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Abstract  

 Modern civilization depends on catalytic processes for essential products – from fertilizers 

that sustain global food production, to pharmaceuticals, to industrial materials. The critical 

advantage of catalysis lies in its resource and energy efficiency, and the study of catalytic processes 

connects fundamental science with practical advances. There are myriad approaches to catalyst 

design: heterogeneous inorganic materials, homogeneous metal-ligand complexes, and metal-free 

organocatalysts have all proven successful in different cases. Of course, nature also provides 

elegant examples of catalytic engines with impressive rates of reactivity and exquisite selectivity. 

Equally impressive is that these enzymes mainly utilize first-row transition metals which are earth-

abundant and largely non-toxic. The organization of the active site secondary sphere in these 

enzymatic active sites serves a host of functions including enforcing substrate coordination 

through hydrogen bonding and controlling the flow of protons and electrons in a reaction. Bio-

inspired approaches in ligand design allow chemists to borrow these successful strategies from 

nature without having to extract or synthesize bio-catalysts.  

 Metal-ligand cooperativity, or the active participation of both the metal and ligand in 

chemical transformations, is one powerful strategy from biology that can be mimicked in synthetic 

chemistry. For example, redox-active ligands allow for multi-electron reactions using metals that 

typically engage in single-electron processes. What’s more, proton-shuttling moieties on the ligand 

scaffold can enable fine-tuned control over the transfer of proton, H-atom, or hydride equivalents 

in addition to providing hydrogen bonding interactions to position a substrate or stabilize an 

intermediate. Combining multiple metal-ligand cooperative strategies in a single ligand has been 

shown to be an effective approach in widely utilized reactions such as the hydrogenation of 

unsaturated groups. Within this field, a 2,5-dihydrazonopyrrole (DHP) scaffold has been 



 
 

demonstrated to store and transfer a full equivalent of H2 from the ligand backbone. This thesis 

focuses on DHP complexes of Ni and Cu and the development of catalytic redox methods utilizing 

the cooperative properties of these complexes. 

 In Chapter I, I discuss the synthesis of a DHP complex with Cu and its reactivity with O2. 

This Cu-O2 complex engages in a range of aerobic catalytic oxidations with substrates including 

alcohols and aldehydes. While several examples of bio-inspired Cu(II) superoxo model complexes 

have been reported, they are not typically competent aerobic catalysts, which positions this system 

uniquely to provide mechanistic insight into the role of these intermediates in catalytic aerobic 

oxidative transformations. 

 In Chapter II, I introduce an electrochemical method for the selective semi-hydrogenation 

of terminal alkynes using a DHP complex of Ni. Mechanistic studies show that the transformation 

is inner-sphere, with Z-selectivity for selected cases of internal alkyne semi-hydrogenation. 

Calculations support a ligand-based hydrogen-atom transfer pathway rather than a hydride 

mechanism, which is commonly invoked for transition metal hydrogenation catalysts. The efficient 

flow of H-atom equivalents toward substrate reduction over hydrogen evolution provides a 

blueprint for applying similar strategies toward a range of electroreductive transformations.  

 In Chapter III, I build off of the electrosynthetic platform discussed in the previous chapter 

to develop a method for the selective hydroalkylation of terminal alkynes to generate a variety of 

1,1-disubstituted olefins. This approach avoids the use of harsh reductants and employs a weak 

acid, making it tolerant of amine and ketone functional groups. Mechanistic studies demonstrate 

the essential role of the ligand steric environment in dictating product regioselectivity. Calculations 

support an outer sphere alkyl radical addition instead of a Ni-mediated inner-sphere insertion 

mechanism which is commonly invoked for transition metal hydroalkylation catalysts.  The scope 



 
 

of the reaction includes primary and secondary alkyl iodide electrophiles along with unactivated 

alkyne substrates. These findings underscore how metal-ligand cooperativity, particularly with 

ligand-based storage of protons and electrons, supports catalytic platforms which can be tuned for 

varied electrosynthetic applications beyond hydrogenation. 

Please note, all chapters have an independent compound and figure numbering system. 

Supplementary data and information are provided in the corresponding appendix for each chapter. 
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Introduction 

Utilizing Metal-Ligand Cooperativity for Catalyst Design 

Catalytic transformations frequently involve multiple electron transfer processes. While 

second- and third-row transition metals naturally facilitate two-electron transfer mechanisms, 

making them effective catalysts for numerous industrial applications, their scarcity, high cost, and 

toxicity present significant drawbacks (Figure 1A and B). 1,2  

 
Figure 1. A. Log-linear relationships between metal prices, abundance, and B. extraction 
energy.1 C. Examples of metal-ligand cooperativity in bond activation steps. Graphs A and B 
adapted with permission from John Wiley & Sons, Copyright 2025. 



 
2 

 

To develop more sustainable catalytic systems, it is advantageous to turn toward more 

abundant and economical first-row transition metals such as Mn, Fe, Co, Ni, Cu, and Zn. However, 

these non-precious metals routinely engage in single-electron transfer reactions, which introduces 

challenges in controlling reactivity and selectivity. Metal-ligand cooperation offers a promising 

approach to address these limitations (Figure 1C). 

In conventional catalytic systems, bond formation and cleavage primarily occur at the 

metal center while the coordinating ligand remains ancillary. The ligand's role is typically limited 

to providing coordination, modifying the metal's electronic properties through electron-donating 

or withdrawing effects, or exerting steric influence through bulky functional groups. However, 

significantly enhanced catalytic efficiency can be achieved when the metal-bound organic scaffold 

actively participates in the elementary steps of catalytic reactions.3 

Over recent decades, various ligands have been developed with distinct properties to enable 

metal-ligand cooperative catalysis. These include ligands capable of forming hydrogen bonds with 

substrates to achieve supramolecular control,4-8 proton-responsive ligands that undergo property 

changes upon protonation/deprotonation,9-14 ligands featuring molecular recognition centers for 

selective functional group interactions,15-19 photo-active ligands that respond to light irradiation,20-

23 and redox-active ligands that accept and donate electrons during catalysis.24-29 Many of these 

properties feature frequently in metalloenzymes found in nature and aid in enabling exquisite 

selectivity and activity in enzymatic processes.30,31   

Among varied cooperative ligands, redox-active ligands offer particular advantages due to 

their capacity to undergo multiple redox processes (Figure 2). By functioning as "electron 

reservoirs," these ligands can store and release electrons as required during catalytic cycles, 

allowing base metals to effectively catalyze reactions that would otherwise require second- or 
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third-row transition metals. Electron transfer can occur at either the metal center or the ligand with 

varying degrees of electron delocalization depending on the electronic structure of the scaffold. 

While the formal oxidation state on the separate metal and ligand fragments may be ambiguous 

due to extensive electron delocalization and metal ion characteristics, these systems have attracted 

interest due to their applicability in catalysis as well as their similarities to metalloenzyme 

mechanisms.32  

Combining multiple features of metal-ligand cooperative design has many compelling 

benefits (Figure 2). For instance, the reversible storage of protons and electrons can assist in the 

mediation of proton-coupled-electron-transfer (PCET) instead of solely proton-transfer (PT) or 

electron-transfer (ET) Systems designed with both electron storage capabilities and proton-

accepting sites can facilitate these complex transfers. Recent advances include ligands capable of 

 
Figure 2. Individual strategies for metal-ligand cooperative scaffolds and how they can combine 
to produce multi-functional ligands. 
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storing complete hydrogen atom equivalents or even molecular hydrogen (H2), either across 

extended conjugated frameworks or localized double bonds. The design criteria for effective 

cooperative ligands are demanding, as they must incorporate sites for electron and proton storage 

while maintaining traditional ligand functions like stabilizing a metal center. Despite these 

challenges, the field continues to develop sophisticated ligand frameworks with diverse structural 

motifs that can support multiple proton and electron transfers. 

 

H-Atom and H2 Storing Ligand Scaffolds for PCET Reactivity 

Adapted from: Czaikowski, M.E.*; Anferov, S.W.*; Anderson, J.S. Trends in Chemistry, 2021, 3 (12), 993. 

Most of the ligands that engage in PCET reactivity rely upon conjugated systems that have 

previously been shown to exhibit redox-active behavior.24-29 The main design principle to enable 

PCET reactivity is the inclusion of a basic moiety where a proton can be stored. Such sites also 

have the added advantage of providing hydrogen bonding motifs which can interact with a 

substrate or stabilize the ligand through non-covalent interactions (Figure 2).  

One successful application of this strategy comes from the Heyduk group, where O-N-O 

pincer ligands perform PT, PTET, and PTETET reactivity depending on the substrate utilized 

(Figure 3A, i).33 Prototypical redox-active pyridinediimine scaffolds also feature prominently in 

this area. Gilbertson and coworkers also invoke PTETET with an iron pyridinediimine complex 

featuring an appended base that serves as a proton shuttle in enhancing rates of catalytic nitrite 

reduction (Figure 3A, ii).34 The Berben group has used aluminum complexes for stoichiometric 

ligand-promoted activation of water and amines which was later was expanded to include catalytic 

oxidative couplings of benzylic amines (Figure 3A, iii).35  
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The storage and transfer of a full equivalent or more of H2 on the ligand scaffold enables 

more diverse reactivity. Furthermore, this strategy also mimics systems in enzyme active sites. 

While successful implementations of this strategy are still limited, two general approaches have 

emerged: storing H2 across an extended conjugated framework (Figure 3B) or across a localized 

 
Figure 3. Selected examples of ligands capable of storing A. H-atoms, B. H2 across an extended 
conjugated system, and C. H2 across a double bond. H-atoms being transferred between ligand 
and substrate and bolded. 
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double bond (Figure 3C). Both of these tactics have different benefits. Extended π-systems have 

the advantage of accessible redox chemistry, as well as more flexible arrangement of the H-

substituents. Conversely, localized double bonds can be more easily appended onto ligand 

scaffolds, and multiple localized double bonds make storing multiple equivalents of H2 more 

facile.  

An early example of ligand-based proton and electron storage comes from a galactose 

oxidase model complex with a salen-like diaminobenzene ligand (Figure 3B, i).36 The Agapie 

group also used a bis-phosphine ligand with a strategically positioned hydroquinone moiety to 

transfer H2 in the reduction of dioxygen to water (Figure 3B, ii).37 Ligand-based H2 transfer is 

enforced by the coordination of the quinoid moiety to the metal center which inhibits oxygen 

binding. Goldsmith and coworkers have also incorporated hydroquinone- based motifs into ligands 

for novel applications in H2O2 dismutation or sensing in MRI contrast agents (Figure 3B, iii).38 

Goswami and coworkers utilized a related hydrazine-based pincer ligand, but in this 

case H2 storage occurs at localized N=N bonds. In this example, two successive alcohol 

dehydrogenations lead to storage of 4(H+, e−) on the ligand with a redox-inactive Zn metal center 

(Figure 3C, i).39 These hydrogenated complexes can subsequently reduce dioxygen to hydrogen 

peroxide to enable aerobic catalysis. Related N=N motifs have also been employed in the catalytic 

generation of quinazolin-4(3H)-ones from amides and alcohols (Figure 3C, ii).40 DFT calculations 

on this Co(II)-arylazo system from the Paul group support 

that ligand-based redox circumvents more energetically taxing metal-centered multi-electron 

redox steps.  

The Grützmacher group has reported an example where H2 incorporation occurs across a 

supporting ligand C=C double bond. This system incorporates H2 + 2(H+) on the diazadiene ligand 
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moiety (Figure 3C, iii).41 The ligand functions cooperatively with a Ru metal-center to activate 

C– H bonds in alcohols and transfer an H-atom equivalent to the unsaturated C=C groups on the 

ligand backbone. Mechanistic investigations indicate that this process occurs in a successive 

manner, and the catalytic cycle is closed when the fully reduced metal-ligand complex releases H2 

under basic conditions. Reversible hydrogenation of a C=C bond has also been observed in a PNP-

type ligand scaffold reported by Schneider and coworkers. Here, the authors noted that H2 storage 

and release can also serve to tune metal-centered reactivity (Figure 3C, iv).42 The hydrogenated 

ligand backbone exhibits stronger π-donation and alters primary coordination sphere interactions.  

While leveraging ligand-based storage of protons and electrons is still a nascent area, the 

above examples demonstrate that this strategy enables the transfer of multiple proton and electron 

equivalents in stoichiometric and catalytic systems. The future of this field lies in moving beyond 

proof-of-concept by tuning and controlling these intricate systems. As the next section will discuss, 

it is also beneficial to merge metal-ligand cooperative complexes with enabling technologies to 

develop modern catalytic platforms.  

 

Metal-Ligand Cooperativity in Reductive Chemical Electrosynthesis 

Adapted from: Czaikowski, M.E.*; Anferov, S.W.*; Anderson, J.S. Chem Catalysis, 2024, 4 (1), 100922. 

Electrochemistry has been an increasingly useful tool for organic synthesis as it can 

selectively generate reactive intermediates under mild conditions using an applied potential. 

Concurrently, synergistic activity of a metal and ligand has been used in thermal catalysis and 

electrocatalytic renewable fuel generation for substrate selectivity and improved catalyst activity. 

Combining these synthetic strategies is an attractive approach for mild, selective, and sustainable 

electrosynthesis.  
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One of the appealing design principles of electrosynthetic approaches is the modularity and 

tunability of the overall reaction set up. Features such as electrochemical potential and current can 

be tuned separately from experimental factors such as electrode material, solvent, or even 

concentrations of other chemical reagents. Even more complex variables can be modulated when 

considering designed solid-state electrodes43-45 and/or the electrochemical interface between the 

electrode and solution.46 The inherent synthetic tunability of molecular catalysts, as amply 

illustrated in thermal catalysis and electrocatalytic renewable fuel generation, also provides a 

powerful approach to tune electrosynthetic transformations. Use of these strategies in 

electrosynthetic transformations, both reductive and oxidative, is still nascent, despite the ubiquity 

of metal-ligand cooperativity in the previously mentioned applications. 47-51,52-63 This motivates 

further application of synergistic design principles in electrosynthetic transformations across many 

scales.  

Selected examples illustrating the utility of metal-ligand cooperativity in reductive organic 

electrosynthesis are summarized in Figure 4 and 5. These complexes have been applied for C–C 

bond formation, difunctionalization, ketone reduction, and olefin hydrogenation/dehydrogenation 

processes. Key advantages that emerge from these electrochemical set-ups include mild reaction 

conditions that can tolerate otherwise sensitive functional groups as well as tuneability afforded 

by separately controlling acid species and applied potential. This allows modulation of both the 

thermodynamics and the kinetics of a given reaction. For the examples discussed below, many 

perform electrolysis at constant potential. The ability to choose a specific potential for these 

reactions provides a precise control over driving force to a degree that is not feasible with chemical 

reductants. Alternatively, some examples also employ constant current electrolysis, favored by 

many for synthetic applications due to operational simplicity. Stoichiometric acid is also needed 
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for hydrogenative transformations, but there is no requirement for stoichiometric reducing agents 

or hydride donors as in comparable thermal systems. Besides an electrolyte, many systems have 

minimal additives and operate at room temperature.  

There are several approaches to metal-ligand cooperativity in electroreductive processes 

which mirror analogous thermal systems. Pendant or backbone amine groups can serve as 

proton/H-atom shuttles likely because they can be weakly basic and have relatively weak BDEs 

when coupled with a redox-active moiety. Furthermore, extensive p-conjugation using bipyridine 

and terpyridine ligands, among other scaffolds, stabilizes ligand-based radicals for metal-ligand 

cooperative redox transformations of a substrate.  

As many electro-reductive transformations with added proton sources must compete with 

hydrogen evolution reactivity, achieving good Faradaic efficiencies for the targeted organic 

transformations requires minimization of this parasitic reaction. Several strategies using ligand 

design, choice of metal, acid pKa, solvent, electrode material, and applied potential can be 

effective.64,65  

 

Applications of H-Storing Ligands in Reductive Electrosynthesis 

Transformations such as ketone reduction to alcohols and alkene hydrogenation have been 

demonstrated to proceed electrochemically using catalysts that can store an H-atom (H+ + e).66,67,68  

Installing pendant amine arms in the secondary coordination sphere of an o-substituted bipyridine 

ligand facilitates proton transfer from the ligand to a Mn center upon one-electron reduction to 

yield a Mn–H complex (Figure 4, i).66 Here, it is likely that the well-precedented redox non-

innocence of the bipyridine scaffold plays an important role. Electrochemical evidence for this 
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ligand-assisted proton transfer comes in the form of an irreversible pre-wave before the catalytic 

reductive feature in the CV. This feature is proposed to correspond to the formation of a Mn-H 

intermediate from a reduced, arm-protonated Mn complex.  The Mn–H species cannot form in the 

presence of H2 alone, which highlights the unique thermodynamic advantage of having separate 

H+ + e– sources in an electrochemical set-up. The authors were able to favor ketone hydrogenation 

over H2 evolution by using a weaker acid (TFE) and achieved an FE of 80% for iso-propanol 

formation from acetone. 

Ligand design can also be employed to minimize undesired HER. In the case of a 

cobaltocenium-dimethylaniline complex, the phenyl ring spacer decouples the redox and proton 

transfer sites on the mediator, inhibiting HER while still enabling reactivity with a substrate 

(Figure 4, ii).67 No substrate binding is observed experimentally or computationally to the Co 

center. However, DFT calculations predict that ligand templating with the electron-withdrawing 

groups on the olefin substrate is critical for selectivity. The ester substituents are predicted to p-

stack with the cyclopentadienyl ligand to stabilize the anionic intermediate and prevent 

dimerization. The ease of H-atom transfer from the mediator to a substrate is also enabled by the 

weak bond dissociation free energy (BDFE) of 39 kcal/mol for the N–H bond. 

 
Figure 4. Reductive electrocatalytic transformations using catalysts with ligand-based H-storage. 
Intermediate structures from the proposed catalytic cycles are depicted to highlight the properties 
of each ligand. 
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In addition to multiple thermal examples of metal-ligand cooperativity using unsaturated 

PNP pincer ligands, this ligand scaffold also enables electrocatalysis.  A rhenium PNP complex 

was shown to both activate N2 and facilitate a reductive N transfer (Figure 4, iii).68 A benzoyl 

chloride substrate was converted to benzamide, and equal yields of benzonitrile and benzoic acid. 

Combining an applied potential along with 2,6-dichlorophenol enables ligand reduction to turn 

over the catalytic cycle. This example highlights how the adoption of electrochemistry in a multi-

step cycle or synthesis can provide a selective and efficient means to achieve a reductive 

transformation.  

 

Applications of Electron Storing and Transferring Ligands in Reductive Electrosynthesis 

While H-storing ligands are appealing for reductive transformations, redox-active ligands 

also enable reductive transformations where protons are not required or are transferred in outer-

sphere processes. In an example of ligand-redox electrocatalysis, o-diiminoquinones have been 

utilized to generate 4-coordinate Co complexes, and under reducing potentials these complexes 

form a dianionic intermediate capable of activating benzyl bromide to form bibenzyl (Figure 4, 

i).69  

Upon screening conditions for the redox-neutral ring-opening functionalization of 

cyclopropyl ketones, the Weix group discovered that applying a reducing potential improved 

yields compared to standard conditions (Figure 4, ii).70 The role of the reducing equivalents in this 

system is to rescue off-cycle oxidized catalysts formed by comproportionation and regenerate the 

active reduced form of the catalyst. The catalyst itself, a Ni terpyridine complex, possesses a redox-

active ligand radical which operates in tandem with the Ni(I/II) couple. 
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Electro-reduction of a substrate using a redox-active ligand can enable reactivity 

differences compared to metal-centered redox catalysis. Detailed studies on a square pyramidal Ni 

complex bearing either a redox-active terpyridine moiety or a redox-innocent penta-pyridyl ligand 

revealed altered reactivity with an alkyl iodide substrate depending on the chosen ligand scaffold 

(Figure 4, iii).71 The cyclized monomeric product was favored for outer-sphere electron transfer 

in the case of the redox-active ligand complex, and the coupled dimer product was generated in 

the case of inner-sphere electron transfer with the solely Ni-based redox catalyst. The ability of 

the ligand-based radical species to engage in outer-sphere electron transfer followed by trapping 

of the radical substrate by the Ni center is thought to lead to the observed selectivity for cyclized 

 

Figure 5. Reductive electrocatalytic transformations using catalysts with redox-active ligands. 
Intermediate structures from the proposed catalytic cycles are depicted to highlight the properties 
of each ligand. 
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over dimerized products. These examples illustrate the breadth of approaches utilizing metal-

ligand cooperativity in electrocatalysis, and particularly how the ability to tune both acid source 

and applied potential proves advantageous for reductive transformations.  

The modularity of both ligand design as well as electrocatalysis allows for a broad array of 

tuning, including synthetic changes to the ligand and the use of different reagents (i.e. acids/bases) 

or electrocatalytic conditions (electrode, electrolyte, current, potential). This modularity, as well 

as exciting initial proofs-of-concept in applying metal-ligand cooperativity, suggest that 

leveraging this strategy in electrosynthesis will be a powerful and general approach over the 

coming years. 

 

Dihydrazonopyrrole Ligands: Development and Reactivity 

Previous work in the Anderson group synthesizing proton-storing and redox active ligands 

has focused on a dihydrazonopyrrole (DHP) scaffold. The ligand has three possible redox states, 

which, when combined with a redox active metal center, result in rich electronic properties for the 

resultant complexes (Figure 6). The DHP ligand also has two sites of protonation at the b-

hydrazone position of the ligand arms. Altogether, the ligand backbone can store a full equivalent 

of H2, which in turn can be transferred to a substrate without invoking an oxidation state change 

 
Figure 6. Dihydrazonopyrrole (DHP) scaffold with generic R-group substituents and metal center. 
Reversible redox activity and proton storage is depicted. 
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at the metal center. The b-hydrazone R-substituent can be modified in a relatively facile manner 

via the condensation reaction of a chosen hydrazine with a 2,5-ditolylacylpyrrole precursor. 

