24 h at room temperature. The solution was filtered through Celite, and the 

filtrate was evaporated to dryness. The remaining solid was suspended in pentane (10 

mL) and stirred vigorously for 30 min. The suspension was filtered through a fritted glass 

filter, and the brown-yellow solid was washed with pentane (3 × 5 mL) and then dried in 

vacuo. Yield: 0.0153 g, 0.021 mmol, 68%. The solid was stored in a glovebox freezer at 

−36 °C.. 1H NMR (500 MHz, C6D6): δ 7.24 (m, 2H, p-CH), 7.14 (m, 4H, m-CH), 4.55 (s, 

5H, Cp), 3.08 (sept, J = 8.0 Hz, 4H, CH(CH3)2), 2.74 (t, J = 8.0 Hz, 4H, NCH2), 1.60 (d, J 

= 6.9 Hz, 12H, CH(CH3)2), 1.49 (quin, J = 8.0 Hz, 2H, NCH2CH2), 1.20 (d, J = 6.9 Hz, 12H, 

CH(CH3)2).  
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Chapter 6 

Conclusions and Current/Future Directions 

 

6.  
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6.1. Conclusions 

The preceding chapters in this thesis have unfolded the stepwise development of 

a heterobimetallic catalytic hydrogenation reaction. The initial hypothesis was that the 

hydrogenation of C-C multiple bonds can be developed using the cooperative bimetallic 

strategy popularized by Mankad group. Before beginning the reaction development, initial 

spectroscopic and computational studies were carried out in order to understand these 

late-late heterobimetallic systems.  

Our initial hypothesis was that the bimetallic systems would carry out multi-electron 

redox steps like oxidative addition via the activity of the transition-metals. However, 

spectroscopic studies revealed that the participation of the metals was minimal and the 

non-innocent CO ligands were playing the major role in redox chemistry (chapter two).126  

The computational analysis carried out next, reiterated the importance of the CO 

ligands by revealing their structural templating role in stabilizing the two metal fragments 

via bridging, after the metal-metal bond was broken (chapter three).87,232 While retaining 

the CO ligands, a series of heterobimetallic complexes were synthesized by Mankad 

group and computational studies revealed that some structural trends can be deduced in 

the series as a function of nucleophilicity of the anionic metal fragment (chapter three). 

87,232   

Further analysis of these trends demonstrated how computations can be utilized 

for catalytic screening (chapter four).239 In the pursuit of ideal candidates for H2 activation, 

calculating the reaction energies yielded the most plausible metal-metal combinations 

reducing the experimental effort drastically. Optimizations that followed resulted in the 

development of an E-selective semi-hydrogenation reaction of alkynes (chapter four)239 

which was studied extensively unveiling interesting insight into its mechanism (chapter 

five).272 
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In conclusion, the initial goals set forward in this dissertation have been 

accomplished as catalytic hydrogenation of C-C multiple bonds has been demonstrated. 

The main theme highlighted in chapter one was that switching to cooperative 

strategies7,9,32,33,38,42,44,46,55,62,64,66,77,78,82 from the single-site catalytic paradigm1,2,5,15 would 

lead to cheaper catalysts and/or yield unique selectivity and reactivity modes. The 

emergence of the rare E-selectivity in the semi-hydrogenation, supports and verifies the 

latter point in this claim. This work also sets precedent for future hydrogenation reactions 

to be pursued using this bimetallic strategy in search of unique/rare reactivity modes.  

  

6.2. Current/Future Directions 

 

6.2.1. Trapping Intermediates of Hydrogenation to Develop Bifunctional Reactions 

As demonstrated in chapter four, the heterobimetallic complexes preform catalytic 

semi-hydrogenation of alkynes to yield E-alkenes at low pressures of H2.239 Mechanistic 

investigations that followed (chapter five) has allowed us to determine the catalytic cycle 

at work (Scheme 55).239,272 The intermediates in the cycle includes metal hydrides (Cu, 

Ag, Fe, Ru) and metal alkyl/alkenyl species (Cu-alkyl/alkenyl and Ag-alkyl/alkenyl). Each 

of these intermediates are capable of a multitude of stoichiometric reactions including 

substrate insertions.287–293 Accessing these intermediates through such substrates would 

inherently lead to new reaction pathways to further functionalize the hydrogenated product 

(Scheme 55).  
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6.2.1.1. CO2 Activation 

One of the substrates that has potential to trap a number of these intermediates is 

CO2. Utilizing CO2 as feedstock for organic transformations is highly desirable as CO2 is 

a renewable, readily available and an inexpensive carbon source and a greenhouse gas 

with a major impact on climate change.294–297 

CO2 insertion has been reported into a triphos-Cu-hydride (Scheme 56) by Appel 

and co-workers in 2015 when they demonstrated a catalytic CO2 hydrogenation reaction 

producing formate.298 CO2 has also shown insertion chemistry towards silver-hydride 

species.256  
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Stoichiometric insertion of CO2 has also been reported into a Cu-C bond in a 

(NHC)Cu-alkyl species (Scheme 57) by Sadighi group in 2004.299 CO2 has been inserted 

in to copper-silicon bonds as well.92 

 

 

 

Therefore, CO2 has two possible access points to the catalytic cycle: (NHC)Cu/Ag-