Since developing the synthetic protocol for these DHP ligands, several studies have 

established the bifunctional properties of these complexes when ligated to first-row transition 

metals. Using the phenyl derivative of this ligand (R = phenyl, PhDHP), the three redox states of 

the ligand could be characterized in addition to the deprotonated and singly protonated states.72 

Furthermore, the T-shaped geometry adopted by the ligand could also be characterized 

crystallographically, and different capping ligands including phosphines, pyridine, and acetonitrile 

were employed to stabilize the Ni complex. Subsequently, a synthetic method to remove the 

capping ligand and reveal the three-coordinate T-shaped complex was developed.73 This expanded 

the reactivity of the (PhDHP)Ni complex due to enhanced substrate binding at the fourth 

coordination site of the Ni center. In the ligand radical state, the (PhDHP)Ni complex homolytically 

activates H2O to form a dimer with a bridging hydroxide.73 This non-symmetric dimer contained 

one oxidized ligand and one reduced and protonated ligand. Reacting the dimer with 

triphenylphosphine resulted in O-atom transfer to form triphenylphosphine-oxide as well as 

competitive C–H activation and oxidation of the ligand arm. Due to the formation of a kinetically 

persistent dimeric product consisting of two mono-protonated (PhDHP)Ni complexes, catalytic 

turnover and further oxidative reactivity was deactivated.  

 A key synthetic development which has expanded the reactivity of DHP-metal complexes 

was replacement of the phenyl R-groups with tert-butyl groups (tBuDHP). A T-shaped (tBuDHP)Ni 

complex with a ligand-based radical could be synthesized from metalation directly without the 

need for additional stabilizing ligands.74 Furthermore, the bulkier tert-butyl groups prevent the 

formation of dimers, which was a pitfall for reactivity with the phenyl derivative. The (tBuDHP)Ni 



 
15 

 

complex activates O2 via ligand-based electron transfer to generate a Ni(II) superoxo complex.74 

This superoxo complex performs stoichiometric oxidations of benzyl alcohol and toluene to 

generate benzaldehyde. An Fe complex of tBuDHP also engages in O2 activation and subsequent 

reactivity.75 Notably, an H-atom from the ligand can transfer to a proposed Fe-superoxo species to 

generate an Fe-hydroperoxo, which can participate in O-atom transfer reactivity with 

triphenylphosphine. The yield of triphenylphosphine oxide was stoichiometric with respect to Fe, 

indicating that only one O-atom from the hydroperoxo moiety was transferred to a substrate. 

Additionally, hydrogen peroxide was detected in solution, presumably from transfer of the ligand’s 

second H-atom donor site to the Fe-hydroperoxo intermediate to generate free hydrogen peroxide 

and the dehydrogenated ligand complex. Hydrogen peroxide was also the major product formed 

from electrocatalytic and stoichiometric water oxidation utilizing a (tBuDHP)Co[Cl] complex.76 

Unlike the Fe system, computational evidence suggests that the ligand does not store H-atom 

equivalents over the course of the reaction, but the electron-storing properties of the tBuDHP ligand 

are still invoked in the proposed mechanism. Testing Cu-ligated tBuDHP complexes for oxidative 

reactivity was a logical next step due to the prominence of Cu in aerobic oxidative catalysis in both 

biology and synthetic chemistry. The synthesis of a (tBuDHP)Cu complex and its reactivity with 

O2 will be discussed in Chapter 1 along with the first example of oxidative catalysis with a DHP-

ligated complex.  

The storage and catalytic transfer of H2 on DHP ligand scaffolds was demonstrated initially 

with the oxidized (tBuDHP)Ni[OTf] complex.77 The mechanism of hydrogenation catalysis, 

including substrate coordination by the Ni center and H-atom transfer from the ligand-stored 

reducing equivalents, is reminiscent of enzymatic active sites where H2 transfer can be mediated 

by the secondary coordination sphere. By metalating with Co instead of Ni, dramatically improved 
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catalytic efficiency could be achieved for thermal hydrogenations using H2 as a stoichiometric 

reductant.78 Building from this demonstrated hydrogenation reactivity, we wondered if a DHP 

ligated metal complex could engage in similar hydrogen storage and transfer under 

electrochemical conditions. Electrosynthesis offers benefits in terms of sustainability and 

efficiency, but it can also enable enhanced chemoselectivity and tunable reactivity. Specific to the 

(tBuDHP)Ni system, the reduction of the ligand by H2 was sluggish, which presented an opportunity 

to improve the catalytic performance of this complex by shifting to an electrochemical platform. 

Instead of chemical reductants, the addition of protons and electrons are controlled separately 

through the addition of acid and an applied electric potential, respectively. The development of 

this electrocatalytic system for alkyne semi-hydrogenation and its adaptation for hydroalkylation 

reactivity will be discussed in Chapters 2 and 3. This strategy provides a blueprint for harnessing 

metal-ligand cooperativity in reductive chemistry and using electrochemical platforms as a tool 

for enabling selective and efficient catalysis.    
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Chapter 1: Generation and Aerobic Oxidative Catalysis of a Cu(II) Superoxo 

Complex Supported by a Redox-Active Ligand 

This chapter has been adapted from the following: Czaikowski, M.E.; McNeece, A.J.; Boyn, J.N.; Jesse, K.A.; 

Anferov, S.W.; Filatov, A.S.; Mazziotti, D.A.; Anderson, J.S. J. Am. Chem. Soc. 2022, 144, 34, 15569-15580. 

Introduction 

Dioxygen is an abundant, inexpensive, atom-economical, and environmentally benign 

oxidant compared to widely used stoichiometric reagents such as chromium and manganese 

oxides, peracids, and hypervalent iodine species.1-11 Nevertheless, implementing O2 in a catalytic 

regime requires mechanistic control over its kinetically unfavorable activation and overoxidation 

of substrates. Copper-based systems, particularly those coupled with redox-active additives such 

as aminoxyl radicals, have emerged as effective catalysts for aerobic oxidations (Figure 1A).12-26 

Enabled by copper’s accessible redox chemistry, facile ligand exchange, and broad functional 

group compatibility, synthetic C–H functionalization methods have been developed to access two-

electron processes, especially when combined with co-catalysts.27-31 

 
Figure 1. Overview of representative A. Cu(I) + aminoxyl catalysts for aerobic oxidations and 
B. general model compound structures inspired by Cu monooxygenase and oxidase active sites. 
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The efficacy of Cu in aerobic oxidation chemistry is in large part motivated by its 

prevalence in biological oxidations.32 This prevalence has spurred efforts to synthesize compounds 

that model the active sites of Cu-containing monooxygenase and oxidase (Figure 1B). Efforts over 

many years have successfully isolated examples of several oxygenated Cu intermediates such as 

mononuclear Cu-superoxo species.20,22-24,33-42 While synthetic Cu(II)-superoxo complexes have 

been characterized,35-37,40,41 well-characterized end-on examples in a monooxygenase-like N3 T-

shaped ligand geometry are comparatively rare.24,38,43 These bioinspired Cu systems have also been 

applied to alcohol oxidation and hydroxylation reactivity, but in these cases thorough observation 

or characterization of discrete intermediates, such as Cu-superoxo complexes, is often not possible; 

detailed characterization on unifying intermediates such as Cu-superoxo complexes is lacking 

generally for catalytic systems.17,18,24,44 Thus, while enzyme model complexes enable the isolation 

of putative catalytic intermediates, these model systems are typically not competent catalysts. In 

support of this scarcity, there has been only one example of a catalytic transformation mediated by 

a well-characterized Cu-superoxo complex, and this example is a redox-neutral aldol coupling.43 

Conversely, thoroughly characterized superoxo intermediates in aerobic catalysis have been 

observed in Mn, Fe, and Co-based systems which makes the rarity of similarly observable species 

in the ubiquitous aerobic catalysis of Cu even more notable.45-48  

Previous investigations of biomimetic reactivity with dihydrazonopyrrole (DHP) ligand 

scaffolds explored H+, e−, H-atom, or H2 transfer similar to biological cofactors or active sites. 

This strategy has enabled the generation of superoxo and hydroperoxo intermediates with Ni and 

Fe respectively,49,50 but no aerobic catalysis was observed in these systems. We rationalized that 

the noted aerobic chemistry of Cu might enable oxidative catalysis, and that the established redox-

activity of the DHP ligand might facilitate the observation and characterization of catalytic 
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intermediates such as superoxo complexes. Described below is the success of this strategy with 

thorough characterization of a Cu-superoxo intermediate which notably engages in aerobic 

catalysis at room temperature with a variety of substrates. These results further underscore how 

biomimetic approaches can facilitate aerobic catalysis and provide insights into the possible 

agency of oxygenated Cu intermediates such as superoxo and hydroperoxo species as active 

oxidants.  

 

Results and Discussion 

Synthesis and Electronic Structure of 1 and 2 

Deprotonation of the dihydrazonopyrrole proligand tBu,TolDHP•2 HCl with 4 eq of n-BuLi 

and 0.5 eq 1-hexene followed by addition to CuCl2 yields [tBu,TolDHP2−•]Cu (1) as a deep blue 

complex in 37% yield (Figure 2).50 Single crystal X-ray diffraction (SXRD) reveals a T-shaped 

 

Figure 2. Synthesis of 1, 2, and 3. 
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complex with Cu–N1/N5 bond lengths of 1.895(3) and 1.890(3) Å and N3–Cu–N5/N1 bond angles 

of 93.83(1)º and 93.66(1)º (Figure 3A). Complex 1 is diamagnetic (Appendix I: Figure S1), but 

ligand-based redox events previously characterized for [tBu,TolDHP2−•]Ni raise the possibility of an 

antiferromagnetically coupled (DHP2−•)Cu(II) electronic description for 1 rather than a d10 

(DHP−)Cu(I) complex.47,50,51 The cyclic voltammogram (CV) of 1 shows three reversible redox 

features: an oxidation at −0.05 and reductions at −1.45, and −2.03 V vs Fc/Fc+ (Figure 3B, black). 

Based on the observed features for [tBu,TolDHP2−•]Ni (Figure 3B, gray) and a putative 

Cu(II)/DHP2−• electronic structure for 1 (see below), these three features can be tentatively 

assigned as the (DHP−)Cu(II)/(DHP2−•)Cu(II), (DHP2−•)Cu(II)/(DHP3−)(Cu(II), and 

(DHP3−)Cu(II)/(DHP3−)Cu(I) couples respectively. The oxidative feature is shifted 250 mV more 

positive compared to [tBu,TolDHP2−•]Ni, which demonstrates that the Cu system is more oxidizing.   

 

Figure 3. A. SXRD of 1. Ellipsoids are set to 50% probability and hydrogen atoms have been 
omitted for clarity. Selected bond lengths and angles: Cu1–N1 1.895(3) Å, Cu1–N3 1.952(3) Å, 
Cu1–N5 1.890(3) Å, N1–N2 1.289(3) Å, N5–N4 1.293(4) Å, C9–C10 1.347(5) Å, N1–Cu1–N3 
93.66(1)º, N5–Cu1–N3 93.83(1)º. B. Cyclic voltammogram of 1 (black line) and [tBu,TolDHP•]Ni 
(gray line) in THF (1 mM [Cu] or [Ni], 0.1 M NBu4PF6, scan rate 100 mV s–1). The small shoulder 
at –0.3 V for 1 arises from a small impurity in the electrolyte (Appendix I: Figure S29). 
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Based on this electrochemical data, we chemically oxidized 1 with 1.1 equiv of AgOTf, 

resulting in an immediate color change from blue to green and formation of [tBu,TolDHP−]CuOTf 

(2) (Figure 2). The SXRD structure for 2 shows a Cu–OTf bond length of 2.076(2) Å and a 

distorted tetrahedral geometry with t4 and t4' values of 0.49 and 0.50, respectively (Appendix I: 

Figure S43). Complex 2 has broad 1H NMR resonances typical of a paramagnetic Cu(II) center. 

Evans method analysis provides a µeff of 1.72 µB which is consistent with an S = ½ spin state (spin 

only value: 1.73 µB) (Appendix I: Figure S3). The X-band EPR spectrum of 2 in 1:1 

toluene:methylene chloride is consistent with this assignment, with a near-axial signal at g = 2.063, 

2.064, and 2.083 (Appendix I: Figure S19). The 19F NMR signal for 2 is broadened and shifted 

compared to free triflate consistent with some solution state anion binding (Appendix I: Figure 

S4). Changes to the DHP bond lengths upon oxidation of 1 to 2 support that ligand-based oxidation 

may be occurring. Notably, the shortening of the N1-N2/N5-N4 hydrazone arms and C9-C10 

pyrrole backbone bond lengths matches a simplistic resonance description of the expected bond 

contractions upon oxidation of the radical dianion ligand to the monoanion (Appendix I: Table 

S19). Nevertheless, we wanted to obtain additional support for this formal (DHP2−•)Cu(II) 

electronic structure assignment. 

We acquired Cu K-edge X-ray absorption spectroscopy (XAS) spectra of 1 and 2 to further 

probe the geometry and proposed electronic structures using 2 as a bona-fide Cu(II) reference 

complex (Figure 4A). Complex 1 has an intense rising-edge feature at 8982.5 eV which we assign 

as a shakedown 1s ® 4p transition with a simultaneous ligand-to-metal charge transfer excitation 

by analogy to the same feature observed in the isostructural complex [tBu,TolDHP2−•]Ni.50 Similar 

rising edge shakedown features are observed for Cu(II) complexes which supports our assignment 
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of a (DHP2−•)Cu(II) electronic structure, however we note that rising edge features are also 

observed for Cu(I) complexes which convolutes this assignment.52-55  

The energy of the 1s ® 4p transition for 1 is lower than that for square planar Cu(II) 

complexes, which may reflect that the open coordination site trans to the pyrrole for this T-shaped 

complex stabilizes the 4px orbital and shifts the transition to lower energy.56-60 Related rising edge 

features have also been associated with some T-shaped Cu(I) complexes, where the electric dipole-

allowed 1s ® 4p transition corresponds to a sharp rising edge peak, although such peaks are 

typically of a larger normalized intensity than what is observed for 1.61,62 In addition to the rising-

edge feature, there is a notable absence of a pre-edge feature which might be expected for a Cu(II) 

center. However, we note that the intensity of the rising edge feature might obscure any pre-edge 

peak. Further insight into the electronic structure of 1 can be obtained by comparing its K-edge 

position to that of 2. Visual inspection of the edge energies at half-maximum for 1 and 2 reveal 

nearly superimposable edges suggesting very similar Cu(II) oxidation states.47,50 Inspection of the 

 
Figure 4. A. Cu K-edge X-ray absorption data for 1 (black) and 2 (green) with the smoothed first 
derivative of normalized absorbance (inset). Dashed line indicates the energy at half-maximum 
normalized absorbance. B. Frontier natural orbitals and their natural occupation numbers (λ) for 
1 along with fractional atomic orbital contributions to the natural orbitals for Cu (Cufrac). Data 
obtained via [14,14] V2RDM CASSCF calculations with the 6-31G* basis set.  
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first derivative of the edge (Figure 4A inset) reveals a slight shift to lower energy for 2 (~1 eV), 

but edge-shifts between Cu(I) and Cu(II) complexes are typically larger, on the order of 2 eV.63,64  

Finally, we note that the intense shakedown peak in 1 is significantly attenuated and shifted to 

higher energy in 2, changes which are consistent with a higher coordination number in 2 versus 

1.64 In short, the XANES spectra of 1 and 2 are slightly more suggestive of a (DHP2−•)Cu(II) 

electronic structure in 1, but convolutions prevent a definitive assignment. 

 To gain more insight on the electronic structure of 1, particularly regarding the oxidation 

state at Cu, we undertook computational investigations. Geometries of the singlet and triplet states 

of the LCu complex were optimized using Density Functional Theory (DFT) at the B3LYP/6-

31G* level of theory, revealing a singlet ground state with an adiabatic triplet-singlet gap of ∆H(T 

− S) = 3.94 kcal/mol (Appendix I: Figures S40 and S41). To resolve the effects of multi-reference 

correlation in a possible (DHP2−•)Cu(II) open shell singlet, further calculations were then carried 

out using the variational two-electron reduced-density-matrix (V2RDM) complete active space 

self-consistent field (CASSCF) method. Utilizing the singlet ground state DFT geometry in 

combination with an active space of 14 electrons distributed in 14 spatial orbitals, [14,14], and a 

6-31G* basis set, the V2RDM calculations also predict a strongly correlated singlet ground state 

and a vertical triplet-singlet gap of 1.51 kcal/mol.   

The singlet ground state displays significant biradical character with frontier natural 

occupation numbers (NON) of 1.28 and 0.73 for the highest occupied natural orbital (HONO) and 

the lowest unoccupied natural orbital (LUNO), respectively. A molecular orbital diagram of the 

frontier natural orbitals shows the unpaired electron density to be delocalized across both the Cu 

center as well as the π system of the ligand (Figure 4B). To further analyze the delocalization of 

the unpaired electron density, the fraction of Cu atomic orbital contributions to the frontier NOs 
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was calculated, revealing the HONO and LUNO to be localized to 47% and 41% on the Cu center, 

respectively (Appendix I: Table S18). Thus, while the bonding in 1 appears to be highly covalent, 

with contributions from both Cu(I) and Cu(II) limiting resonance structures, the sum of the 

experimental and theoretical studies suggest that a Cu(II) oxidation state is most appropriate. 

 

Reactivity with O2 

With the assignment of a DHP ligand radical for 1, we then wanted to determine if this 

ligand-stored electron could activate O2 in analogy with proposals for galactose oxidase (GO) and 

previously observed reactivity with DHP complexes of Ni.49,50 Addition of an excess of dry O2 to 

complex 1 elicits a color change from blue to green and a broadened 1H NMR spectrum indicative 

of the formation of a paramagnetic product (Figure 2, Appendix I: Figure S5). This product has 

been assigned as an end-on κ1 Cu-superoxo complex [tBu,TolDHP−]CuO2 (3) based on various 

spectroscopic methods. The conversion of 1 to 3 was monitored by UV-visible spectroscopy 

revealing an isosbestic transition (Figure 5A). The intense absorbance of 1 at 618 nm, assigned as 

a p ® p* transition on the DHP ligand, diminishes as new features centered at 420 and 670 nm 

arise. The growth of a feature at 420 nm is consistent with an O ® Cu charge transfer absorption 

frequently observed for Cu-superoxo complexes.39 The extinction coefficient of the shoulder at 

420 nm (13,600 M–1cm–1) is higher than would be expected for an end-on superoxo complex 

(4,000-5,000 M–1cm–1), but we note overlapping higher energy absorbances which likely increase 

the overall absorbance in this region.65 The isosbestic transformation occurs at room temperature 

as well as at −80 °C with no other noticeable intermediates. The rate of the disappearance of the 
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major absorbance of 1 in the presence of excess O2 can be well-fit to a pseudo first-order decay 

(Appendix I: Figure S23).  

Raman vibrational spectra were collected on thin films of 3 to confirm the presence of a 

Cu-superoxo moiety (Figure 5B). Laser excitation at 633 nm gave a band at 1067 cm–1 that shifts 

upon 18O2 labeling to 1006 cm–1, consistent with the simple harmonic oscillator predicted shift for 

 

Figure 5. A. UV-visible spectroscopy of 0.015 mM 1 in DCM at 25 ºC upon addition of 2 mL of 
O2 where 1 is black and 3 is red. Formation of 3 with scans every 2 minutes starting 4 minutes after 
O2 addition. Extinction coefficient is based on initial concentration of 1, assuming complete 
conversion to 3. B. Variable isotope Raman spectra of the reaction of 1 with O2 at room temperature 
to form 3. The reactions with 16O2 vs. 18O2 are shown in the superoxo stretching region. C. Cu K-
edge X-ray absorption data for 1 (black) and 3 (red) with an expanded pre-edge region (inset). D. 
R-space EXAFS fitting for 3, with k-space shown in the inset (data, black; fits, red) 
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an O–O stretch of 60 cm–1 and also in good agreement with previous reports of end-on superoxo 

complexes.38-40 In contrast, bridging and mononuclear peroxo complexes typically have stretches 

in the 750-950 cm–1 region.66 We have not identified isotopically sensitive peaks in the Cu–O 

stretching region, however these low energy features are not as easily interpretable, putatively due 

to coupling to other vibrational modes as suggested by frequency calculations. This data supports 

the presence of a superoxo ligand in 3, but we wanted to acquire further data to determine whether 

the superoxo binding mode was end-on or side-on.  

We therefore acquired XAS data on 3 both to understand the electron transfer to form the 

superoxo as well as to obtain structural characterization on this complex. The XANES region of 3 

shows clear changes compared to 1 including a low intensity pre-edge feature at 8975.5 eV 

assigned as a 1s ® 3d transition (Figure 5C). The intensity of the pre-edge feature depends on the 

degree of p–d mixing, with DFT calculations predicting the p-orbital contribution to the highest 

lying d-orbital to be 1.1% (Appendix I: Table S8). The K-edge energies at half maximum intensity 

for 1 and 3 are nearly superimposable, consistent with a ligand to O2 electron transfer event as 

would be expected from the (DHP2−•)Cu(II) electronic structure of 1.47,50 The extended X-ray 

absorption fine structure (EXAFS) region was also fit for the first three shells surrounding Cu with 

a k-space window from 2 to 12.5 Å–1 (Figure 5D). The fit confirms the assignment of an end-on 

Cu-superoxo complex, with a primary coordination shell (R = 1.94(2) Å) consisting of 4 N/O 

scatterers (Appendix I: Table S3). The terminal Cu···O scattering path was also fit in the second 

shell with a distance of R = 2.89(2) Å. This length is in remarkably good agreement with the DFT 

computed structure of 3 (see below, Appendix I: Table S4). We note that the inclusion of the 

superoxo ligand is essential to achieve good fits; removing either the β Cu···O scatterer or the 

superoxo entirely resulted in worse s2 values and larger errors (Appendix I: Table S5).  
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DFT computations also support the assignment of 3 as an end-on Cu-superoxo complex. 

The optimized open-shell triplet electronic configuration of 3 is predicted to be 4.6 kcal/mol more 

stable than the optimized open-shell singlet. Evan’s method measurements support the assignment 

of a triplet ground state with μeff = 3.1 μB (spin only: 2.83 µB), although some degradation of the 

sample convolutes interpretation of this data (Apendix I: Figure S6). The predicted triplet ground 

state for 3 is unsurprising as there is precedent for triplet states in Cu-superoxo complexes that 

arise from O–O p* character mixing with the Cu dz2 orbital.67 The optimized geometry of 3 has a 

Cu–O–O angle of 113° and a distance between Cu and the distal O-atom of 2.84 Å which again 

matches very well with the parameters obtained from EXAFS fitting (Appendix I: Figure S34).  

 

Oxidative Catalysis and Mechanism 

After rigorously characterizing 3 as an open-shell triplet Cu-superoxo complex, we 

monitored its oxidative reactivity with diphenylhydrazine (DPH) by UV-visible spectroscopy 

(Appendix I: Figure S24). After monitoring the conversion from 1 to 3 under O2, the cuvette was 

purged with N2 before injecting 10 equiv of DPH. Within 20 seconds the main superoxo 

absorbance at 670 nm was quenched, and the characteristic absorbance of 1 at 618 nm along with 

features from 300 to 450 nm corresponding to azobenzene were observed.  This observation 

supports that 3 is a competent oxidizing species and prompted us to determine whether catalytic 

oxidations mediated by 3 might be possible (Figure 6).  
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Addition of 1 atm of O2 to either DPH or 1,4-hydroquinone in the presence of 10 mol % of 

1 results in the formation of azobenzene and paraquinone respectively, both in >90% yield 

(Appendix I: Figures S7 and S10). Catalytic O-atom transfer with triphenylphosphine proceeds 

similarly with nearly 6 turnovers (Appendix I: Figure S8). This catalytic system is also competent 

for substrates with homolytically stronger E–H bonds if strong bases are used. Benzyl alcohol 

conversion to benzaldehyde occurs catalytically if 0.5 equiv of KOtBu are added to the catalytic 

mixture (Appendix I: Figure S9). We hypothesize that deprotonation to generate benzyloxide may 

facilitate alkoxide binding or other subsequent mechanistic steps. We note related deprotonations 

in the mechanisms of both GO and Cu aminoxyl catalysis, so the need for base in our system is 

not unexpected. The muted reactivity of 1 with other stronger C–H bonds such as 

dihydroanthracene suggests a weak O–H BDE for the putative Cu-hydroperoxo product. Indeed, 

DFT calculations predict an O–H BDE of 70 kcal–1mol–1 for this species, supporting this 

hypothesis (Appendix I: Table S7).  

 
Figure 6. Catalytic oxidative reactivity of 3. All reactions were carried out with 10 mol% 1 under 
1 atm O2 for 18 h in DCM, with the exception of benzyl alcohol which was in THF to better 
tolerate tBuOK. Yield determined by 1H NMR spectroscopy (31P NMR for PPh3) and is based on 
integration compared to an internal standard (mesitylene) or the ratio of product/(product + 
starting material) for PPh3. 
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Complex 1 also serves as a competent catalyst for oxidative reactivity beyond H-atom 

abstraction or phosphine oxidation. Catalytic deformylation of 2-phenylpropionaldehyde proceeds 

with 1 equiv of Et3N to afford acetophenone in 91% yield (Appendix I: Figure S11). The proposed 

mechanism for aerobic deformylation involves initial nucleophilic attack by the superoxo moiety, 

likely aided in this system by the donating nature of the tBu,TolDHP ligand’s electron-rich tBu 

groups.68 Previously reported examples of aerobic aldehyde deformylation catalysts employ Fe 

and Co, but this reactivity profile is rare for Cu-superoxo species.45-47  

Inspired by studies of hydrazone oxidation to form diazo compounds by synthetic Cu 

systems,69 we also examined the reaction of 10 mol % 1 and benzophenone hydrazone under O2. 

This reaction yields a 1:2 mixture of benzophenone and coupled azine with no detectable diazo 

product (Appendix I: Figure S14). This product mixture has been reported as the result of 

downstream reactivity of diazo complexes via hydrolysis.70 While the coupled azine may formally 

be the product of self-condensation, we note it is not observed in significant quantities from self-

decay of the starting hydrazone or in the presence of simple Cu salts as possible Lewis acids 

(Appendix I: Table S1). This instead suggests an oxidative process, similar to previously reported 

transformations.70 Control reactions for all tested catalytic transformations support the importance 

of the (DHP)Cu complexes in supporting oxidative catalysis. While some examples exhibit back- 

ground reactivity with simple Cu salts, the (DHP)Cu system shows uniformly higher reactivity 

(Appendix I: Table S1).  

With the catalytic activity of 1 established, we then wanted to understand the mechanism 

of oxidative catalysis more thoroughly. We first investigated whether O2 was being reduced 

directly to water, or if H2O2 was generated as a byproduct of catalysis. A test for H2O2 formation 

was carried out for the reaction with DPH by the addition of the H2O2 selective chemical test agent 
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1,3-diphenylisobenzofuran (DPBF).71 Mass spectrometric analysis of the reaction mixture 

reproducibly showed the formation of the product 9-hydroxyanthracen-10(9H)-one which is 

diagnostic for the presence of H2O2 (Appendix I: Figure S15). Quantification of H2O2 via 

iodometric titration from reactions with hydroquinone show that the yield of H2O2 is small, but 

reproducible (Appendix I: Table S2, Figure S18). The formation of H2O2 is reasonable for a 

reaction mechanism where two H-atom equivalents from DPH or hydroquinone are transferred to 

a superoxo moiety resulting in the azobenzene product and H2O2 as a byproduct. The low observed 

yield of H2O2 is consistent with its ability to also serve as an oxidant for either substrate or in-situ 

formed Cu complexes (Appendix I: Figure S27).  

The thermodynamic barriers of such a pathway along with putative transition states and 

intermediates were then investigated using DFT calculations for 3 (Figure 7). Hydrazine was used 

 

Figure 7. DFT computed geometries and energies of hydrazine dehydrogenation by 3. 
Calculations were carried out with the M06L functional and a def2-TZVP basis set, with a def2-
TZVPP basis set for Cu. Cu is shown in orange, C in gray, N in blue, O in red, and H in white. 
Only H-atoms involved in substrate dehydrogenation are shown. 
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as a substrate for computational efficiency, assuming that the transition state barriers should either 

be similar to or higher than DPH. Calculations comparing the thermodynamic favorability of DPH 

and hydrazine dehydrogenation predict that the former reaction is approximately 9 kcal–1 mol–1 

more downhill in energy, supporting that the use of hydrazine instead of DPH is a conservative 

model (Appendix I: Table S14). The first optimized transition state to form a Cu-hydroperoxo 

intermediate has a barrier of 13.2 kcal–1 mol–1, followed by a nearly barrierless (0.3 kcal–1 mol–1) 

second H-atom abstraction. Inspection of the Mulliken charges along the reaction coordinate 

suggest that each transition state is best described as an H-atom (H+ + e–) transfer rather than a 

heterolytic proton and hydride transfer (Appendix I: Table S15). The calculated transition state 

barriers are reasonable for a room temperature reaction and show that the Cu-superoxo species is 

a feasible active oxidant in the dehydrogenation of DPH. These calculations support the hypothesis 

that 3 is an active oxidant in catalysis. Indeed, we observe substantially enhanced rates of decay 

of independently generated 3 under N2 in the presence of substrates (Appendix I: Figure S26).  

The muted aerobic catalysis of 1 with alcohol and hydrocarbon substrates prompts 

questions about the identity of the active oxidant more broadly in aerobic Cu catalysis (Figure 8). 

In many Cu/aminoxyl catalytic cycles, the oxidizing species for C–H activation is proposed to be 

a free or complexed aminoxyl radical.72,73 In these cases, the primary role of O2 is proposed to be 

re-oxidation of the metal center and regeneration of aminoxyl species from hydroxylamines. 

Parallel trends can be drawn in biological systems. For instance, proposed GO enzymatic cycles 

involve a H-atom transfer to a coordinating modified tyrosyl radical residue along with electron 

transfer to the Cu center as the active alcohol oxidizing steps, with O2 serving to regenerate the 

oxidized active site.74 Conversely, studies of lytic polysaccharide monooxygenase (LPMO) active 

sites implicate a more direct substrate oxidizing role for O2 derived species such as Cu-oxyl or Cu-
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hydroxo species.75,76 While several Cu-superoxo complexes have been shown to initiate the 

oxidation of moderately strong C–H and O–H bonds (BDE’s of ~70-83 kcal–1mol–1), most model 

systems have not been able to mimic the reactivity of monooxygenase enzymes which commonly 

activate C–H bonds with strengths of up to 87 kcal– 1mol–1.77-80  

We observe no hydroxylation reactivity with aliphatic C–H substrates in the present 

system. This observation supports the proposed mechanistic paradigms of synthetic Cu systems 

and GO where oxygenated Cu species are primarily invoked as intermediates en-route to the active 

oxidizing species as opposed to directly oxidizing substrates. In this way, the importance of metal-

ligand cooperativity in these systems is further underscored in that the supporting ligand (or co-

catalyst in the case of aminoxyl systems) must be suitably oxidizing to directly react with 

 

Figure 8. Mechanistic comparison of synthetic and biological Cu aerobic oxidative catalysts. The 
colored arrows and structures refer to mechanistic steps and intermediates for the [tBu, TolDHP]Cu 
(gray), GO (red), and Cu/aminoxyl (blue) catalytic systems, with overlayed multi-color arrows 
and boxes notating steps or intermediates that are shared by the indicated systems. Note that the 
two rightmost steps for GO are intramolecular proton transfers mediated by an active site 
phenol/phenolate which is not shown. 



 
37 

 

substrates in order to be regenerated by, or otherwise react with, O2. Indeed, while we observe that 

DPH is readily converted to azobenzene by the oxidized (DHP−) complex 2, this complex shows 

no reactivity with other substrates such as alcohols or hydrocarbons under N2 (Appendix I: Table 

S1). Conversely, the oxidative deformylation and phosphine oxidation reactivity must stem from 

an oxygenated Cu compound, i.e. 3. Thus, our studies suggest that while Cu-superoxo complexes 

are important catalytic species in aerobic oxidative reactivity, for instance in reactions with net O-

atom transfer or in the activation of weak E–H bonds, in more demanding dehydrogenation cycles 

they may be more commonly involved in regenerating the active species as opposed to directly 

oxidizing substrates themselves.  

 

Conclusion 

This chapter has described the synthesis and characterization of a mononuclear Cu complex 

with a T-shaped geometry. Detailed spectroscopic and computational investigations support a 

ligand-radical Cu(II) electronic structure for this complex. Addition of O2 at room temperature 

results in the formation of a superoxo complex which has been thoroughly characterized by several 

spectroscopic methods. This complex is a catalyst at room temperature for the aerobic oxidation 

of hydrazine, alcohol, phosphine, aldehyde, and hydrazone substrates.  

This work represents an unusual example of a thoroughly characterized Cu-superoxo 

complex which also mediates aerobic oxidation. The predicted weak BDE of a putative Cu-

hydroperoxo intermediate and the observed sluggish reactivity of this system towards alcohols and 

hydrocarbons suggests that superoxo intermediates may commonly feature in the regeneration of 

active substrate oxidants in aerobic catalysis as opposed to featuring as active oxidants themselves. 
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This proposal underscores the importance of metal-ligand cooperativity in aerobic catalysis in the 

design of synthetic systems. 

 

Experimental 

General Considerations. All reagents were purchased from commercial suppliers and used 

without further purification unless otherwise specified. All manipulations were carried out under 

an atmosphere of N2 using standard Schlenk and glovebox techniques. Glassware was dried at 180 

°C for a minimum of 2 h and cooled under vacuum prior to use. Solvents were dried on a solvent 

purification system from Pure Process Technology, passed over a column of activated alumina, 

and stored over 4 Å molecular sieves under N2. Tetrahydrofuran was stirred over NaK alloy and 

run through an additional activated alumina column prior to use to ensure dryness. C6D6, CD2Cl2, 

and d8-THF were stored over 4 Å molecular sieves under N2. Solvents were tested for H2O and O2 

using a standard solution of sodium-benzophenone ketyl radical anion. O2 was  passed through 

packed Drierite (calcium sulfate, anhydrous) drying agent before addition to the reaction vessel.  

1H, 31P{1H}, and 19F{1H} NMR spectra were recorded on a Bruker DRX 400 or 500 MHz 

spectrometer. Chemical shifts are reported in ppm units referenced to residual solvent resonances 

for 1H spectra, UV-visible spectra were recorded on a Thermo Evolution 300 spectrometer, and 

the addition of gases were performed by injecting via syringe into a cuvette sealed with a septum. 

UV-visible spectra at low temperature were done using a Unisoku cryostat. Raman spectra were 

recorded using a Horiba LabRAM HR Evolution system. EPR spectra were recorded on an Elexsys 

E500 spectrometer with an Oxford ESR 900 X-band cryostat and a Bruker Cold-Edge Stinger and 

were simulated using the Easyspin suite in Matlab software.81 GC/MS was collected on an Agilent 
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SQ GCMS with 5977A single quad MS and 7890B GC. Elemental analysis was performed by 

Midwest Microlabs. Electrochemical measurements were performed using a BAS Epsilon 

potentiostat and analyzed using BAS Epsilon software version 1.40.67NT. Cyclic voltammetry 

measurements were made using a glassy carbon working electrode, platinum wire counter 

electrode, and silver wire pseudoreference electrode and were referenced to internal Fc/Fc+.  

 

X-ray Structure Determination. The diffraction data were measured at 100 K on a Bruker D8 

VENTURE with PHOTON 100 CMOS detector system equipped with a Mo-target microfocus X-

ray tube (l = 0.71073 Å). Data reduction and integration were performed with the Bruker APEX3 

software package (Bruker AXS, version 2015.5-2, 2015). Data were scaled and corrected for 

absorption effects using the multiscan procedure implemented in SADABS (Bruker AXS, version 

2014/5, 2015, part of the Bruker APEX3 software package and APEX4 software package). The 

structure was solved by the dual method implemented in SHELXT and refined by a full-matrix 

least-squares procedure using the OLEX2 software package (XL refinement program version 

2014/7). Suitable crystals were mounted on a cryo-loop and transferred into the cold nitrogen 

stream of the Bruker D8 Venture diffractometer. Most of the hydrogen atoms were generated by 

geometrical considerations and constrained to idealized geometries and allowed to ride on their 

carrier atoms with an isotropic displacement parameter related to the equivalent displacement 

parameter of their carrier atoms. Compound 1 was modeled for three-component disorder of one 

of the p-Tol rings. For compound 2, a solvent mask as implemented in OLEX2 was used as the 

exact solvent composition could not be identified. A mixture of solvents was used for 

crystallization and the presence of multiple solvents was identified by NMR.  
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X-ray Absorption Measurements. Frozen solution samples were prepared by making a 0.02 M 

solution of 1 in THF of the starting material for 1 and 2, and for 3 the solution was removed from 

the glovebox and reacted with O2 by syringing the gas into the sample and bubbling through. For 

sample solutions of 1, 2, and 3, the solution was transferred with a syringe to a Teflon window 

lined with Kapton tape. The solution was frozen using liquid nitrogen, then stored in liquid 

nitrogen until collection. Data were acquired at the Advanced Photon Source at Argonne National 

Laboratory with a bending magnet source with ring energy at 7.00 GeV. Cu K-edge  data were 

acquired at the MRCAT 10-BM beam line. The incident, transmitted, and reference X-ray 

intensities were monitored using gas ionization chambers. A metallic Cu foil standard was used as 

a reference for energy calibration and was measured simultaneously with experimental samples. 

X-ray absorption spectra were collected at room temperature. The first inflection point of the foil 

spectrum was assigned to 8978.9 eV. Normalization and background subtraction of the data were 

performed using Athena from the Demeter software suite. The EXAFS curve-fitting analysis 

program OPT in EXAFSPAK (George, G.N. Stanford Synchrotron Radiation Laboratory: 

Stanford, CA, 2000) was used to fit the EXAFS data. The theoretical paths were generated using 

FEFF (version 7.0). The starting structural model for 3 was obtained from the DFT optimized 

structure. During the fitting process, the bond distance (R) and the mean-square thermal and static 

deviation in R (s2), were allowed to vary. The threshold energy (E0), was allowed to vary but was 

constrained as a common value for all components in a given fit. The amplitude reduction factor 

(S02) was fixed at 0.9 and the coordination numbers (N) were systematically varied to achieve the 

best fit.  
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Synthesis of [tBu,TolDHP•]Cu (1). To a stirring THF (10 mL) solution of tBu,TolDHP 2HCl (100 mg, 

0.19 mmol) was added 2.5 M nBuLi in hexanes (0.31 mL, 4 eq), which turned the solution from 

yellow to red. The red mixture was stirred for 5 min and before adding 1-hexene (12 µL, 0.5 eq) 

and the resulting mixture was added to a stirring slurry of CuCl2 in THF (27 mg, 0.19 mmol, 1 eq), 

turning deep blue. 1-hexene is thought to serve as an H-atom acceptor and improves the yield of 

the metalation moderately. After stirring for 2 h, the solution was filtered and all volatiles were 

removed under vacuum, resulting in a dark blue residue. The residue was taken up in benzene, 

passed through a silica plug, and then evaporated under vacuum to give 1 as a blue powder. Yield: 

47 mg, 0.09 mmol, 37%. Single crystals suitable for X-ray diffraction were obtained by 

crystallization from concentrated petroleum ether at −35 °C. 1H NMR (400 MHz, C6D6, 25 °C): 

d 7.87 (d, 4H), 7.67 (s, 2H), 7.19 (d, 4H), 2.24 (s, 6H), 1.69 (s, 18H). 13C{1H} NMR (125 MHz, 

C6D6, 25 °C) d 142.02, 138.75, 137.02, 135.59, 134.03, 131.38, 129.39, 69.62, 30.81, 21.22. UV-

visible spectrum (DCM solution): 440 nm (ε0 12,400 M−1cm−1), 616 nm (ε0 38,700 M−1cm−1).IR 

(nujol mull, cm–1): 2720 (m), 2672 (m), 1510 (s, C=N), 1297 (s), 1254 (m), 1171 (s), 1091 (m), 

1016 (m), 823 (s), 785 (m), 720 (s). Anal. Calc. C, 66.7; H, 6.8; N, 13.9; Found: C, 66.9; H, 7.1; 

N, 13.0. HRA-MS (m/z) [M]+ C28H34CuN5: 503.211 Found: 503.211. Bulk purity also determined 

to be 99.5% by 1H NMR referenced to a mesitylene internal standard (Figure S12).  

 

Synthesis of [tBu,TolDHP]CuOTf (2). To a stirring solution of 1 in THF (0.020 g, 0.04 mmol, 5 

mL) was added a THF (2 mL) solution of AgOTf (0.01 g, 2 mL, 1 equiv), resulting in color change 

from blue to deep green. The reaction was stirred for 30 min, then filtered and evaporated under 

vacuum. Single crystals suitable for X-Ray diffraction were obtained from a concentrated 
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petroleum ether solution at −35 °C. 1H NMR (400 MHz, C6D6, 25 °C): 7.54, 5.93, 3.86, 2.04, 1.34. 

19F{1H} NMR (125 MHz, C6D6, 25 °C) d −74.08. Evans method (C6D6, 25 °C, µB) µeff = 1.72. 

UV-visible spectrum (DCM solution): 448 nm (ε0 11,200 M−1cm−1), 638 nm (ε0 11,300 M−1cm−1), 

704 nm (shoulder). IR (nujol mull, cm–1): 2720 (m), 2667 (m), 1306 (m), 1267 (m), 1167 (s), 1101 

(m), 1006 (s), 960 (m), 887 (m), 843 (m). Anal. Calc. C, 53.3; H, 5.3; N, 10.7; Found: C, 53.2; H, 

5.0; N, 10.5. HRA-MS (m/z) [M]+ C29H34CuF3N5O3S: 652.163 Found: 652.173.  

 

Synthesis of [tBu,TolDHP]CuO2 (3). A solution of 1 in DCM (or THF) was removed from the 

glovebox, and an excess of dry O2 was bubbled through the solution using a 500 µL gas syringe, 

resulting in a color change from blue to green. The completeness of the reaction was tracked by 

taking aliquots for UV-visible spectroscopy. UV-visible spectrum (DCM solution): 420 nm (ε0 

16,900 M−1cm−1) 670 nm (ε0 13,600 M−1cm−1).  

 

Raman Sample Preparation of 3. A concentrated solution of 1 in DCM was removed from the 

glovebox in a sealed vial with a septum. O2 was syringed into the vial (3 mL) and the reaction was 

allowed to stir as the solution turned green, indicating formation of 3. The reaction progress could 

be tracked by diluting aliquots and taking a UV-vis spectrum. When the conversion to 3 was 

complete, the concentrated solution was drop-cast onto a glass microscope slide under a positive 

flow of N2 that rapidly evaporated the solvent. The sample was then covered with a microscope 

cover glass, and an adhesive spacer sealed the sample between the microscope slide and cover 

glass to prevent contact with air during data collection. The Raman spectrum was collected with 
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633 nm laser on 1% power, 30 s acquisition times, 12 acquisitions, and 50X LWD microscope 

objective.  

 

Oxidative Reactivity. In a nitrogen glovebox, to a solution of 1 in CD2Cl2 (1 mg, 0.002 mmol) 

was added diphenylhydrazine (4 mg, 0.02 mmol, 10 equiv) and mesitylene (2.8 µL). This was 

added to a 50 mL Schlenk tube with a stir bar and removed from the box. After one freeze pump 

thaw cycle, the tube was charged with 1 atm of dry O2 and stirred overnight. The solution was then 

transferred to an NMR tube for product characterization. For benzyl alcohol, tBuOK (1 mg, 0.01 

mmol, 5 equiv) was added along with the substrate. For 2-phenylpropionaldehyde, Et3N (2.8 µL, 

0.02 mmol, 10 equiv) was added with the substrate. 1H NMR yields were determined by integration 

against the internal mesitylene standard. 31P{1H} NMR yields for the oxidation of PPh3 were 

determined from the ratio of product/(product + starting material) integrations. Yields for 

benzophenone hydrazone oxidation were determined by gas chromatography (versus a mesitylene 

internal standard) due to overlapping NMR signals for the different product species and the starting 

material. 

  

Reactivity with Diphenylisobenzofuran (DPBF). In a 100 mL Schlenk tube, 1 (1 mg, 0.002 

mmol), diphenylhydrazine (DPH) (4 mg, 0.02 mmol), and DPBF (5 mg, 0.02 mmol) were 

dissolved in DCM (0.5 mL). After 1 freeze pump thaw cycle, the tube was charged with 1 atm O2 

and allowed to react for 1 h (this completion time with DPH previously determined by 1H NMR). 