H and/or (NHC)Cu/Ag-alkenyl species. Thus, trapping CO2 and completing the cycle 

through a reductive elimination by the Fe/Ru hydride would allow us to catalytically form 

either a formate, the hydrogenated product of CO2 (Scheme 58a) or an acrylic acid, the 

hydro-caboxylated product of the alkyne (Scheme 58b) or both. To test this hypothesis, 

we conducted our catalytically optimized hydrogenation reaction with the addition of CO2.  
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6.2.1.2. Hydrocarboxylation of Alkynes 

Our preliminary studies reveal the selective formation of the hydrocarboxylated 

product of the alkyne; the acrylic acid, 9 (Scheme 59). Monometallic controls did not yield 

catalytic results indicating that the mechanism is bimetallic. Initial experiments show that 

the rare Z-isomer, is formed selectively. Further optimization, reaction development and 

mechanistic studies are currently underway.  
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Hydrocarboxylation of alkynes using CO2 as a substrate has been reported 

previously. However, none of these systems use molecular H2 as the hydrogen source. 

While all these systems utilize separate reductants which produce waste products, our 

system utilizes H2 as the reductant and leaves behind no byproducts, creating perfect 

atom economy. Also, in all of these previous reports, the E-isomer is selectively formed 

while our system produces the unprecedented Z-isomer catalytically.  

In 2011, Tsuji and co-workers used a (NHC)Cu-X species to achieve catalysis, but 

their hydrogen source was hydro-silane (Scheme 60) and the reductant was the silane.300 
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Ma group also demonstrated hydrocarboxylation using a nickel system the same 

year using HCl as the final H source and ZnEt2 as the reductant (Scheme 61).301  

 

 

 

In 2015, Martin and co-workers also published a nickel catalyst for 

hydrocarboxylation of alkynes using an alcohol as the hydrogen source and Mn(0) as the 

reductant (Scheme 62).302  
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Whilst development of the hydrocarboxylation reaction is currently pursued, the 

initial results demonstrate another instance in which the use of bimetallic cooperative 

catalysts has given rise to a rare selectivity mode. In continuing this theme, other 

substrates isoelectronic to CO2 such as isocyanates and carbodiimides can be pursued 

for reactivity. Thus, we can envision synthetic routes to a variety of selective hydro-

functionalization reactions of alkynes which could be accessible using this bimetallic 

strategy (Scheme 63).  

 

 

 

6.2.2. Hydrogenation of Unsaturated C=E (E = C, O, N) Double Bonds 

On a more general note, the initial development of the H2 activation reaction has 

revealed that a combination of metal-hydrides (Cu, Ag, Fe, Ru), some of which, too 

unstable to be isolated, can be accessed with this bimetallic strategy. 

Even though the initial calculations reveal that switching to other metal combinations 

might be energetically unfavorable for H2 activation (Chapter 4, Table 16), changing the 
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ligands bound to the metals could potentially change the energetics of the reaction 

providing a new set of metal-hydrides not accessed here.292  

Therefore, while this initial work only shows catalytic activity towards alkyne 

hydrogenations, in varying the metal & ligand combinations, bimetallic catalysts which can 

hydrogenate C=E double bonds through other metal hydride combinations could 

potentially be developed, possibly opening the door to even asymmetric hydrogenations. 

 

6.3. Concluding Remarks 

In considering the lessons learned and evaluating the bigger picture, the work 

presented in this dissertation is a fine demonstration of how understanding fundamentals, 

such as structural and functional features of organometallic complexes, can aid in the 

development of catalytic applications. On a more specific note, the work presented here 

can be considered as an inception point into hydrogenations via cooperative late-late 

heterobimetallic catalysis which can lead to, and inspire many future developments. 
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Appendix 

Supplementary Data  

 

Figure A1:  IR Spectrum of [K(18-crown-6)2][Fp]  
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Figure A2:  Deconvoluted Cu K-edge spectrum for (IPr)CuFp 

 

Figure A3:  Deconvoluted Cu K-edge spectrum for (IMes)CuFp 
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Figure A4:  Deconvoluted Cu K-edge spectrum for (IPr)CuMp 

 

 

Table A1: Deconvolution parameters used for XAS spectra analysis using Athena software 

 

Complex Fit 
range 

Arctangent Lorentzian 

Height Center Width Height E0 σ y 

(IPr)CuFp (-12)-12 1.30 8990.0 4.0 3.00 8983.48 3.0 0.5 
(IMes)CuFp (-12)-12 1.30 8990.0 7.0 2.15 8983.46 3.0 0.5 
(IPr)CuMp (-12)-12 1.17 8989.3 2.6 1.17 8983.50 2.4 0.5 
(IMes)CuCl (-12)-12 1.20 8990.0 3.5 3.70 8983.86 3.4 0.5 
(IPr)CuI (-12)-12 1.20 8990.0 3.5 4.00 8983.84 3.0 0.5 
(IPr)CuCl (-12)-12 1.10 8990.0 3.6 3.50 8983.62 3.3 0.5 
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Figure A5:  Sample stacked plot for the kinetic run for the hydrogenation of diphenylacetylene 

by (IMes)AgRp: Y2 = Disappearance of monitored peak for diphenylacetylene and 

Y3 = Appearance of the monitored peak for E-stilbene. 
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Figure A6:  Sample concentration vs time plot for the kinetic run for the hydrogenation of 

Diphenylacetylene by (IMes)AgRp: Time per one experiment = 30 s.  
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Figure 2: Reproduced with permission from Jayarathne, U.; Mazzacano, T. J.; Bagherzadeh, S.; 

Mankad, N. P. Organometallics 2013, 32, 3986. © 2013 American Chemical Society. 
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