The product mixture was then diluted with DCM to 1.5 mL, filtered, and analyzed by GC-MS. 
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Computational Methodology. For V2RDM CASSCF, geometry optimizations were carried out 

with DFT, utilizing the B3LYP functional82 in combination with the 6-31G∗ basis set,83 as 

implemented in Gaussian 16 Rev. A.03.84 Multireference correlation was resolved with variational 

2-electron reduced density matrix (V2RDM) complete active space self-consistent field 

(CASSCF)85,86 calculations as implemented in the Maple Quantum Chemistry Package.87,88 

V2RDM calculations utilized an active space of 14 electrons distributed in 14 spatial orbitals, 

[14,14], and a 6-31G∗ basis set. Structures of 3 as well as the intermediates and transition states 

for the reaction coordinate with hydrazine were optimized in ORCA89 using the M06L functional 

and def2-TZVPP basis set on Cu, def2-TZVP basis set on all other atoms. Frequency calculations 

were performed to confirm the structures are at local minima on the potential energy surface. 
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Chapter II: Electrocatalytic Semi-Hydrogenation of Terminal Alkynes using 

Ligand-Based Transfer of Protons and Electrons 

This chapter has been adapted from the following: Czaikowski, M.E.; Anferov, S.W.; Tascher, A.P.; Anderson, J.S. 

J. Am. Chem. Soc. 2024, 146, 1, 476-486. 

Introduction 

The semi-hydrogenation of alkynes is an important transformation in many 

pharmaceutical, agrochemical, and materials applications.1-3 This importance has spurred a great 

deal of research into methodologies for the selective semi-hydrogenation of alkynes, with primary 

goals being the prevention of overreduction to alkanes as well as controlling E/Z selectivity 

(Figure 1). Lindlar’s catalyst is a classic heterogeneous example which mediates the semi-

hydrogenation of internal alkynes with Z-selectivity. There have also been impressive advances 

with homogeneous catalysts for both E- and Z-selective semi-hydrogenations, as well as recent 

advances in using more abundant first-row transition metal catalysts.4-10  

Despite these advances, there are several drawbacks to currently employed semi-

hydrogenation technologies. Most methodologies typically operate under an H2 atmosphere which 

 
Figure 1. Overview of hydrogenation strategies including heterogeneous, homogeneous, and 
electrochemical systems. 
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poses flammability and pressure hazards (Figure 1).  Furthermore, selectivity against 

overreduction to alkanes is typically dependent on steric changes upon conversion from an alkyne 

to an alkene. This manifests in a dearth of catalysts that are selective for the semi-hydrogenation 

of unprotected terminal alkynes without deleterious alkyne dimerization, overreduction, or catalyst 

decomposition.11,12 These challenges motivate the discovery of new alkyne semi-hydrogenation 

processes. 

In thinking of alternative semi-hydrogenation protocols, and particularly in strategies that 

avoid the use of gaseous H2, electrochemical transformations have many innate benefits. 

Electrocatalysis allows for precisely controlled redox transformations without the addition of 

stoichiometric chemical reductants or oxidants.13-16 The direct synthetic use of electricity can also 

provide a sustainable methodology when sourced renewably. These factors, coupled with the 

decreasing cost of renewable electricity, motivates investigations into converting classic thermal 

industrial and fine chemical transformations into electrocatalytic processes.17 These attractive 

features have made electrocatalytic reductive transformations a burgeoning area, but homogeneous 

electrocatalysts are comparatively under-explored for these useful reactions.18-28 

For alkyne semi-hydrogenation in particular, two electrocatalytic Ni and Co bipyridine 

complexes have shown good efficiency with internal alkynes with good to excellent Z 

selectivity.29,30 However, both of these systems suffer from poor tolerance of terminal alkyne 

substrates attributed to the propensity for dimerization and overreduction. Recent mechanistic 

investigations of the Ni bipyridine electrocatalytic system suggest a hydride-free mechanism for 

this transformation, which is in contrast to the prevailing mechanism for most homogeneous semi-

hydrogenation catalysts involving the formation of a metal hydride which engages in alkyne 
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reduction.31 In either mechanistic scenario, the controlled flow of H-atom equivalents is critical to 

turnover and selectivity. 

Utilizing ligand-based storage of H2, or equivalently H+ and e– equivalents, to mediate both 

reductive and oxidative transformations is a powerful strategy in catalysis. This approach relies on 

storage and transfer of H-atom equivalents from the ligand, akin to enzymatic systems, thus 

enabling new ways to achieve challenging and novel transformations.32-42 While several systems 

have demonstrated H-atom storage, examples of the ligand-based storage of a full equivalent of 

H2 are more uncommon.43-57 Previous work in this area has highlighted a dihydrazonopyrrole 

(DHP) ligand scaffold that can store a full equivalent of H2 and engages in catalytic thermal 

hydrogenations of alkenes and quinones.32,58 Given this reactivity, we questioned whether H2 could 

be replaced by acid and an electrode and also whether the metal-ligand cooperative hydrogenation 

reactivity and selectivity of this system would be altered under this electrochemical regime.  

Indeed, detailed below are results supporting that (DHP)Ni complexes are excellent 

electrocatalysts for the selective semi-hydrogenation of alkynes. Specifically, we see good 

selectivity and conversion with a broad scope of alkynes, particularly terminal alkynes, without 

evidence for overreduction or oligomerization. Mechanistic investigations underscore the 

importance of DHP ligand stored reducing equivalents, in parallel to recent observations of hydride 

free mechanisms.31 Finally, this system displays good efficacy and scope for a variety of substrates 

including drug molecules and diynes. These results add to the growing body of literature 

demonstrating the utility of reductive electrocatalysis in providing alternative strategies to classic 

transformations and also demonstrate how metal-ligand cooperative strategies for H2 or H-atom 

storage can enable new catalysis. 
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Results and Discussion 

Electrochemical Characterization 

The previously reported complex (tBu,TolDHP )Ni(II) (1) was initially targeted as a pre-

catalyst.59 The cyclic voltammogram (CV) of 1 in acetonitrile shows two reversible redox events 

at peak potentials (E1/2) of –0.1 and –1.1 V vs Fc0/+. We assign these features to a ligand-based 

oxidation and reduction of the starting complex to form 1+ and 1–, respectively (Figure 2A). 

Additionally, the CV of 1 in THF possesses a quasi-reversible reduction at –2.6 V vs Fc0/+ which 

we assign to a putative Ni(II)/(I) couple (Appendix II: Figure S13). To test the possibility of 

electrochemical hydrogenation with 1, we initially investigated how these CV features were 

affected by added acid. These experiments are particularly important as parasitic H2 evolution is 

likely to be competitive with any desired hydrogenation reactivity. 

The first reduction feature of 1 shifts 300 mV anodically and becomes irreversible upon 

the addition of 10 equivalents of benzoic acid, likely due to protonation of the ligand altering the 

 

Figure 2. A. CV of 1 (1 mM) in MeCN. 0.1 M TBAPF6, 100 mV s–1, scanning reductively. B. CV 
of 1 alone, with 10 eq benzoic acid, and with 10 eq benzoic acid and 10 eq 1-octyne. 1 mM 1, 0.1 
M TBAPF6 in MeCN, 100 mV s–1, scanning reductively. 
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reversibility of this reduction (Figure 2B). Complex 1 also displays an electrocatalytic onset at        

–1.5 V vs Fc0/+ in the presence of benzoic acid. This onset is 500 mV less negative than the onset 

potential of benzoic acid on the carbon electrode surface alone. This catalytic response is due to 

H2 evolution and we note that many Ni catalysts are known to be active electrocatalysts for this 

reaction (Appendix II: Figure S60).60-71  

Despite the potential for H2 evolution side reactivity, we still wanted to test whether the 

net H+ and e− equivalents delivered electrochemically could be harnessed for hydrogenation 

reactivity. Indeed, upon addition of 1-octyne, the catalytic feature at –1.5 V vs Fc0/+ is suppressed 

and adopts a new waveform consistent with a change in reactivity in the presence of an alkyne 

substrate (Figure 2B). This suggests that the catalytically active form of 1 may selectively react 

with an alkyne substrate despite competing hydrogen evolution reactivity (HER). These promising 

initial results from CV prompted us to perform bulk electrolyses to determine the major product 

of alkyne reactivity and whether this catalytic system diverts H-atom equivalents from HER 

efficiently. 

 

Semi-Hydrogenation Reactivity and Scope 

Bulk electrolysis was carried out under constant current in a divided cell. Under standard 

conditions ([Ni] = 1 mM; [alkyne] = 10 mM; [BA] = 100 mM; i = 4 mA, t = 55 min) terminal 

alkyne substrates were successfully semi-hydrogenated and overreduced or oligomerized 

byproducts were not detected by GC/MS analysis. The semi-hydrogenated product of 1-octyne is 

produced in 71% chemical yield and 33% Faradaic efficiency (FE). The conversion of 

phenylacetylene to styrene proceeds in 96% chemical yield with a 45% FE. While the yield and 

FE for aliphatic terminal alkynes are somewhat lower than for phenylacetylenes, the observed 
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conversion and yields here are among the best reported across both aryl and alkyl terminal alkynes 

in any homogeneous catalytic system. Control electrolyses excluding 1 or benzoic acid showed no 

conversion of the 1-octyne starting material. Substituting 1 with a generic Ni salt, 

Ni(MeCN)3OTf2, resulted in a mixture of 1-octene and oligomeric products in 11% and 14% yield, 

respectively (Appendix II: Figure S62). This loss of selectivity and conversion for semi-

hydrogenation with a generic Ni salt is reminiscent of the lower yields and conversion for many 

other catalysts for the reduction of terminal alkyne substrates, indicating an essential role for the 

dihydrazonopyrrole ligand in the high selectivity we observe. As a final control, post-electrolysis 

electrodes are inactive in fresh electrolyte without 1. Together, these tests strongly support that the 

active catalyst species involves a well-defined molecular (tBu,TolDHP)Ni complex.  

 
Figure 3. Substrate scope for alkyne semi-hydrogenation using 1 mM 1, 10 mM substrate, and 100 
mM benzoic acid in MeCN. 0.1 M TBAPF6, constant current electrolysis, t = 55 min. In-situ 
chemical yields given as a percentage with standard deviation in parentheses. F mol−1 calculated 
based on alkene under galvanostatic conditions at 4 mA. 
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Various parameters were tuned to optimize the conditions for bulk electrolysis and 

maximize the yield of semi-hydrogenated products. Modifying the current showed that 4 mA 

produced an optimal yield while maintaining a surprisingly good FE of 40-50% for most substrates 

(Appendix II: Table S1). Using hexafluoroisopropanol as a proton source resulted in poor yields, 

as did switching to THF solvent. Maximum yield and FE were achieved at 55 minutes of constant 

current with plateauing yields with further time (Appendix II: Figure S19). An RVC electrode was 

selected to disfavor HER, and yields improved by 10-20% compared to a graphite rod electrode.72 

Optimized electrolyses were performed in a divided cell. While conversion also proceeds in good 

yield with an undivided cell, Zn0 plating from the sacrificial Zn anode onto the RVC cathode was 

avoided in a divided cell.  

A variety of substrates were then tested with these optimized conditions to determine the 

reaction scope. A broad set of functional groups were tolerated including pyridines, thiophenes, 

aryl chlorides, cyclopropyl, and hydroxyl groups (Figure 3). Good yields of the corresponding 

terminal alkene were also observed for the common drug compound levonorgestrel, which 

possesses a tertiary alcohol group as well as an a,b-unsaturated carbonyl. This result supports the 

ability of 1 to perform late-stage semi-hydrogenations of terminal alkynes in complicated 

molecules.  Furthermore, 3.4 F mol–1 is passed in all cases, consistent with near-50% FE for semi-

hydrogenation over hydrogen evolution for most substrates. The functional group tolerance of 1 is 

improved in comparison to recent Ni electrocatalysts30 and is similar to recent Co systems,29 with 

the notable exception of ester groups which are not well-tolerated in our case. We note that the 

activity of 1 for unprotected terminal alkynes is unusual for homogeneous electrocatalytic systems, 

with only limited activity or selectivity in previous reports.  
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We can also compare the activity of 1 to the limited examples of terminal alkyne thermal 

semi-hydrogenations using H2. Complex 1 has an improved scope and yield over a previously 

reported Mn bis(di-iso-propylphosphino)ethane catalyst,5 and comparable tolerance of chlorides, 

thiophenes, and methyl-substituted phenylacetylenes to an Fe N-methyl PNP pincer catalyst.7 We 

note the observation that improving the bulkiness of the PNP pincer ligand for the aforementioned 

Fe catalyst improved selectivity for the semi-hydrogenated terminal alkene product rather than 

dimerized or overreduced byproducts.7 Likewise, in our system we hypothesize that the bulkiness 

of the tBu groups around the Ni center introduces steric hindrance that selects for terminal alkyne 

substrates over alkenes or bulkier internal alkynes. This is exemplified by the 11% yield of stilbene 

obtained from diphenylacetylene with 1 under the standard electrolysis conditions with the 

remainder of the carbon balance corresponding to unreacted starting material. 

 

Catalytic Mechanism 

The high activity and selectivity of 1 motivated us to investigate its mechanism. An 

important mechanistic question is whether 1 directly reduces alkynes, or whether in-situ generated 

H2 enables thermal hydrogenation catalysis. However, electrolysis of 1 and 1-octyne with an 

atmosphere of H2 results in <5% yield of 1-octene (Appendix II: Table S1). This demonstrates 

that any H2 generated during electrocatalysis contributes only minimally to product formation. 

This finding is consistent with previous studies which showed this system is capable of activating 

H2 for quinone hydrogenation, but not for alkenes.58  

The order in benzoic acid for semi-hydrogenation cannot be concretely determined by 

analyzing the CV due to overlapping HER (Figure 2). However, we note that the initial feature of 

the catalytic wave only appears when substrate is present along with acid, and that increasing 
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benzoic acid concentration does not increase the current of this feature (Appendix II: Figure S17). 

These observations suggest that catalytic turnover is zero order in acid, which is supported by the 

DFT calculated rate-determining step of intramolecular HAT (vide infra). The addition of 1-octyne 

suppresses the HER wave of 1 but increasing the 1-octyne concentration beyond an equimolar 

amount with benzoic acid does not provide any further change in the catalytic wave (Appendix II: 

Figure S15).  

We then analyzed the speciation of 1 with added acid or substrate by CV. The addition of 

1-octyne to 1 without any added acid shows no change in the reversible redox features, suggesting 

that 1 does not bind 1-octyne in its neutral or 1– reduced oxidation state (Appendix II: Figure S14). 

The addition of sub-stoichiometric benzoic acid to 1 without added 1-octyne induces a color 

change from deep purple to maroon and improved solubility in MeCN compared to the starting 

complex. The CV of this mixture shows a gradual diminishment of the reversible redox feature at 

 
Figure 4. A. Synthesis of in-situ (tBu,TolDHP)Ni intermediates B. SXRD structure of 2. Ellipsoids 
are set to 50% probability. Hydrogen atoms have been omitted for clarity. C. IR in THF and NMR 
(inset, in C6D6/d8-THF) spectra of 3 in showing the N–H stretching feature and chemical shift, 
respectively. Imperfect solvent subtraction is removed from the IR spectrum for clarity. D. X-band 
EPR spectrum of 4 in MeCN at 15 K. We note the small paramagnetic impurities at 300 and 345 
mT, see Appendix II, Figure S23 for full spectrum. 
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–1.1 V vs Fc0/+ as two new irreversible features arise at –0.6 and –0.9 V vs Fc0/+ (Appendix II: 

Figure S16). Eventually, the dominant feature is a broad irreversible reduction at –0.9 V vs Fc0/+ 

after >2 equivalents of benzoic acid have been added (Appendix II: Figure S17). We postulate 

that the speciation at low concentrations of acid arises from an equilibrium between mono- and di-

protonated analogues of 1. The single irreversible feature with additional acid possibly corresponds 

to the reduction of a di-protonated ligand-metal complex. However, more detailed assignment of 

differentially protonated congeners of 1 is challenging due to the paramagnetic nature of these 

species.  

While the product(s) of 1 and benzoic acid are paramagnetic and difficult to characterize, 

initial reduction of 1 with 1 eq of CoCp2* provides [(tBu,TolDHP)Ni]–[CoCp2*]+ (2) which is 

diamagnetic (Figure 4B). This enables protonation studies with NMR spectroscopy, and the 

addition of 2 equivalents of benzoic acid to 2 results in a color change from indigo to light yellow. 

We tentatively assign this new product as [(tBu,TolDHPH2)Ni]+[BzO]– (3) where the b-Ns of both 

hydrazone arms have been protonated. Evidence of these protonated ligand arms is provided by 

1H NMR (b-NHs: 5.92 ppm) and IR (N–H: 3250 cm–1) spectroscopies which show diagnostic 

resonances and stretches, respectively (Figure 4C). Furthermore, the 1H NMR of 3 is in agreement 

with the previously reported and characterized complex (tBu,TolDHPH2)NiOTf.58  

Interestingly, no hydrogenated products are observed when 3 is stirred with excess 1-

octyne. This indicates that 3 is not the active hydrogenating intermediate. The catalytic CVs for 1 

support this hypothesis. The onset potential for catalysis begins nearly 0.7 V negative of the first 

irreversible reduction of the Ni complex in the presence of benzoic acid. We hypothesized that an 

additional reduction event corresponding to a formal Ni(II)/Ni(I) couple might be necessary for 

catalysis. Indeed, isolated (tBu,TolDHPH2)NiOTf  has an irreversible reduction feature at –1.6 V vs 
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Fc0/+, which is nearly superimposable with the catalytic onset of 1 in the presence of benzoic acid 

(Appendix II: Figure S21). As this complex has a reduced DHP ligand, this feature is most 

reasonably assigned as a Ni(II)/Ni(I) couple. The irreversibility of this feature is likely induced by 

a chemical change such as proton loss upon reduction. While 3 is not reactive with 1-octyne, the 

addition of Na amalgam as a reductant with 3 leads to the production of 1-octene in 27% yield 

(Appendix II: Figure S6). We attribute this comparatively low yield to some decomposition of 

complex 3 owing to the strongly reducing conditions. Stirring 1-octyne and benzoic acid with 

Na/Hg in the absence of 3 recovers only 1-octyne starting material. To further corroborate the 

presence of a Ni(I) species, compound 3 was stirred with Na/Hg followed by rapid freezing at –78 

°C.  The X-band EPR spectrum is consistent with a Ni(I) species, with a broad rhombic signal and 

features at g = 2.073, 2.123, and 2.270 (Figure 4D). The EPR spectrum is distinct from that of 

complex 1 which is formally Ni(II) with a ligand radical.59 These combined data, and particularly 

the need to add an additional reductant to 3 to react with alkynes, supports that a reduction to a 

Ni(I) species (4) is critical to initiating catalysis. 

With evidence supporting the necessity of the two-electron reduction of 1 in the presence 

of acid before the system is catalytically active, we then investigated the chronoamperometry of 

bulk electrolyses to gain additional mechanistic insights. Specifically, we had noted a distinctive 

initiation period which we thought might correspond to an initial reduction of the Ni species in 

solution (Appendix II: Figure S19). Calculating the moles of electrons passed during this period 

corresponds with a two-electron reduction of the added catalyst (see Appendix II). Use of 

(tBu,TolDHPH2)NiOTf  instead of 1 should in principle reduce this induction period as the catalyst 

is already reduced. Satisfyingly, this substitution indeed shortens the initiation period and reaches 
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a similar potential and overall yield as the standard conditions which supports the hypothesis that 

a Ni(I) species needs to be generated (Appendix II: Figure S20).  

We also wanted to obtain more insight on the net H-atom transfer steps of catalysis and so 

we analyzed the products of the low-yielding internal alkyne substrates diphenylacetylene and 1-

phenyl-1-propyne. We found that both of these substrates gave the Z-isomer of the stilbene and β-

methyl-styrene products, respectively (Appendix II: Figures S49 and S50). While no E products 

were detected for these internal alkyne substrates, deuterium labelling studies with d1-benzoic acid 

and phenylacetylene revealed a 1:0.6 Z:E ratio for terminal alkyne semi-hydrogenation (Figure 

5C). These observations suggest that the semi-hydrogenation proceeds in a cis-selective manner 

with some possible competition or isomerization for terminal alkyne substrates. It is possible that 

the smaller steric profile of terminal alkene products might favor coordination to Ni and 

subsequent isomerization. 

As a last mechanistic test, we also investigated the possible involvement of radical 

intermediates such as free alkenyl radicals. We note that previous thermal hydrogenations with 

DHP complexes of Co do show evidence for radical intermediates.32 To test this possibility we 

employed a radical cyclization probe, allyl-2-ethynylbenzene, which might be expected to undergo 

a cyclization to a five-membered ring from a putative radical intermediate (Figure 5B). While this 

compound is unstable and undergoes some degree of polymerization in MeCN, we detected no 

cyclized products and solely the expected 1,2-divinylbenzene product which should arise from 

hydrogenation (Appendix II: Figure S10). The rate constant for cyclization for similar vinyl 

radical species is on the order of 108 s–1, supporting that semi hydrogenation proceeds through a 

concerted mechanism without long-lived radical intermediates.73  
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We then employed density functional theory (DFT) computations to gain additional 

mechanistic insight and to fill in a complete mechanistic cycle (Figure 5A). Beginning from the 

fully reduced Ni(I) complex 4, coordination to 1-butyne gives calculated bond distances of 1.969 

and 2.008 Å, showing a nearly symmetrically bound alkyne. The first net H-atom transfer (HAT) 

has an estimated upper limit transition state barrier of 28.5 kcal/mol (TS1, see below and Appendix 

II for further discussion, Appendix II: Figure S66, S75) and is overall exergonic by 11.7 kcal/mol. 

 
Figure 5. Mechanistic studies. A. Proposed catalytic cycle with neutral and anionic pathways 
shown. aThis TS1 energy is an upper-limit from the most reasonable TS1 geometry obtained but 
is not fully optimized (See Appendix II, Figures S66, S75). DFT computed energies (kcal/mol) 
were carried out with the M06L functional, def2-TZVPP basis set for Ni, and def2-TZVP for all 
other atoms. Asterisks indicate experimentally characterized intermediates. B. Radical probe 
experiment using allyl-2-ethynylbenzene and C. deuterium incorporation experiment using d1-
benzoic acid with phenylacetylene, and semi-hydrogenation of diphenylacetylene to give 11% 
chemical yield of cis-stilbene with no trans product detected. Standard electrolysis conditions: 
[Ni] = 1 mM; [alkyne] = 10 mM; [BA] = 100 mM; [TBAPF6] = 0.1 M; i = 4 mA, t = 55 min, 
MeCN, RVC/Zn. 
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After this initial step to form I2, we envisioned two plausible pathways by which the cycle could 

proceed. A second HAT could release the alkene product and give 1. This path proceeds via a ~23 

kcal/mol transition state barrier (TS2, Appendix II:  Figure S71) for an overall 19 kcal/mol 

downhill process. If instead the alkenyl adduct is first reduced by one electron to generate I3, the 

subsequent transition state barrier for HAT is 12.2 kcal/mol (TS2–, Appendix II: Figure S69) for 

an overall 23.2 exergonic process. Both pathways regenerate the starting species 4 by subsequent 

reduction and protonation. DFT calculations predict that TS1 represents the rate determining step, 

however, we have had difficulties obtaining a reliable geometry and energy for this TS (see 

experimental and Appendix II: Figure S66, S75). Furthermore, the comparable energy between 

TS1 (28.5 kcal/mol) and TS2 (23.5 kcal/mol) makes drawing concrete conclusions about the rate 

determining step difficult. The low transition state barrier for the second HAT step, along with the 

accessible calculated reduction potential of –1.74 V vs Fc0/+ in MeCN, supports that reduction to 

an anionic alkenyl intermediate I3 is at least a plausible cycle. 

One interesting feature of this proposed cycle is the lack of any metal-hydride 

intermediates. To further test this observation, we computationally explored the feasibility of a Ni 

hydride species via reduction and migration of one proton from the ligand. The formation of a 

(DHP)Ni–H species is calculated to be slightly endergonic, and the resultant coordinatively 

saturated hydride species is not computed to have favorable alkyne binding (Appendix II: Tables 

S16, S17). We also note that we have seen no evidence by either 1H NMR or IR spectroscopy that 

would indicate the presence of a hydride species, but we do observe ligand-based proton storage 

for 3 which is the pre-cursor to the proposed catalytically active complex 4 (Appendix II: Figures 

S3 and S24). These data suggest that ligand-based reactivity is the most viable pathway. This 

hydride-free pathway echoes recent mechanistic proposals from Leitner and co-workers where an 
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ECEC semi-hydrogenation pathway with a nickelacyclopropene adduct resting state was 

invoked.31 This system uses a bipyridine ligand and relied on direct outer sphere protonation to a 

reduced metallacyclopropene intermediate followed by rapid electron transfer. In contrast, both 

experimental and computational evidence supports a more concerted H-atom transfer in the present 

system. The DFT-calculated BDE for the DHP N–H bond of 56 kcal/mol is comparatively small 

and thus energetically accessible for an HAT pathway (Appendix II: Table S14). Inspection of the 

Mulliken charges along the reaction coordinate also suggests that each transition state is best 

described as an H-atom (H+ + e–) transfer rather than a heterolytic proton and hydride transfer 

(Appendix II: Table S15). Thus, while both of these Ni based electrocatalysts rely on hydride free 

mechanisms, the present DHP system leverages ligand-based interactions to specifically shuttle 

H-atom equivalents to the bound alkyne substrate as opposed to more purely outer-sphere steps in 

the bipyridine system. 

 

Conclusion 

Described above is a homogeneous electrocatalytic system for the semi-hydrogenation of 

terminal alkynes and corresponding mechanistic investigations which support a ligand-assisted 

mechanism and Z-selective hydrogenation. The (tBu,TolDHP)Ni complex catalyzes selective semi-

hydrogenation of a variety of alkyne substrates including those with alcohol, thiophene, pyridine, 

cyclopropyl, and chloride functional groups. The selective semi-hydrogenation of terminal alkynes 

without significant oligomerization or overreduction is unusual generally, and particularly so for 

an electrochemical system. 
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 Mechanistic investigations support the importance of HAT from ligand-stored H-atom 

equivalents to Ni coordinated alkyne substrates. In the proposed catalytic pathway, the ligand and 

metal center work in tandem to selectively shuttle protons and electrons in a coordinated manner. 

While most examples of hydrogenation catalysts employ a metal hydride mechanism, this DHP 

system is unique in its involvement of ligand-based H-atom storage, drawing inspiration from 

enzymatic processes. This catalytic design strategy, particularly as employed in reductive 

electrocatalysis here, opens new possibilities for selective and efficient transformations. 

Specifically, the use of electrochemical hydrogenation schemes enables fine tuning of parameters 

including applied current, potential, and acid pKa, offering possibly more delicate control 

compared to chemical redox conditions. The utility of the DHP scaffold in avoiding competitive 

HER offers promise for general application in various reductive processes that more typically rely 

upon H2. 

 

Experimental 

General Considerations. All reagents were purchased from commercial suppliers and used 

without further purification unless otherwise specified. Complex 1 was synthesized following a 

previously reported procedure.59 All manipulations were carried out under an atmosphere of N2 

using standard Schlenk and glovebox techniques. Glassware was dried at 180 °C for a minimum 

of 2 h and cooled under vacuum prior to use. Solvents were dried on a solvent purification system 

from Pure Process Technology, passed over a column of activated alumina, and stored over 4 Å 

molecular sieves under N2. Tetrahydrofuran was stirred over NaK alloy and run through an 

additional activated alumina column prior to use to ensure dryness. C6D6 and CD3CN were stored 
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over 4 Å molecular sieves under N2. Solvents were tested for H2O and O2 using a standard solution 

of sodium-benzophenone ketyl radical anion. Tetrabutylammonium hexafluorophosphate and 

benzoic acid were dried under vacuum at 100°C over 8 hours. 

1H and 13C NMR spectra were recorded on a Bruker DRX 400 MHz spectrometer. 

Chemical shifts are reported in ppm units referenced to residual solvent resonances for 1H spectra. 

Infrared spectra were recorded using a Bruker Tensor II spectrometer with OPUS software suite. 

IR samples were prepared using a solution cell with KBr windows. EPR spectra were recorded on 

an Elexsys E500 spectrometer with an Oxford ESR 900 X-band cryostat and a Bruker Cold-Edge 

Stinger and were simulated using the Easyspin suite in Matlab software.74 GC/MS data was 

collected on an Agilent SQ GCMS with 5977A single quad MS and 7890B GC. Elemental analysis 

was performed by Midwest Microlabs. Electrochemical measurements were performed using a 

BAS Epsilon potentiostat and analyzed using BAS Epsilon software version 1.40.67NT.  

 

Electrochemical experiments. Experiments were performed inside the glovebox with a 

MeCN/0.1 M nBu4NPF6 electrolyte solution at room temperature. Cyclic voltammetry 

measurements were made with a [Ni] = 1 mM using a glassy carbon working electrode, platinum 

wire counter electrode, and silver wire pseudoreference electrode and were referenced to internal 

Fc/Fc+ by adding ferrocene at the end of measurements. A one-compartment glass cell was filled 

with 4 mL of electrolyte solution. The working electrode was polished over a microcloth pad 

(Buehler) using an alumina slurry (0.05mm EMS), followed by rinsing with deionized water and 

isopropyl alcohol. Reference and counter electrodes were rinsed with acetone. CVs were recorded 

at a scan rate of 100 mV/s scanning reductively.  
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Electrolyses were performed in a H-type glass cell with anode and cathode chambers 

separated by a glass frit. An RVC (reticulated vitreous carbon, ERG Duocel, 2 cm x 0.5 cm x 0.5 

cm) electrode, Zn rod (National Bureau of Standards, 3 cm x 0.5 cm x 0.5 cm), and a AgBF4/Ag 

electrode (BASi, 0.05 mm, 10 mM AgBF4 solution in MeCN 0.1 M  nBu4NPF6) were used as 

working, counter, and reference electrodes, respectively. To each chamber of the H-cell was added 

4 mL of electrolyte solution and stir bars. Typically, 2 mg of (DHP)Ni (final concentration 1 mM), 

100 mL of a mesitylene (internal standard) solution in MeCN (final concentration of 10 mM), 100 

mL of a substrate solution in MeCN (final concentration of 10 mM), and benzoic acid (final 

concentration 1 M) were added to the cathodic chamber. Electrolyses were performed under 

galvanostatic conditions and aliquots were taken and diluted in MeCN before analysis by gas 

chromatography (GC). For determining final in-situ yield, the electrolyte solution was passed 

through an alumina pad and 200 mL of CD3CN was added to 200 mL of electrolyte solution and 

analyzed by 1H NMR using a mesitylene internal standard (10 mM, d 6.77 ppm, 3H) and a solvent 

suppression pulse sequence. All electrolyses were performed in triplicate. For substrates with < 

95% yield of the semi-hydrogenated product, GC-MS chromatograms and mass spectra are 

provided to check for the presence of alkene or dimerized products (See SI). Cyclopropylacetylene 

and methyl propiolate were too low-boiling to detect over trace solvents by GC-MS on our 

instrument. Potentials reported for chronopotentiometry electrolysis experiments are referenced to 

Fc/Fc+ by external measurement in an independent cell versus the AgBF4/Ag electrode of 

E1/2(Fc/Fc+) = 0.48 V vs AgBF4/Ag. For electrolysis under an H2 atmosphere, the cathodic chamber 

was prepared in an N2 glovebox, removed from the glovebox, and sparged with H2 for 10 min 

before starting electrolysis, and then constantly during electrolysis. 
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X-ray structure determination. The diffraction data for 2 were measured at 100 K on a Bruker 

D8 fixed-chi with PILATUS1M (CdTe) pixel array detector (synchrotron radiation, λ = 0.41328 

Å (30 keV)) at the Chem-MatCARS 15-ID-B beamline at the Advanced Photon Source (Argonne 

National Laboratory). Data reduction and integration were performed with the Bruker APEX3 

software package (Bruker AXS, version 2017.3-0, 2018). Data were scaled and corrected for 

absorption effects using the multiscan procedure as implemented in SADABS (Bruker AXS, 

version 2014/5).75 The structures were solved by SHELXT (Version 2014/5)76 and refined by a 

full-matrix least-squares procedure using OLEX2 (XL refinement program version 

2018/1).77,78 Structure solutions were performed with the use of standard restraints and constraints 

as implemented in ShelXL. We note the structure of 2 has A level CheckCIF alerts arising from 

the fact that this data set was collected on a synchrotron, resulting in somewhat limited data 

completeness. Additional crystallographic and refinement data can be found in Appendix II. 

 

Synthesis of (tBu,TolDHPl)Ni[CoCp2*] (2). A solution of decamethyl-cobaltocene (CoCp2*, 20 

mg, 0.06 mmol) in THF (1 mL) was added all at once to a stirring solution of 1 (30 mg, 0.06 mmol) 

in THF (2 mL). After stirring at room temperature for 2 hours, the color of the reaction mixture 

changed from deep violet to deep indigo. The solution was filtered, and the solvent was removed 

under vacuum resulting in a deep indigo solid. The product was purified by recrystallization 

(concentrated THF, –35 °C). Yield: 44 mg, 0.053 mmol, 88%. 1H NMR (400 MHz, C6D6): d = 7.5 

(d, 4H, J = 7.4 Hz), 7.08 (d, 4H, J = 7.0 Hz), 5.86 (s, 2H), 2.33 (s, 6H), 1.25 (s, 18H), 1.7 (s, 30H). 

13C{1H} NMR (125 MHz, C6D6): d 141.7, 142.3, 138.1, 136.0, 129.3, 128.4, 111.5, 94.9, 52.7, 

29.3, 20.9, 7.5. IR (ATR, cm–1): 2954 (m), 2911 (m), 1511 (m, C=N), 1371 (m), 1341 (s), 1197 

(m), 1103 (m), 1013 (s), 882 (w), 823 (s, C=C of CoCp2*) , 681 (m), 589 (m), 442 (m). Anal. Calc.: 
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C, 69.57; H, 7.78; N, 8.45; Found: C, 69.13; H, 7.57; N, 8.25. HRA-MS (m/z) [M]+ C48H64N5CoNi: 

827.385 Found: 827.383. 

 

Synthesis of (tBu,TolDHPH2)Ni(C6H5COO–) (3). To a stirring solution of 2 (10 mg, 0.012 mmol) 

at room temperature in a glovebox under N2 atmosphere in THF (300 mL) was added benzoic acid 

(2.9 mg, 0.024 mmol) dissolved in THF (300 mL). After stirring for 15 minutes, the solution was 

filtered, and the solvent was removed under vacuum. 1H NMR (400 MHz, C6D6 with a few drops 

of d8-THF for solubility): d = 7.61 (d, 4H, J = 7.3 Hz), 7.03 (d, 4H, J = 7.1 Hz), 6.66 (s, 2H), 5.92 

(bs, 2H), 2.12 (s, 6H), 1.18 (s, 18H). IR (solution cell, THF, cm–1): 3250 (b, N–H). 

  

Chemical reduction of 1-octyne with 3 and Na/Hg. To a stirring solution of 3 (7.5 mg, 0.012 

mmol) at room temperature in a glovebox under N2 atmosphere in CD3CN (600 mL) was added 

1-octyne (17 µL, 0.12 mmol) and Na amalgam (5% Na, 10 mg). After stirring for 30 minutes, the 

solution was filtered to remove the amalgam and transferred to an NMR tube to look for the 

presence of 1-octene by 1H NMR. Mesitylene was used as an internal standard (1.7 µL, 0.012 

mmol). The control reaction was performed under the same conditions except for the absence of 3 

in solution. See Appendix II.  

 

Synthesis of d1-benzoic acid. Benzoic acid anhydride (Sigma Aldrich, 1.0 g, 4.4 mmol) was 

stirred in D2O (Cambridge Isotope, 99.9%, 10 mL) and refluxed under N2 for 48 hr. Upon cooling 

to room temperature, the product began to crystallize and could be collected by filtration as a white 

solid. The solid was further dried and purified by sublimation at 100 °C under reduced pressure 
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before use. The 1H NMR spectrum is consistent with benzoic acid with the absence of a broad OH 

peak usually found at 11.5 ppm. Comparison with the 1H NMR spectrum of benzoic acid anhydride 

shows that no starting material remains. See Appendix II, Figure S8 for overlayed spectra.   

 

Synthesis of 1-(prop-2-yn-1-yloxy)hept-3-yne. To a stirred solution of 3-heptyn-1-ol (1.5 g, 13.4 

mmol) in DMF (60 mL) K2CO3 (7.40 g, 53.6 mmol) was added in one portion. The resulting 

mixture was heated at 70 °C for 0.5 h, then 3-bromo-1-propyne (1.9 g, 16.1 mmol) dissolved in 

DMF (40 mL) was added slowly over 5 min. The mixture was heated at 70 °C for another 48 h. 

After this time, 15 mL of water was added to the reaction. The mixture was extracted with Et2O 

(3 x 100 mL). The combined organic layers were washed with water (4 x 100 mL) and brine (100 

mL). After removal of the solvent under reduced pressure, the resulting yellow oil was purified by 

flash chromatography on silica gel (Hexanes/EtOAc 95:5). Yield 96 mg (0.64 mmol, 5%). 1H 

NMR (400 MHz, CDCl3, RT): δ = 4.73 (d, 2H, J = 2.4 Hz), 4.23 (t, 2H, J = 7.1 Hz), 2.55 (tt, 2H, 

J = 2.4 Hz), 2.52 (t, 1H, J = 2.4 Hz), 2.11 (tt, 2H, J = 2.4 Hz), 1.50 (m, 2H, J = 7.2 Hz), 0.96 (t, 

3H, J = 7.4 Hz). 13C {1H} NMR (125 MHz, CDCl3, RT): δ = 154.4, 82.4, 75.7, 74.8, 66.7, 55.3, 

22.2, 20.7, 19.3, 13.4. 

 

Computational Methodology. Intermediates and transition states for the reaction coordinate with 

1-butyne were optimized in ORCA79 using the M06L functional and def2-TZVPP basis set on Ni, 

def2-TZVP basis set on all other atoms. Frequency calculations were performed to confirm the 

structures are at local minima on the potential energy surface. The calculated BDE for the ligand 

NH’s was determined using free energies from frequency calculations with the M06L functional 

and def2-TZVPP basis set for Ni, def2-TZVP for all other atoms. A simplified ligand with iPr 
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groups in the place of the p-tol substituents were utilized as well as a 1-butyne substrate to reduce 

the number of atoms per calculation. We were unable to optimize a geometry for TS1 as all TS 

calculations resulted in either falling off of the TS geometry to reactants or products or a lack of 

convergence. The proposed geometry for TS1 was obtained from a relaxed surface scan. 

(Appendix II, Figure S66) Frequency calculations on this geometry show two imaginary modes. 

The first corresponds to an N–H stretch for the productive reaction, and the second is a low 

magnitude (30 cm−1) spurious ligand arm rotation. Thus, this geometry should be a reasonable 

estimate of the true TS geometry. This geometry for TS1 was further analyzed with an intrinsic 

reaction coordinate calculation (IRC) to verify it as a reasonable geometry (Appendix II, Figure 

S75). The IRC calculation was performed by using geometries along the optimized transition state 

imaginary vibrational mode and calculating the forward and backward segments separately. The 

IRC calculations support the obtained geometry for TS1. The same functional and basis sets were 

used for all calculations. 
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Chapter III: Markovnikov-Selective Electrocatalytic Hydroalkylation 

Enabled by Metal-Ligand Cooperative Storage of H-Atom Equivalents 

This chapter has been adapted from the following: Czaikowski, M.E.; Boyn, J.N.; Anderson, J.S. ACS Catal., 2025, 

15, 10694-10701. 

Introduction 

Olefins are important functional groups that are present in various natural products, drug 

molecules, and synthetic intermediates. Multiple synthetic methods exist for olefin installation, 

including elimination reactions, reduction of alkynes, and condensation reactions.1 The Wittig 

reaction is a particularly significant method for olefin synthesis in modern organic chemistry, 

particularly as a route to 1,1-disubstituted 

olefins from ketone synthons.2 However, 

functional group tolerance can be limiting 

due to the reactive phosphonium ylide 

reagent required for this reaction (Figure 

1A). Furthermore, while Heck and related 

cross coupling methods typically provide 

1,2-disubsituted regioisomers, there has 

been significant progress in discovering 

catalysts which are selective for 1,1-

disubstituted products, frequently with 

benzyl halide coupling partners.3,4 Still, 

 
Figure 1. A. Overview of strategies for the synthesis 
of 1,1-disubstitued alkenes by classic thermal reactions 
using non-alkyne synthons, and B. thermal 
hydroalkylation targeting (Z), (E), and 1,1-
disubstituted alkenes 
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achieving selectivity for disubstituted terminal olefins over internal E- or Z-alkene products 

remains challenging. 

Intermolecular hydrofunctionalization of alkynes with electrophilic alkyl reagents has 

emerged as an attractive approach to access Z-, E-, and 1,1-disubstituted alkenes (Figure 1B).5 

Under thermal conditions, transition metal catalysts employed with alkyl electrophiles and a 

chemical reductant can produce the desired alkene regioisomer from accessible and inexpensive 

alkyne precursors.6-14 Selectivity for the thermodynamically less favorable alkene product can be 

realized by leveraging the steric environment enforced by particular ligands, often via careful 

control of M–H insertion into the alkyne. However, limitations with some substrates such as those 

containing carbonyls or protic moieties remain. Expanding on the development of these thermal 

transformations, we were interested in harnessing electricity to avoid the use of chemical redox 

agents, enable milder reaction conditions, and potentially expand functional group compatibility. 

While electrosynthetic methods are being developed for many reductive transformations including 

alkene and alkyne hydrofunctionalization,15-24 electrochemical hydroalkylation of alkynes remains 

underexplored. 

The utility of ligand-based storage of protons and electrons to mediate the 

semihydrogenation of terminal alkynes has been previously demonstrated under electrochemical 

conditions (See Chapter II).25 Mechanistic investigations of this system support the agency of 

ligand-stored reducing equivalents rather than a metal hydride intermediate. We hypothesized that 

this DHP (DHP = 2,5-bis((2-t-butylhydrazono)(p-tolyl)methyl)-pyrrole) ligand scaffold could also 

be applied in other reductive processes that typically rely on chemical hydride sources, namely 

hydroalkylation. In particular, we reasoned that the addition of alkyl electrophiles could intercept 

partially reduced or activated alkyne intermediates prior to semihydrogenation. Careful tuning of 
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electrochemical conditions switches the reactivity of the previously discussed (DHP)Ni complex 

from alkyne semihydrogenation to alkyne hydrofunctionalization with the addition of an acid and 

alkyl halide. This catalytic system exhibits good selectivity for 1,1-disubstituted alkenes and 

functional group tolerance for sensitive carbonyls and amines. This method represents an 

electrosynthetic alkyne hydroalkylation with unusual selectivity catalyzed by a homogeneous 

transition metal catalyst, as well as a unique method for non-Wittig olefin synthesis. 

Results and Discussion 

Reaction Optimization 

We have previously reported that DHP ligands exhibit both redox activity and protonation 

sites (Figure 2).26 This uniquely flexible ancillary ligand also enables highly selective and efficient 

electrochemical alkyne semihydrogenation.25 A key intermediate in the catalytic cycle was a 

transient Ni alkyne adduct, and we postulated that this intermediate could be intercepted by an in-

situ generated alkyl radical for hydroalkylation reactivity. We therefore explored the addition of 

alkyl electrophiles in the presence of acid for reductive electrolyses. Phenylacetylene and octyl 

halide/pseudohalide reagents were used as trial coupling partners. Initial screens under the 

previously employed semihydrogenation conditions with alkyl iodides immediately resulted in the 

formation of hydroalkylated products. Analyzing the product mixtures further by NMR revealed 

regioselectivity for 1,1-disubstituted terminal olefins (Appendix III: Figure S4). Acid screening 

was then performed to improve the ratio of hydroalkylated products to semi-hydrogenated 

byproducts (Appendix III: Table S1). In contrast to benzoic acid, which was optimal for 

semihydrogenation reactivity, substitution with more weakly acidic phenol, along with a reduction 
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in added acid equivalents, was found to disfavor semihydrogenation and provide higher yields of 

the hydroalkylated product.  

A variety of electrophiles were also tested under reductive electrochemical conditions, with 

a particular focus on their ability to generate alkyl radicals (Appendix III: Table S2). Selecting a 

species with a reduction potential that aligned with the catalytic onset for Ni in the presence of 

acid and alkyne substrate proved to be crucial for accessing the desired hydroalkylated product in 

good yield. Radical-generating species with comparatively more positive reduction potentials such 

 
Figure 2. Optimization of terminal alkyne hydroalkylation reaction. Isolated yields for entries 1-
2. Yields determined by GC-MS for entries 3-8. Standard conditions: 0.1 M TBAPF6 electrolyte, 
24 mM alkyne, divided cell, RVC(–)/Zn(+), V vs Fc0/+. aOther side products: 36% C16H34, 5% 
styrene semi-hydrogenation product (yields determined by GC-MS). bOther products: C16H34 42%, 
coupled product dec-1-ynylbenzene putatively formed from addition of the alkyl radical followed 
by elimination. This product is not observed under acidic conditions.  c5 mA constant current for 1 
hr, 18 C passed. 
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as redox-active esters (Ered = –1.3 V vs Fc0/+) performed poorly, putatively due to kinetically 

competitive reduction and protonation of the reagent. In contrast, alkyl bromides have a more 

negative reduction potential compared to (DHP)Ni and were also not suitable coupling partners. 

Alkyl iodides have reduction potentials close to that of the catalytic onset and are stable in the 

presence of phenol, and thus these substrates prove optimal. An excess of iodo-octane was found 

to improve the yield of 1,1-disubsituted alkene product due to competitive background homo-

coupling of octyl radical species (Figure 2, bottom). 

During the reaction optimization it was discovered that increasing the concentration for all 

reaction components improved the yield and slightly improved the regioselectivity for the 1,1-

disubstituted product (Figure 2, Entries 1 and 2). We hypothesize that increasing the concentration 

of the homogeneous catalyst at the electrode surface along with increasing the rate of encounter 

between electro-generated Ni-alkyne species and organic radicals underpins this overall 

improvement in product yield.       

Controls support that (DHP)Ni complexes are requisite catalysts for this transformation. 

The DHP ligand alone is not catalytically active (Figure 2, Entry 4). A different DHP metal 

complex is also not suitable for catalysis, with (DHP)Cu failing to yield any of the desired product 

(Figure 2, Entry 5). The reaction proceeds in slightly lower yield under constant current conditions 

rather than constant potential, and the yield of hydroalkylated product is significantly reduced in 

an undivided electrochemical cell (Figure 2, Entries 7 and 8). Efforts to replicate reactivity with a 

Zn reductant instead of applied potential provided significantly lower yields of the hydroalkylated 

product (Figure 2, Entry 9).  All of these trials support the unique viability of electrocatalysis with 

(DHP)Ni for this selective hydroalkylation, and thus we turned to examine the scope of this 

interesting transformation. 
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Hydroalkylation Substrate Scope 

With optimized conditions in hand, the reaction scope was tested with several alkyne 

substrates as well as both primary and secondary alkyl iodides (Figure 3). Phenylacetylene 

derivatives as well as long-chain terminal alkynes were well-tolerated in the system. Alkynyl 

ethers are also viable substrates with moderate yield (Figure 3, 11). Piperidine moieties are also 

compatible with the system (Figure 3, 5). Additionally, aryl chlorides and trifluoromethyl 

substitutions were well-tolerated (Figure 3, 3 and 4). Primary alkyl iodides generally give higher 

yields than secondary alkyl iodides (Figure 3, 3 and 9), and no reactivity was observed with tBu-

iodide as a test for tertiary alkyl iodide compatibility. The less sterically hindered attack of a 

primary alkyl radical species on a putative Ni-alkyne intermediate likely explains this trend in 

 
Figure 3. Yields and regioisomeric ratios for 1,1-disubstituted products. Reported values are 
isolated yields as an average of triplicate runs unless otherwise noted. Standard conditions: 0.1 M 
TBAPF6 electrolyte, 24 mM alkyne, divided cell, RVC(–)/Zn(+), V vs Fc0/+. a Yield determined by 
GC-MS using mesitylene as an internal standard and is an average of triplicate runs. b 100% (Z)-
isomer for major product, 6:1 r.r. for the site of alkyl substitution. 
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reactivity despite the comparative stability of secondary and tertiary radicals. Supporting this 

hypothesis, improved yields are observed when slightly smaller cyclopentyl iodide is used instead 

of cyclohexyl iodide.  

Steric restrictions are also present for the alkyne substrate scope, with the internal alkyne 

1-phenyl-1-propyne furnishing the hydroalkylated product 14 in lower yield. However, we note 

that the regioisomeric selectivity is comparable to terminal alkyne substrates, and the major 

product is formed exclusively as the (Z)-isomer (Figure S27).  

In contrast to Wittig conditions, ketones and amines are well-tolerated in the system 

(Figure 3, 6 and 12). The herbicide compound Buturon, which contains a phenylurea moiety, can 

be successfully alkylated to form the corresponding branched alkene product in good yield (Figure 

3, 13). However, we do note that alcohol substrates are not well-tolerated under these electrolysis 

conditions (Appendix III: Figure S1). This demonstrates a useful application for catalytic 

hydroalkylation in the targeted synthesis of 1,1-disubstituted alkenes without requiring the 

protection or late installation of sensitive functional groups.  

  

Catalytic Mechanism 

We were interested in investigating the mechanism of this hydroalkylation platform by 

performing both experimental and computational studies to understand the observed 

regioselectivity. Cyclic voltammogram data shows a characteristic catalytic wave when (DHP)Ni 

is in the presence of both phenol and an alkyne substrate, likely due to semihydrogenation 

reactivity (Figure 4A, left, purple trace). In the absence of phenol, no catalytic onset is observed. 

The addition of iodo-octane (I-oct in Figure 4A) does not change the voltage position or wave 

shape of the catalytic feature, although an increased current response at more cathodic potential is 
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observed due to the reduction of iodo-octane at the electrode  (Figure 4A, left, blue trace). With 

only (DHP)Ni and iodo-octane present, a broad current increase is observed from –1.4 V to –1.8 

V along with an irreversible feature at –1.85 V, indicating some reactivity between (DHP)Ni and 

iodo-octane (Figure 4A, left, green trace). However, once acid and alkyne substrate are added to 

solution, the electrochemical signatures associated with (DHP)Ni and iodo-octane reactivity are 

diminished or completely obscured by new features (Figure 4A, left, blue trace).  

 
Figure 4. Mechanistic studies: A. electrochemical studies tracking changes in CV traces with the 
catalyst and reaction components (left) as well as the reduction potentials of phenol and I-octane 
(I-oct) in comparison to the applied potential during bulk electrolysis (right), Alkyne (1 eq), I-oct 
(2 eq), phenol (5 eq), (DHP)Ni (0.1 eq). B. cyclopropyl methyl iodide radical probe substrate, C. 
on-off electrolysis experiment, and D. reversibility experiments subjecting the 1,1-disubstituted 
alkene product to standard electrolysis conditions. 
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Figure 5. DFT calculated reaction pathway showing different proposed mechanisms for 1,1-
disubsituted or E-alkene products. Red: initial gem-selective radical addition, Black: initial gem-
selective H-transfer, and Gray: initial E-selective H-transfer pathways shown. All energies are 
relative to 0 kcal/mol. TS optimized structures are simplified for clarity. Full optimized TS 
structures are available in the Supporting Information. The experimental synthesis of an isolated 
Ni-alkenyl complex to utilize as a model for intermediate 2b is shown in the inset. aOuter sphere 
radical addition was determined to be barrierless in continuum solvent conditions (DFT 
Calculations in Appendix III). DFT computed energies (kcal/mol) were carried out with the M06L 
functional, def2-TZVPP basis set for Ni, and def2-TZVP for all other atoms. 
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Comparison of the reduction potentials of iodo-octane and phenol individually show that 

the applied potential during electrolysis (Eapp) does not meet the threshold for direct phenol 

reduction, but it is reducing enough to generate alkyl radical species from iodo-octane in solution 

(Figure 4A, right). Indeed, chemical tests support the presence of alkyl radical species. When 

cyclopropylmethyl iodide is used with phenylacetylene, the ring-opened diene product is observed 

(Figure 4B, S24). On-off electrolyses show no background reactivity that would suggest a radical 

chain process to generate the hydroalkylated product (Figure 4C). This is consistent with applied 

potential-driven turnover. Subjecting a 1,1-disubstituted alkene substrate to electrolysis conditions 

shows complete retention of the starting material regioisomer, consistent with irreversible C–C 

bond formation in the reaction mechanism (Figure 4D). 

Density functional theory (DFT) calculations were used to test proposed intermediates and 

transition states invoked in both 1,1-disubstituted product formation (Figure 5, Red and Black) 

and E-alkene formation (Figure 5, Gray). Beginning from a Ni-alkyne adduct (2a), the order of 

ligand-based H-transfer and outer sphere alkyl radical addition determines the geometry of the 

resulting Ni-alkenyl intermediates (2b, 3a, and 4a)) and thus the resultant product isomer. 

Consistent with our observed selectivity, the TS1 and TS1¢ barriers for H-transfer to the terminal 

and internal alkyne position form 3a and 4a are greater than the outer sphere alkyl radical addition 

to form 2b, which is effectively barrierless (Appendix III: Figure S51). 1,2-addition across the 

alkyne bond to form an end-on bound Ni-alkenyl intermediate 3a is thermodynamically favorable, 

as previously established in semihydrogenation reactivity,25 but the transition state for this process 

is still quite high. The essentially barrierless addition of the alkyl radical species along with the 

thermodynamic stability of the resulting intermediate 2b dictates selectivity for the 1,1-
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disubstituted regioisomer despite the E-alkene product 3b being more thermodynamically 

favorable.  

A 1,1-disubsituted Ni-alkenyl intermediate, similar to the proposed intermediate 2b, was 

synthesized to determine the feasibility of such a species during catalysis (Error! Reference source 

not found., inset). The (DHP×H2)Ni[OTf] complex, which can be synthesized from direct 

metalation,26 was reacted with isobutenyl Grignard at –40 °C, and the direct formation of a Ni-

isobutenyl adduct was observed by 1H and 13C NMR, including the diagnostic resonance of the 

alkenyl C–H (Figures S30-S34). This Ni-isobutenyl species was quasi-stable at room temperature 

and in the presence of excess phenol (Figure S35), but ill-defined decomposition products were 

observed with the addition of exogenous reductant in the form of Na amalgam. The relative 

stability of this Ni-isobutenyl species is consistent with the high computed barrier to HAT and loss 

of alkene product. However, this stability is also apparently inconsistent with the rates of product 

formation observed in catalysis. This may likely suggest that additional reduction may occur 

before alkene release under electrolysis conditions, and we have proposed a similar mechanistic 

paradigm with this system in semihydrogenation electrocatalysis.25 Alternatively, we also note that 

this isobutenyl substrate has a smaller steric profile than many of the substrates tested 

electrochemically. This smaller profile may make this intermediate more stable than catalytically 

competent ones. Indeed, we note that small alkyl-iodides (i.e. MeI) are not competent coupling 

partners, potentially supporting this hypothesis. Regardless, the isolation of a Ni-alkenyl species 

analogous to intermediate 2b supports the feasibility of generating such a species in this reactivity. 

Another possible mechanistic proposal involves alkyl radical capture at the open 

coordination site of the Ni catalyst without an alkyne substrate bound.27 Reversible Ni-alkyl bond 

homolysis could function as a reservoir for alkyl radical species. The bond dissociation energy 
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(BDE) of 32 kcal/mol for a Ni–octyl adduct supports that radical capture and bond homolysis are 

energetically accessible under the reaction conditions (Appendix III: Table S5). Despite the 

possible role for (DHP)Ni as an off-cycle alkyl radical reservoir, the coordination of both an alkyne 

substrate and octyl radical fragment to give a five-coordinate Ni center (Figure 5, 4b) is 42 

kcal/mol uphill compared to intermediate 2b. Furthermore, coordination of an alkyne substrate to 

a Ni-octyl intermediate is predicted to be highly unfavorable (Appendix III: Figure S53). This 

reinforces the proposed outer-sphere pathway for alkyl radical addition and contrasts with existing 

hydrofunctionalization mechanistic pathways which proceed through radical capture to a metal 

center followed by reductive elimination to furnish the 1,1-disubstituted alkene product.7,8,10,12  

 

Conclusion 

We have reported the discovery of an electrocatalytic terminal alkyne hydroalkylation 

platform employing a redox-active and proton-storing ligand coordinated to a Ni center. The 

reaction leverages ligand geometry and steric pressure to selectively generate 1,1-disubsituted 

alkene products over the more thermodynamically favorable E-alkenes. Notably, the reaction 

conditions tolerate ketone and amine functional groups which can be sensitive to Wittig olefination 

conditions. Mechanistic investigations confirm the presence of radical intermediates as well as 

steric factors which dictate the observed regioselectivity. Overall, this hydroalkylation system 

exemplifies the broad utility of electrocatalysts which leverage metal-ligand cooperativity. 

Additionally, simple modulation of reaction parameters enables adaptation of this flexible catalyst 

platform for multiple types of reductive transformations. 
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Experimental 

General Considerations  

Reagents were purchased from commercial suppliers and used directly, unless otherwise 

indicated. (DHP)Ni was synthesized according to the previously reported procedure.28 Reactions 

were performed under an atmosphere of N2 using Schlenk techniques or in a glovebox (MBraun 

UniLab Pro SP). Glassware was dried at 180 °C for at least 2 h and cooled under vacuum or N2 

before use. Solvents were dried using a solvent purification system (Pure Process Technology), 

passed over a column of activated alumina, and stored over 4 Å molecular sieves in an N2 

atmosphere. Deuterated solvents were stored over 4 Å molecular sieves. Tetrabutylammonium 

hexafluorophosphate was dried under vacuum at 100 °C for 8 h, and crystalline phenol was dried 

under vacuum at 22 °C. Preparative TLC was carried out using Merck silica gel 60 F254 glass 

plates. 

1H, 13C, an 19F NMR spectra were collected on a Bruker DRX 400 MHz or 600 MHz 

spectrometer. For 1H spectra, chemical shifts are reported in parts per million units referenced to 

residual solvent resonances. 13C NMR chemical shifts are reported in parts per million referenced 

to the carbon resonance of the solvent. GC/MS data was collected on an Agilent Tech HP-5 Å MS 

(electron ionization, 30 m x 0.25 mm x 0.25 mM column) with an Agilent 5975 Series MSD, 

Hewlett Packard 7683 Series injector and Agilent 6890 series GC instrument. High resolution 

Mass spectra were collected on an Agilent 6224 TOF-MS spectrometer. Electrochemical 

measurements were recorded using a BASi Epsilon potentiostat with software version 1.40.67NT.   

Electrochemical experiments were carried out inside an N2 atmosphere glovebox using an 

MeCN and 0.1 M TBAPF6 electrolyte solution at 22 °C. Cyclic voltammetry was measured with 
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a 1 mM solution of (DHP)Ni using a glassy carbon working electrode, platinum wire counter 

electrode, and silver wire pseudoreference electrode. Cyclic voltammogram data were referenced 

to Fc0/+ by adding ferrocene to the solution at the end of measurements. For taking cyclic 

voltammogram data, a one-compartment glass cell was filled with 4 mL of electrolyte solution. 

The glassy carbon working electrode was polished before each experiment using an alumina slurry 

(0.05 mM) on a microcloth pad followed by rinsing with deionized water and acetone. Reference 

and counter electrodes were rinsed with acetone. Cyclic voltammograms were recorded at a 100 

mV/s scan rate, scanning reductively.  

Bulk electrolyses were performed in an H-type glass cell (James Glass Inc.) with an ultra-

fine glass frit separating anode and cathode chambers. A reticulated vitreous carbon (RVC) 

working electrode (ERG Duocel, 2 cm x 0.5 cm x 0.5 cm), Zn rod counter electrode (National 

Bureau of Standards, 3 cm x 0.5 cm diameter), and an AgBF4/Ag non-aqueous reference electrode 

(BASi, 0.05 mm, 10 mM AgBF4 in MeCN/0.1 M TBAPF6) were used. The Zn rod and Ag wire 

electrodes were polished with P600 sandpaper and sonicated for 5 min in isopropyl alcohol before 

being rinsed with acetone. Freshly prepared RVC electrodes (dried in a 180°C oven) were used 

for each electrolysis. To each chamber of the H-cell was added 3.5 mL of electrolyte solution and 

a stir bar. Standard electrolysis conditions contain (DHP)Ni (4 mg, 2.3 mM), alkyne (23 mM), 

mesitylene internal standard (23 mM), alkyl iodide (46 mM), and phenol (37 mg, 114 mM) in 

TBAPF6/MeCN electrolyte solution (0.1 M, 3.5 mL). Electrolyses were performed under 

potentiostatic conditions unless otherwise noted, and reaction aliquots were filtered through 

activated alumina to remove metal species and diluted with MeCN before analysis by GC/MS. To 

determine weighted isolated yields, the organic products were extracted with diethyl ether (three 

times), filtered, and separated by preparative TLC on silica gel.  
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Computational Methodology 

  Intermediates and transition states for the reaction coordinate were optimized in 

ORCA 5.029 using the M06L functional and def2-TZVPP basis set on Ni, def2-TZVP basis set on 

all other atoms. Acetonitrile solvation effects were modeled implicitly utilizing the PCM model. 

Frequency calculations were performed to confirm the structures are at local minima on the 

potential energy surface. Transition states were confirmed to have only one imaginary mode in 

frequency calculations. The calculated BDE for the Ni-octyl species was determined using free 

energies from frequency calculations with the M06L functional and def2-TZVPP basis set for Ni, 

def2-TZVP for all other atoms. A simplified ligand with iPr groups in the place of the p-tol 

substituents were utilized to reduce the number of atoms per calculation. Constrained reaction 

coordinate scans for radical addition steps were performed over the forming C-C bond utilizing 

broken-symmetry, unrestricted KS-DFT at the PBE0-D3BJ/def2-SVP level of theory as 

implemented in Gaussian 16 Rev.A.03.30 Acetonitrile solvation effects were modeled implicitly 

utilizing the SMD model. 

Synthesis of (DHPH2)Ni-isobutene  

To a solution of (DHPH2)Ni[OTf] (4.2 mg, 6.4 mmol) in d8-THF (0.5 mL) at       –40 °C 

under N2 was added 15 mL of isobutenylmagnesium bromide solution (0.5 M in THF) and stirred 

for 5 min (300 rpm). The solution was transferred to a J. Young NMR tube at ambient temperature, 

and the product was analyzed without further purification. 1H NMR (600 MHz, d8-THF, 23 °C): d 

= 7.68 (d, 4H, J = 8.0 Hz), 7.26 (d, 4H, J = 8.0 Hz), 6.35 (s, 2H, pyrroleC-H), 6.20 (s, 2H, N-H), 5.96 

(s, 1H, CH=C(CH3)2), 2.42 (s, 6H), 1.70 (s, 6H, CH=C(CH3)2), 1.29 (s, 18H). 13C{1H} NMR (101 
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MHz, d8-THF, 23 °C): d = 165.8, 140.4, 134.0, 129.5, 128.5, 121.5, 118.8, 63.8, 28.3, 23.2, 20.4. 

19F{1H} NMR (125 MHz, d8-THF, 23 °C): d = –79. 
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Appendix I: Chapter I Supplementary Information 

NMR Spectra 

 
Figure S1. 1H NMR of 1 in C6D6. 
 

 
Figure S2. 13C{1H} NMR of 1 C6D6. 
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Figure S3. 1H NMR of 2 in C6D6. 
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Figure S4. 19F NMR of 2 in C6D6 with comparison to free triflate in solution. 
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Figure S5. 1H NMR of 3 in C6D6 generated from a concentrated solution of 1 under 1 atm O2. 

 
Figure S6. 1H NMR Evans method of 3 in C6D6. Internal solvent standard peak shift of −485 Hz 
(to 6.19 ppm) corresponds to a magnetic moment of 3.12 µB. 
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Figure S7. 1H NMR in C6D6 of the reaction of 1 with DPH and O2 and 2 eq mesitylene relative to 
DPH. *Azobenzene ^Mesitylene 

 

������������������������������������	��	��
��
�����

��


�
��
�

�
��
�

�
��
�

�
�	
�

	
��
�

	
��
�

^ 

^ 

* 

* 



 
99 

 

 

Figure S8. 31P NMR of the reaction of 1 with PPh3 in the presence of O2 showing conversion to 
PPh3O. PPh3O was quantified by percent conversion based on integration of the PPh3 (^) and 
PPh3O (*) peaks. 
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Figure S9. 1H NMR in C6D6 of the reaction of 1 with benzyl alcohol in the presence of O2. 
*Benzaldehyde (1H), ^ benzyl alcohol (2H) 
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Figure S10. 1H NMR in C6D6 of the reaction of 1 with 1,4-hydroquinone in the presence of O2. 
^Hydroquinone, *Benzoquinone  
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Figure S11. 1H NMR in CD2Cl2 of the reaction of 1 with 2-phenylpropionaldehyde (2-PPA) to 
acetophenone in the presence of O2. ^ Mesitylene (3H); †2-PPA (1H); *Acetophenone (3H). We 
note that controls were performed to ensure the absence of water in this reaction including 
performing the reaction over molecular sieves (no change in yield of acetophenone compared to 
the reaction without sieves). 
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Figure S12. 1H NMR in C6D6 of 1 (7.86, 4H) with 3 eq mesitylene (6.72, 3H) relative to Cu 
indicating 99.7% bulk purity. Integration widths from the peak center are ±1.5 × HWHM (half-
width at half-max). 
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Figure S13. 1H NMR in CD2Cl2 of the major decomposition product from the reaction with 1 and 
O2.  
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Mass Spectra 

 
Figure S14. GC-MS of the resulting product mixture of the reaction of 1 with excess O2 and 10 
equivalents of benzophenone hydrazone in DCM. 
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Figure S15. GC-MS of the reaction of 1 with O2 and DPH with DPBF added to form 9-
hydroxyanthracen-10(9H)-one. 
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Figure S16. ESI(+) LC-MS report for the decomposition product of 1 and O2. DHP ligand m/z 
440.  
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Figure S17. ESI(+) LC-MS report of DCM solvent blank. 
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Control Reactions 

Table S1. Control oxidation reactions. aAll reactions were run in DCM for 18 h with the exception 
of benzyl alcohol which was in THF to better tolerate the addition of a strong base. Abbreviations: 
Diphenylhydrazine (DPH), 2-phenylpropionaldehyde (2-PPA), benzophenone hydrazone (BPH)  

Substrate Conditions a % conv. (oxidized product) 

DPH 1 atm O2 5 

DPH 10 mol% 1, N2 0 

DPH 10 mol% (DHP)CuIIOTf, N2 45 

DPH 10 mol% (DHP)CuIIOTf, O2 71 

DPH 1 eq Ligand, 1 atm O2 38 

DPH 10 mol% CuCl, 1 atm O2 82 

DPH 10 mol% Cu(MeCN)4PF6, 1 atm O2 Quant. 

DPH 20 mol% 1, N2 (2 hr) 0 

PPh3 1 atm O2 0 

PPh3 1 eq Ligand, 1 atm O2 0 

PPh3 10 mol% (DHP)CuIIOTf, O2 1 

PPh3 10 mol% CuCl, 1 atm O2 0 

PPh3 10 mol% Cu(MeCN)4PF6, 1 atm O2 0 

Hydroquinone 1 atm O2 0 

Hydroquinone 10 mol% (DHP)CuIIOTf, N2 5 

Hydroquinone 10 mol% (DHP)CuIIOTf, O2 1 

Hydroquinone 1 eq Ligand, 1 atm O2 0 
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Hydroquinone 10 mol% CuCl, 1 atm O2 7 

Hydroquinone 10 mol% Cu(MeCN)4PF6, 1 atm O2 0 

Benzyl Alcohol 0.5 eq tBuOK, 1 atm O2   24 

Benzyl Alcohol 0.5 eq tBuOK, 1 eq Ligand, 1 atm O2 18 

Benzyl Alcohol 10 mol% (DHP)CuIIOTf, N2 0 

Benzyl Alcohol 0.5 eq tBuOK, 10 mol% (DHP)CuIIOTf, O2 8 

Benzyl Alcohol 0.5 eq tBuOK, 10 mol% CuCl, 1 atm O2 40 

Benzyl Alcohol 0.5 eq tBuOK, 10 mol% Cu(MeCN)4PF6, 1 
atm O2 

9 

2-PPA 1 eq Et3N, 1 atm O2 0 

2-PPA 1 eq Et3N, 1 eq Ligand, 1 atm O2 31 

2-PPA 1 eq Et3N, 10 mol% (DHP)CuIIOTf, O2 75 

2-PPA 1 eq Et3N, 10 mol% CuCl, 1 atm O2  44 

2-PPA 1 eq Et3N, 10 mol% Cu(MeCN)4PF6, 1 atm O2 54 

BPH 1 atm O2 2 

BPH 1 eq Ligand, 1 atm O2 12 

BPH 10 mol% (DHP)CuIIOTf, O2 4 

BPH 10 mol% CuCl, 1 atm O2 5 

BPH 10 mol% Cu(MeCN)4PF6, 1 atm O2 28 
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Table S2. Iodometric titration of the reaction with 1 and hydroquinone (HQ) in the presence of 
O2. Background tests were performed on DI water and the concentration of H2O2 was determined 
using 𝑛(𝐻!𝑂!) =

"
!
𝑛(𝑁𝑎!𝑆!𝑂#). Iodometric titration was performed according to literature 

procedure.1 

Experiment Na2S2O3 (0.01 M) added Background subtracted [H2O2] 
1 + HQ + O2 0.30(1) mL 0.25 mL 64(3) µM 
Background 0.04(1) mL – 10(1) µM 

 

Iodometric quantification using NaI: In the glovebox, a DCM solution of 1 (1 mg, 0.002 mmol, 10 

mol%) and 1,4-hydroquinone (2 mg, 0.02 mmol, 1 eq) was prepared in a vial with a septum screw 

top with a stir bar. After the addition of O2 and subsequent reaction to form benzoquinone, the vial 

was purged with N2 to remove excess oxygen. The solution in the vial was then transferred to the 

glovebox where it was washed with hexanes, filtered, and a 100 µL aliquot of the filtrate was 

transferred to a quartz cuvette containing an acetonitrile solution of NaI (0.02 g). The solution was 

diluted to 2 mL with acetonitrile and transferred for UV-vis absorbance measurement (Blue trace). 

For the control with 1 (Red trace), a 100 µL aliquot of the same filtrate described above was added 

to a cuvette and diluted to 2 mL with acetonitrile, but no NaI was added. For the NaI control (Black 

trace), the experiment for H2O2 detection was replicated as described above except that 1 and 

hydroquinone were omitted from the reaction mixture. 
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Figure S18. UV-vis spectrum of the addition of excess NaI after the reaction of 1 and 1,4-
hydroquinone (blue) along with the control with no NaI added (red) and NaI only (black). I3– 
absorbance corresponds to trace H2O2 (8 mol% benzoquinone product). 
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EPR Spectroscopy 

 

Figure S19. X-band perpendicular mode EPR spectrum of a 15 mM solution of 2 in 1:1 
DCM/Toluene at 15 K. Conditions: MW frequency, 9.63 GHz; MW power, 0.6 mW. Fitting 
parameters: g = 2.064, 2.065, 2.083; Nuclei = Cu, N; A = [21, 5, 81; 10, 23, 47]. 
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UV-visible Spectroscopy 

 
Figure S20. UV-visible spectrum of 0.01 mM 1 in DCM at room temperature. 

 
Figure S21. UV-visible spectrum of 0.06 mM 2 in DCM at room temperature. 
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Figure S22. UV-visible spectra of the conversion of a stirring 0.01 mM solution of 1 (black) to 3 
(red) in DCM at room temperature after injection of an excess of O2 with scans every 2 min. 
Extinction coefficient was calculated based on initial concentration of 1. 
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Figure S23. Exponential fit for the UV-visible absorbance at 616 for 0.01 mM solution of 
1 in DCM over time after addition of excess O2. keff = 6.82× 10$% R2 = 0.9998, Standard 
error = 1.660	× 10$&. 
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Figure S24. UV-visible spectra of 1 (black), after conversion to 3 (red), and after purging with N2 
and adding 10 eq of diphenylhydrazine (DPH) relative to Cu. DCM, room temperature. 
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Figure S25. Absorbance at 670 nm as a function of time for the reaction of 3 with benzyl alcohol 
(1 eq relative to Cu) with or without tBuOK at room temperature in THF. Compound 3 was 
generated from 1 + O2 (excess) and purged with N2 to remove O2 before substrate addition.  

 

Figure S26. Absorbance at 670 nm as a function of time for the reaction of 3 with 
triphenylphosphine (PPh3), benzophenone hydrazone (BPH), 1,4-hydroquinone (HQ), 2-
phenylpropionaldehyde (PPA), and diphenylhydrazine (DPH) in DCM at room temperature. PPA 
was pre-mixed with 1 eq Et3N for consistency with the catalytic reaction conditions. Compound 3 
was generated from 1 + O2 (excess) and purged with N2 to remove O2 before substrate addition. 
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The self decay of 3 was monitored after purging with N2 and allowing 3 to decay in the absence 
of any added substrate. 
 

  

 

 

 
 
 

 
 
 
 
Figure S27. (A) UV-visible spectra showing azobenzene formation (band at 320 nm) after reacting 
DPH (3.7 mg, 0.02 mmol) with 1 equiv H2O2 (as H2O2 (O=PPh3)2) under control conditions (black) 
and in the presence of 10 mol% 1 (red). DCM, room temperature, N2 atmosphere. (B) UV-visible 
spectrum of 1 after stirring with 1 equiv H2O2 (as H2O2 (O=PPh3)2) in DCM at room temperature 
for 2 hr (blue) along with the initial UV-visible spectrum of 1 (black). 
 

 
Figure S28. UV-visible spectrum of 3 (black) and after drying under vacuum and re-dissolving 
in DCM (red) (0.06 mM 3, DCM, room temperature). 
 

A B 
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Cyclic Voltammogram 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* 

Figure S29. Cyclic voltammogram of 1 (black, 1 mM [Cu]) and blank electrolyte solution (blue 
line) in THF (0.1 M NBu4PF6, scan rate 100 mV s-1). *Minor contamination from electrolyte 
solution. 
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XAS and EXAFS Fitting 

 

Table S3. Best Fits for the Cu K-edge EXAFS Data of 3 

Complex N/Path R (Å)  s2 (Å2) DE0 Error F 
[3] (DHP)CuO2 4 Cu-N/O 1.94 690 5.26 0.32 
 3 Cu-N/O 2.89 301   
 4 Cu-C/N 3.08 371   
 2 Cu-C/N 3.28 169   

The estimated standard deviations in R are ±0.02 Å. The	s2	values	are	multiplied	by	105.	s02 = 
0.9. Fitting range: k: 2-12.5 Å-1. N, Coordination numbers; R, interatomic distances; s2,	Debye-
Waller	 factors	 (the	 mean	 square	 deviations	 in	 interatomic	 distance).	 Error	 F	 is	
[∑𝑘'(𝜒()*+, − 	𝜒-.,-/)!/ ∑𝑘'(𝜒()*+,

!]"/!.	Errors	in	the	identity	of	the	scatterer	Z	are	±1.	
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Table S4. Comparison of EXAFS and DFT calculated bond lengths of 3. The EXAFS fit 
determines one radius (R) for each shell (resolution for k range from 2-12.5 Å$" is 0.148 Å). See 
Figure S31 for the DFT calculated structure of 3. 

Complex 3 N DFT model XAFS R (Å) 
Cu–N1 
Cu–N5 
Cu–N3 
Cu–O1 

4 1.977 
1.993 
1.961 
2.097 

1.94 

Cu–O2 
Cu–N2 
Cu–N4 

3 2.839 
2.919 
2.918 

2.89 

Cu–C20 
Cu–C24 
Cu–C8 
Cu–C11 

4 2.933 
2.934 
3.156 
3.158 

3.08 

Cu–C7 
Cu–C12 

2 3.287 
3.286 

3.28 

 

Figure S30. EXAFS (black) and fit (red) in R-space at the Cu K-edge absorption of 3. 
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Figure S31. EXAFS (black) and fit (red) in k-space at the Cu K-edge absorption of 3. 
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Table S5. EXAFS fitting results for 3 with altered or removed superoxo contributions. 

Complex N/Path R (Å)  s2 (Å2) DE0 Error F 

[3] Best Fit 4 Cu-N/O 1.94 690 5.26 0.32 

 3 Cu-N/O 2.89 301   

 4 Cu-C/N 3.08 371   

 2 Cu-C/N 3.28 169   

      
O1 shell* 3 Cu-N/O 1.98 352 5.95 0.29 

 1 Cu-N/O 1.86 -130   

 3 Cu-N/O 2.87 324   

 4 Cu-C/N 3.06 410   

 2 Cu-C/N 3.26 88   

      

O2 shell* 4 Cu-N/O 1.94 687 5.22 0.31 

 1 Cu-N/O 2.85 -430   

 2 Cu-N/O 2.99 -30   

 4 Cu-C/N 3.23 274   

 2 Cu-C/N 3.47 267   
      
no O2 4 Cu-N/O 1.94 694 5.35 0.33 

 2 Cu-N/O 2.86 528   

 4 Cu-C/N 3.21 918   

 2 Cu-C/N 3.49 1959   

      
no superoxo 3 Cu-N/O 1.95 548 6.57 0.36 

 2 Cu-N/O 2.86 509   

 4 Cu-C/N 3.23 1019   

 2 Cu-C/N 3.59 1828   
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*Without changing the total number of scatterers, attempts to fit O1 or O2 in separate shells results 

in negative Debye-Waller factors (italicized), indicating that these scatterers are within resolution 

of N-atoms at similar distance (R). This is supported by the calculated resolution of 0.15 Å and 

DFT-predicted bond lengths. 

The estimated standard deviations in R are ±0.02 Å.	The	s2	values	are	multiplied	by	105.	s02 = 

0.9. Fitting range: k: 2-12.5 Å-1. N, Coordination numbers; R, interatomic distances; s2,	Debye-

Waller	 factors	 (the	 mean	 square	 deviations	 in	 interatomic	 distance).	 Error	 F	 is	

[∑𝑘'(𝜒()*+, − 	𝜒-.,-/)!/ ∑𝑘'(𝜒()*+,
!]"/!.	Errors	in	the	identity	of	the	scatterer	Z	are	±1.	
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Raman Spectroscopy 

 

Figure S32. Expanded Raman spectrum of 3 generated at room temperature with 16O2 (black) 
and 18O2 (red).  
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Figure S33. Raman spectrum of 3 showing the superoxo stretching region with a superimposed 
16O2 – 18O2 difference spectrum (gray). 
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DFT Computations 

 

Figure S34. Calculated structure of 3. 

Table S6. Coordinates of calculated structure of 3. 

Cu 31.17529 4.8888 6.91961 
N 29.58277 3.77729 6.47256 
N 29.14702 2.80476 7.17626 
N 31.76253 3.57285 8.24953 
N 34.03981 5.22812 7.35891 
N 33.01564 5.55897 6.65206 
C 26.01684 -1.02433 11.40065 
H 26.56306 -1.70509 12.07294 
H 25.38462 -1.63306 10.73953 
H 25.35404 -0.40973 12.03117 
C 26.96515 -0.16258 10.60853 
C 27.90026 0.66416 11.25217 
H 27.93201 0.69043 12.34528 
C 28.77329 1.47184 10.52722 
H 29.4593 2.13454 11.05794 
C 28.7537 1.47919 9.11764 
C 27.80833 0.66016 8.47172 
H 27.77229 0.65563 7.38186 
C 29.6666 2.35266 8.35421 
C 31.0014 2.56766 8.76401 
C 31.8232 1.76097 9.65478 
C 33.06744 2.32703 9.66398 
C 33.01369 3.48407 8.77907 
C 34.05434 4.36765 8.4139 
C 28.92701 3.85462 5.10646 
C 27.70672 2.93845 4.9869 
H 27.9795 1.87969 5.08471 
H 27.24747 3.08988 3.99805 
H 26.96068 3.17205 5.75864 
C 30.00202 3.4348 4.08791 
H 30.90658 4.05067 4.19566 
H 29.61728 3.5575 3.06431 
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H 30.28469 2.38165 4.23248 
C 28.51009 5.31495 4.88814 
H 27.73809 5.61137 5.61209 
H 28.10279 5.43493 3.87336 
H 29.36208 5.99747 5.00356 
C 33.44253 6.50246 5.53327 
C 32.20488 6.9145 4.73851 
H 31.69508 6.0384 4.31298 
H 32.50574 7.56416 3.90374 
H 31.49013 7.46919 5.36111 
C 34.4308 5.75923 4.62094 
H 35.31518 5.44126 5.18877 
H 34.75758 6.4186 3.80292 
H 33.96171 4.86752 4.17818 
C 34.10003 7.74586 6.15441 
H 33.39831 8.25776 6.82979 
H 34.38811 8.44807 5.35793 
H 34.99474 7.46627 6.72551 
C 35.36273 4.29868 10.56448 
C 36.57175 4.32626 11.26164 
C 37.797 4.44392 10.59249 
C 37.76596 4.54182 9.19019 
C 36.56529 4.51673 8.4886 
H 36.56471 4.59488 7.40054 
C 39.10361 4.47522 11.34181 
C 35.33453 4.38123 9.16086 
C 26.93837 -0.1432 9.20537 
H 26.2223 -0.7771 8.67538 
H 34.4241 4.24558 11.11884 
H 36.55995 4.2712 12.35381 
H 38.70543 4.63594 8.63858 
H 38.94334 4.40028 12.42646 
H 39.65658 5.40785 11.14341 
H 39.75714 3.64127 11.03768 
O 30.31058 6.76208 7.2962 
O 29.3221 6.69079 8.0937 
H 31.5241 0.9234 10.17826 
H 33.88826 1.99796 10.19595 

 

Table S7. Tabulated energies for calculation of O–H BDE. Phenol BDE determined from 
experimental published value (J. Org. Chem. 1996, 61 (26), 9259-9263.) 

 CuLOO• (3) Phenol → CuLOOH PhO• Reaction 
Energy 

O–H BDE = 
Reaction 

energy – 88 
kcal/mol 
(Phenol 
BDE) 

Energy 
(kcal/mol) 

-1978018.05 -192949.98  -1978407.10 -192548.38 -17.88 70 
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Table S8. Kohn-Sham orbital contributions in 3.  

Complex 
 MO 

3 
alpha 141 

3dz2 0.022626 
3dxz 0.004238 
3dyz 0.057808 

3dx2y2 0.241331 
3dxy 0.425581 
4pz -0.001283 
4px -0.006088 
4py -0.004104 

% p character -0.011475 
% d character 0.751584 

 

 

Figure S35. Calculated structure of 3 and hydrazine intermediate. 

Table S9. Coordinates for the structure of 3 and hydrazine intermediate. 

Cu 31.1520961 4.96742611 7.09701793 
N 29.5084229 3.8813358 6.68779944 
N 29.1124132 2.8606059 7.3202899 
N 31.784827 3.5422425 8.31199369 
N 34.0522267 5.19957277 7.46960959 
N 33.0338486 5.55543415 6.79749953 
C 26.2171294 -1.3622029 11.288185 
H 26.7983196 -2.0418541 11.9367966 
H 25.6064511 -1.9783707 10.6083817 
H 25.5250088 -0.8150836 11.9545172 
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C 27.1104947 -0.421836 10.5425768 
C 28.0537588 0.3624592 11.2242758 
H 28.1261911 0.2870239 12.3165244 
C 28.8851395 1.24623867 10.5467349 
H 29.5851539 1.86939029 11.1158526 
C 28.8155348 1.3802341 9.14694875 
C 27.8587767 0.60784568 8.46428141 
H 27.7850948 0.68942545 7.37480749 
C 29.6870619 2.32476252 8.43049646 
C 31.0315217 2.51945645 8.79760305 
C 31.860734 1.66959357 9.62502126 
C 33.105575 2.22771445 9.63752075 
C 33.0376924 3.42225477 8.82075146 
C 34.0762753 4.32182157 8.50185278 
C 28.80283 4.04799722 5.35952899 
C 27.465712 3.32570811 5.32745958 
H 27.5798921 2.23206218 5.3862737 
H 26.9469164 3.56519786 4.38303899 
H 26.8216777 3.64379425 6.1651498 
C 29.7492224 3.46553225 4.31149833 
H 30.7364537 3.96097982 4.34061371 
H 29.3265728 3.60184923 3.30024942 
H 29.9049477 2.38532927 4.47907257 
C 28.6008012 5.53839151 5.13747539 
H 27.9242504 5.96877289 5.89584209 
H 28.1562577 5.71264771 4.14221502 
H 29.5565493 6.08736641 5.17725383 
C 33.449883 6.45880982 5.64785938 
C 32.2141229 6.76803044 4.82527021 
H 31.756215 5.84246354 4.43395715 
H 32.4826496 7.39623441 3.9584581 
H 31.4566396 7.31217348 5.41151355 
C 34.4755901 5.72688049 4.79087458 
H 35.3827681 5.48418181 5.36899903 
H 34.7717675 6.3559446 3.93310327 
H 34.0601921 4.78405252 4.39128644 
C 34.0390007 7.73595073 6.23460716 
H 33.3020465 8.26294522 6.866598 
H 34.3441368 8.41907341 5.4225266 
H 34.9272995 7.50875818 6.84858871 
C 35.4268223 4.05705354 10.6090844 
C 36.6440235 4.076924 11.2860065 
C 37.8440242 4.3664662 10.6235227 
C 37.7720278 4.64595981 9.24882164 
C 36.5627281 4.62563738 8.56709733 
H 36.5395585 4.8402064 7.49337349 
C 39.1561895 4.37167483 11.3417775 
C 35.3583483 4.31699197 9.22949098 
C 27.0317053 -0.2758602 9.14992467 
H 26.3061488 -0.8771212 8.58814563 
H 34.5049208 3.8651409 11.1703452 
H 36.6593782 3.87870932 12.3649665 
H 38.6917236 4.88429472 8.69958775 
H 39.0249133 4.36914123 12.4362359 
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H 39.7668511 5.25082312 11.0705777 
H 39.7602362 3.48162686 11.0827875 
O 30.4179798 6.84379385 7.42206331 
O 29.3702669 6.79038707 8.1500197 
H 31.5485239 0.73755855 10.0996106 
H 34.0020871 1.82874829 10.1148124 
H 28.2627587 8.39719662 7.16415936 
H 30.1659717 9.0835066 6.29381847 
N 28.1348265 9.12355487 6.44214967 
N 29.352214 9.28294835 5.69427798 
H 29.3524785 8.53528813 4.99447145 
H 28.0134507 9.99479081 6.96736963 
    

 

Figure S36. Calculated structure of TS1. 

Table S10. Coordinates for TS1. 

Cu 31.0973716 5.06947331 7.17229012 
N 29.4775306 3.93515599 6.70626956 
N 29.0914737 2.8988614 7.31494724 
N 31.7665704 3.57934546 8.28546838 
N 34.0578773 5.19988199 7.42840761 
N 33.0403114 5.58714623 6.78106673 
C 26.19616 -1.3454756 11.2591182 
H 26.7292826 -1.883259 12.0622944 
H 25.7488658 -2.0912953 10.5815018 
H 25.3612311 -0.8073422 11.7467306 
C 27.0993715 -0.4044932 10.5261875 
C 28.0456843 0.37288901 11.2102031 
H 28.1262734 0.28521236 12.3009789 
C 28.8731577 1.26486235 10.5366056 
H 29.5765023 1.88180389 11.1083024 
C 28.7975581 1.41193749 9.13897305 
C 27.8382221 0.64412254 8.4535247 
H 27.7610522 0.73397498 7.36493692 
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C 29.6639106 2.36254764 8.42440984 
C 31.0109562 2.55977045 8.77913559 
C 31.8403564 1.70659495 9.60125388 
C 33.0875735 2.25844454 9.60712993 
C 33.021844 3.45325762 8.79262474 
C 34.0695442 4.34148582 8.47762083 
C 28.8046487 4.09831618 5.3610729 
C 27.4499912 3.41063571 5.31335176 
H 27.5340522 2.31673319 5.40798496 
H 26.9637906 3.6323784 4.34732147 
H 26.7896151 3.77216277 6.12024293 
C 29.7568241 3.4758613 4.3421767 
H 30.7599089 3.93598261 4.39791703 
H 29.3671206 3.61853307 3.31872262 
H 29.8702809 2.39211954 4.52134314 
C 28.6502981 5.58982868 5.11893796 
H 27.9550026 6.04125976 5.84717383 
H 28.2615362 5.77375698 4.10242048 
H 29.6243659 6.09915329 5.21454066 
C 33.4632799 6.44974171 5.60402928 
C 32.2230138 6.77814395 4.79769959 
H 31.7452978 5.85966665 4.4137109 
H 32.4894871 7.40338068 3.92785184 
H 31.4860737 7.32746303 5.4072205 
C 34.4609963 5.68168822 4.74690523 
H 35.370506 5.42849979 5.3169306 
H 34.7594328 6.29133579 3.87580055 
H 34.020495 4.74219497 4.36660317 
C 34.0896021 7.72358341 6.16103851 
H 33.3741981 8.27417665 6.79778537 
H 34.3939876 8.3889557 5.33386655 
H 34.9837461 7.48799679 6.76363001 
C 35.4014907 4.08934334 10.5961098 
C 36.6120989 4.11422958 11.2846607 
C 37.8181578 4.39872717 10.631078 
C 37.7591783 4.66684175 9.25346099 
C 36.5567282 4.64110993 8.5597995 
H 36.5442111 4.8464112 7.48407661 
C 39.1243518 4.40999435 11.3605752 
C 35.3458232 4.33831175 9.21350846 
C 27.0153271 -0.2458346 9.13458584 
H 26.2897891 -0.8445475 8.56988028 
H 34.4733982 3.90174331 11.1487189 
H 36.6177441 3.92424178 12.3652077 
H 38.6850647 4.89907135 8.71194979 
H 38.9841911 4.40535339 12.4538912 
H 39.7324493 5.29279316 11.0951966 
H 39.7352726 3.52391927 11.1041014 
O 30.4866668 6.90432559 7.47394991 
O 29.2518303 6.94131757 8.07424289 
H 31.5248237 0.77541306 10.0752457 
H 33.9858067 1.85720067 10.0795284 
H 28.6523308 7.73101301 7.45042182 
H 30.072444 9.38174437 6.10959454 
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N 28.2299481 8.7406008 6.71802236 
N 29.1828056 8.98874293 5.77576809 
H 29.3414415 8.17144815 5.1846851 
H 28.2647038 9.54005302 7.36661022 

 

 

 

Figure S37. Calculated structure of LCuOOH and hydrazine radical intermediate. 

Table S11. Coordinates for LCuOOH and hydrazine radical intermediate. 

Cu 31.0688361 5.08406071 7.35414231 
N 29.4946053 3.89089277 6.77224089 
N 29.1183248 2.84062676 7.35046879 
N 31.7659128 3.53000316 8.32608357 
N 34.0279826 5.21776052 7.51847589 
N 32.9896759 5.6435104 6.92882924 
C 26.1086889 -1.2419289 11.3970145 
H 26.6657473 -1.9138453 12.073274 
H 25.4892771 -1.8621453 10.7285941 
H 25.4202841 -0.6584566 12.0368083 
C 27.0302995 -0.3432755 10.6346202 
C 28.0634057 0.34686037 11.2879857 
H 28.1947612 0.21895564 12.3697418 
C 28.9121661 1.20293624 10.5968748 
H 29.6845692 1.75436046 11.1454757 
C 28.7750659 1.39795075 9.20891114 
C 27.729897 0.71812709 8.55459052 
H 27.5984261 0.85153819 7.47563701 
C 29.6579834 2.31889055 8.4831974 
C 31.0137134 2.50294198 8.81563188 
C 31.8581006 1.62734204 9.59369153 
C 33.1090732 2.17318033 9.58300823 
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C 33.0312868 3.3898673 8.80543581 
C 34.0728985 4.29246183 8.50572539 
C 28.9785197 4.00852973 5.35615335 
C 27.7440898 3.15514414 5.12135438 
H 27.9561727 2.07886282 5.22045013 
H 27.3696632 3.33652175 4.09879118 
H 26.938414 3.40967165 5.83098082 
C 30.1337478 3.52819587 4.47751187 
H 31.0622164 4.08621031 4.69723661 
H 29.8894665 3.67072705 3.41002057 
H 30.3370184 2.45654906 4.65007522 
C 28.6721328 5.47593864 5.10773873 
H 27.7943048 5.80029496 5.69197133 
H 28.4592614 5.64460382 4.03730812 
H 29.5277287 6.10977079 5.39835051 
C 33.3767351 6.58709698 5.79925351 
C 32.1244353 6.95844245 5.02805412 
H 31.651195 6.06917602 4.57747917 
H 32.3843833 7.64535932 4.20361128 
H 31.3814732 7.45432229 5.67419628 
C 34.3676533 5.88229774 4.88140625 
H 35.296751 5.62224709 5.41521831 
H 34.6322914 6.53586044 4.03155365 
H 33.9353706 4.95153239 4.47116542 
C 33.9973626 7.83103147 6.42559136 
H 33.2832159 8.33008985 7.10457344 
H 34.2816784 8.55079548 5.63777121 
H 34.9018836 7.57237531 7.00270996 
C 35.4854 3.93512351 10.5608608 
C 36.7231729 3.92345603 11.1999459 
C 37.9049651 4.22376349 10.5101922 
C 37.7931775 4.54393294 9.14708195 
C 36.5631976 4.55635358 8.50323203 
H 36.5090255 4.80437495 7.43776994 
C 39.2383291 4.20123431 11.188629 
C 35.3762675 4.24097955 9.1931961 
C 26.8834114 -0.1341905 9.25529727 
H 26.0853414 -0.6610171 8.7170385 
H 34.5796149 3.72999304 11.1435026 
H 36.7690584 3.69246532 12.2715737 
H 38.6982107 4.7905779 8.57721313 
H 39.1392002 4.18648823 12.2864835 
H 39.8520118 5.07629676 10.911249 
H 39.8242385 3.30728109 10.9026851 
O 30.3349 6.83778927 7.59151876 
O 28.9683583 6.73905378 8.00883567 
H 31.5488265 0.68574633 10.0508496 
H 34.0163521 1.75524114 10.0225059 
H 29.5834966 9.83894386 5.41872129 
N 28.058092 8.83323113 6.34921328 
N 28.8577776 9.124283 5.31697389 
H 29.1378717 8.31775064 4.76012846 
H 28.04885 9.67291852 6.94729587 
H 28.5249761 7.39204629 7.38960094 
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Figure S38. Calculated structure of TS2. 

Table S12. Coordinates for TS2. 

Cu 31.1972084 5.02761204 7.05631882 
N 29.6404532 3.87137151 6.57178719 
N 29.1366206 2.93354982 7.28744032 
N 31.7672907 3.71148537 8.36718956 
N 34.0808425 5.33310118 7.54436804 
N 33.0462626 5.72650155 6.89096651 
C 26.0027888 -1.058035 11.2904756 
H 25.8641928 -2.0202278 10.7679618 
H 24.9990459 -0.5993994 11.3742301 
H 26.3413754 -1.2720021 12.3178613 
C 26.9570223 -0.1614034 10.5657491 
C 27.8491687 0.66860668 11.2572718 
H 27.856153 0.6535581 12.3544304 
C 28.7192488 1.52253176 10.5833816 
H 29.381099 2.17725158 11.1622719 
C 28.7405692 1.57916852 9.17923461 
C 27.8377902 0.75122063 8.48425104 
H 27.8359828 0.76974385 7.38900277 
C 29.6399713 2.49536853 8.45270295 
C 30.9661759 2.74462877 8.90274121 
C 31.7353509 1.98368499 9.84333349 
C 33.0026039 2.51808127 9.85350525 
C 33.0039371 3.61586009 8.93102876 
C 34.0889964 4.45351011 8.55423475 
C 29.0602071 3.95461496 5.18048487 
C 28.0196294 2.87605052 4.92590331 
H 28.4431129 1.86561576 5.04778871 
H 27.6454055 2.97198427 3.89141953 
H 27.1614032 2.96331844 5.61155922 
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C 30.2345244 3.77853618 4.2213268 
H 31.0134965 4.54687031 4.3877441 
H 29.8949918 3.86990959 3.17411377 
H 30.7045431 2.78715589 4.34725219 
C 28.4404804 5.33592565 5.00699038 
H 27.6190357 5.49590978 5.7299099 
H 28.0193501 5.44644948 3.99205385 
H 29.1917856 6.13182156 5.14753496 
C 33.4362644 6.61431499 5.73581772 
C 32.1931422 7.35263366 5.26947017 
H 31.3699397 6.65868444 5.01377024 
H 32.4203625 7.94232374 4.36464398 
H 31.8299223 8.04602954 6.0468422 
C 33.9810263 5.72209659 4.62428932 
H 34.8624756 5.15572532 4.97376866 
H 34.2877638 6.32937152 3.75328778 
H 33.2228777 4.9965756 4.27866821 
C 34.4945361 7.62384891 6.16697456 
H 34.1658079 8.19325331 7.05422825 
H 34.6770026 8.3443191 5.35002505 
H 35.4498729 7.13232376 6.41142812 
C 35.5176349 4.23873541 10.6248634 
C 36.7674619 4.18055003 11.2402265 
C 37.9521019 4.23731982 10.4957599 
C 37.834113 4.36456021 9.10160527 
C 36.5916148 4.4280338 8.48353857 
H 36.5273387 4.5220195 7.3930375 
C 39.2962908 4.17466556 11.1516918 
C 35.400421 4.35756882 9.23080813 
C 26.9731301 -0.0987802 9.16292207 
H 26.295553 -0.7428361 8.58762305 
H 34.6137014 4.22658967 11.2449827 
H 36.8237144 4.10214052 12.3333845 
H 38.7431764 4.40415559 8.48763911 
H 39.2134992 4.15473292 12.2507923 
H 39.9231225 5.04227269 10.8767342 
H 39.8617991 3.2751851 10.8456178 
O 30.1855749 6.78518471 7.35339764 
O 29.0565924 6.44774356 8.23089492 
H 31.3855821 1.11385596 10.4023158 
H 33.8604047 2.16357139 10.4273466 
H 29.5775169 7.83789013 6.6941779 
N 27.6801671 8.79279195 6.50512509 
N 28.9043011 8.66829876 6.24619519 
H 29.2553287 9.32830292 5.53624849 
H 27.4616122 8.07173607 7.22384595 
H 28.6313567 5.71065978 7.73878091 
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Figure S39. Calculated structure of LCu + H2O2 + diazene intermediate. 

Table S13. Coordinates for intermediate LCu + H2O2 + diazene intermediate. 

Cu 31.3491524 4.64476802 6.78850511 
N 29.7223199 3.65350169 6.44541926 
N 29.2059082 2.78094001 7.22166134 
N 31.8094224 3.53448996 8.31835699 
N 34.0685062 5.26970299 7.51185267 
N 33.0540576 5.53455717 6.75199853 
C 25.8700485 -0.7157625 11.546617 
H 26.3792952 -1.3883625 12.2596703 
H 25.2169787 -1.332219 10.9070861 
H 25.217484 -0.0606938 12.1535812 
C 26.8499799 0.0767907 10.7394807 
C 27.8794744 0.80059017 11.3598671 
H 27.9616393 0.7871479 12.4541985 
C 28.7883104 1.54789075 10.6186149 
H 29.5596034 2.12674617 11.1400063 
C 28.7191468 1.59663272 9.21282598 
C 27.6786397 0.87981549 8.59171685 
H 27.6011377 0.89605575 7.49939718 
C 29.6716652 2.39858507 8.42892475 
C 31.0204969 2.57793341 8.85539186 
C 31.8128523 1.78130385 9.75898636 
C 33.0768993 2.31851583 9.75752992 
C 33.0633309 3.42506853 8.83095677 
C 34.1281698 4.26636351 8.41496592 
C 29.2093206 3.59701074 5.02923302 
C 28.0957781 2.5835637 4.83981323 
H 28.4202897 1.56179844 5.09672896 
H 27.7739192 2.58688146 3.78319628 
H 27.2199562 2.82462213 5.46521389 
C 30.4142818 3.24324382 4.16080861 
H 31.2363048 3.97241065 4.30709781 
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H 30.1388911 3.26005842 3.09146801 
H 30.7990933 2.23775857 4.40538673 
C 28.7213853 5.00362468 4.69987803 
H 27.8483363 5.28059589 5.31799427 
H 28.4282875 5.0732723 3.63694415 
H 29.5219305 5.74456494 4.88635045 
C 33.2580985 6.85487251 6.04691954 
C 32.0093737 7.11594519 5.22199301 
H 31.8595488 6.33059292 4.45839815 
H 32.0889508 8.08524561 4.69845001 
H 31.1092595 7.15054788 5.86316547 
C 34.4777434 6.74530938 5.13965362 
H 35.3852402 6.51263108 5.72215159 
H 34.6441846 7.69820893 4.60616293 
H 34.3395089 5.95144371 4.38350529 
C 33.4431751 7.95761363 7.0837868 
H 32.5643384 8.015367 7.75201908 
H 33.566408 8.94025288 6.59479534 
H 34.3352798 7.76569569 7.7034341 
C 35.6299597 3.99151483 10.4307468 
C 36.900852 3.91761599 10.9989734 
C 38.05741 4.00022647 10.2136759 
C 37.8902482 4.17266263 8.83005177 
C 36.6250502 4.25253258 8.2597916 
H 36.5213995 4.38558079 7.17632065 
C 39.4244018 3.91821903 10.8188836 
C 35.4628897 4.15368027 9.04664478 
C 26.7705127 0.13902444 9.34021589 
H 25.9768635 -0.4164265 8.82418966 
H 34.7479088 3.96284 11.0806565 
H 36.9972533 3.80688527 12.0864798 
H 38.7773908 4.23629079 8.1868546 
H 39.3822095 3.8844268 11.9198882 
H 40.0487737 4.78329465 10.5313759 
H 39.9685031 3.01721105 10.4806231 
O 30.060129 6.37417235 8.06834714 
O 28.6180726 6.53343601 8.10276233 
H 31.4739333 0.91731484 10.3345018 
H 33.9519576 1.92616579 10.2790888 
N 28.5158976 8.86556472 6.46798835 
N 28.6071551 9.03792373 5.25132185 
H 28.7497947 8.09838731 4.81500956 
H 28.3718083 9.79751631 6.91677373 
H 28.524846 7.32509261 7.49447635 
H 30.3100563 6.61715302 8.98434798 

 

Table S14. Tabulated Gibbs free energies for the oxidation of diphenylhydrazine (DPH) and 
hydrazine from frequency calculations using M06L functional and def2-TZVP basis set. 

Reaction and Gibbs Free Energy Value (Eh) (Gprod.	− Greac.) 
DPH ½ O2 → Azobenzene H2O Hartrees kcal/mol 
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-573.27  -75.10  -572.10 -76.34 0.0625 -39.19 
Hydrazine ½ O2 → Diazene H2O   

-111.72 -75.10  -110.53 -76.34 0.0488 -30.64  
 

Table S15. Mulliken charges for H’s involved in the dehydrogenation of hydrazine by 3 for the 
first H-atom transfer event (H75) and the second H-atom transfer event (H70). 

 Mulliken Charge 
Complex H75 H70 

LCuO2 0.272046 0.276732 
TS1 0.278173 0.285222 

LCuOOH 0.359653 0.296413 
TS2 0.38196 0.333127 

LCu H2O2 0.39112 0.372452 
 

 

 

 

Figure S40. Calculated structure for 1 in the singlet ground state. 

Table S16. Coordinates for 1 in the singlet ground state. 

Cu 31.439971 4.4792189 6.61802845 
N 29.5658134 4.12471322 6.68095553 
N 29.0147111 3.20428877 7.40771924 
N 31.8134277 3.47431152 8.20280796 
N 34.1965491 4.84365836 7.21822534 
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N 33.257519 4.96909908 6.32702964 
C 26.3743178 -2.0871464 10.1048753 
H 25.9630801 -1.8886384 11.1079973 
H 26.9534525 -3.019249 10.1582243 
H 25.5181219 -2.2543997 9.43308152 
C 27.2257325 -0.9387732 9.62814883 
C 26.6610782 0.32595985 9.38485968 
H 25.5899376 0.47472809 9.54846006 
C 27.4371203 1.39576091 8.95112353 
H 26.9793226 2.3691037 8.7713482 
C 28.8237597 1.24931217 8.74820177 
C 29.387787 -0.0184535 8.97748375 
H 30.4495845 -0.1766119 8.77906047 
C 29.6544867 2.37672808 8.26916906 
C 30.9588712 2.59790013 8.79332603 
C 31.6128512 2.05354985 9.96839324 
H 31.1946368 1.32218902 10.6538891 
C 32.8733546 2.60349017 10.0164637 
H 33.6374729 2.41906694 10.766817 
C 32.9777344 3.5219971 8.8985544 
C 34.0639009 4.33387985 8.46160907 
C 28.5574952 5.05911801 6.04774374 
C 27.1744808 4.97786688 6.69877694 
H 26.7145046 3.99094622 6.55761106 
H 26.520488 5.73769867 6.24477399 
H 27.2355368 5.1757444 7.77841106 
C 28.4731613 4.67033359 4.5614006 
H 29.4590043 4.74786422 4.07976865 
H 27.7735861 5.33600493 4.03355458 
H 28.1165777 3.63532745 4.45546298 
C 29.1236408 6.47731485 6.19567398 
H 29.1222053 6.79707989 7.24824969 
H 28.5235566 7.19056714 5.61192599 
H 30.1623893 6.51914329 5.82566371 
C 33.8500466 5.2440818 4.95914287 
C 32.6905711 5.39481542 3.97536527 
H 32.0534446 4.49511234 3.97541259 
H 33.0778698 5.53644947 2.95560826 
H 32.0649118 6.26386039 4.22809577 
C 34.7416901 4.06220055 4.54611322 
H 35.5543758 3.92554989 5.27210231 
H 35.1836132 4.24444906 3.55501549 
H 34.1579493 3.13032641 4.49861233 
C 34.6648463 6.54531206 5.0225209 
H 34.0338977 7.38100991 5.36047628 
H 35.0596211 6.79070391 4.02547726 
H 35.5037848 6.43898358 5.72228839 
C 35.0646956 4.85215238 10.7082119 
C 36.1646118 5.10831525 11.52911 
C 37.4704107 5.10022011 11.022076 
C 37.6352742 4.83012803 9.65219947 
C 36.5441496 4.5775516 8.82747381 
H 36.6937787 4.3658587 7.76818388 
C 38.6588706 5.3771213 11.905714 
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C 35.2321883 4.5749213 9.34041506 
C 28.6017648 -1.087266 9.4114036 
H 29.0684182 -2.0630989 9.57020397 
H 34.0582834 4.89878158 11.1287766 
H 36.000641 5.33552535 12.5858385 
H 38.6421214 4.81155559 9.22526523 
H 38.349403 5.57883837 12.9404432 
H 39.2294478 6.24887892 11.5464903 
H 39.352957 4.52064842 11.9203142 

 

 

Figure S41. Calculated structure for 1 in the triplet ground state.  

Table S17. Coordinates for 1 in the triplet ground state. 

Cu -0.000034 1.565217 0.000004 
N 1.798652 1.679066 -0.535294 
N 2.712883 0.751178 -0.356048 
N 0 -0.290053 0.000047 
N -2.712919 0.751181 0.356028 
N -1.798718 1.679117 0.53526 
C 7.163196 -3.843139 0.766084 
H 7.216284 -4.638342 0.010112 
H 7.156418 -4.326986 1.74834 
H 8.087489 -3.259834 0.683274 
C 5.941521 -2.976929 0.568406 
C 5.912475 -1.984343 -0.422875 
H 6.79049 -1.827222 -1.046442 
C 4.782315 -1.20076 -0.628616 
H 4.780121 -0.439908 -1.40218 
C 3.626063 -1.378453 0.151059 
C 3.659213 -2.360945 1.153336 
H 2.797682 -2.494953 1.800555 
C 2.432345 -0.517419 -0.057187 
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C 1.117826 -1.075919 0.00797 
C 0.689815 -2.443259 0.006631 
H 1.342562 -3.304236 -0.006633 
C -0.689799 -2.443264 -0.006306 
H -1.342537 -3.304246 0.007036 
C -1.117819 -1.075929 -0.007787 
C -2.432348 -0.517423 0.057259 
C 2.368269 2.975194 -1.014651 
C 3.467208 2.743533 -2.06493 
H 4.327694 2.233613 -1.628137 
H 3.798485 3.706247 -2.471178 
H 3.089342 2.132325 -2.891849 
C 2.939835 3.751567 0.186866 
H 2.162815 3.957302 0.932922 
H 3.367412 4.709567 -0.131677 
H 3.725911 3.162009 0.668809 
C 1.211531 3.745671 -1.669932 
H 0.828803 3.205417 -2.542976 
H 1.542639 4.736524 -1.998153 
H 0.375683 3.905639 -0.976242 
C -2.368362 2.97523 1.014604 
C -1.211763 3.745472 1.67043 
H -0.829572 3.20514 2.543666 
H -1.542794 4.736411 1.998463 
H -0.375511 3.905197 0.977158 
C -3.467721 2.743598 2.064444 
H -4.328217 2.234036 1.627252 
H -3.798852 3.706305 2.470828 
H -3.090307 2.132075 2.891335 
C -2.939376 3.751858 -0.18702 
H -2.162042 3.957641 -0.932732 
H -3.366988 4.709844 0.13151 
H -3.725324 3.162463 -0.669374 
C -3.659083 -2.361066 -1.153248 
C -4.795614 -3.144372 -1.353685 
C -5.941445 -2.977013 -0.568495 
C -5.91252 -1.984345 0.422674 
C -4.782367 -1.200733 0.628489 
H -4.780286 -0.439796 1.401971 
C -7.162933 -3.843492 -0.766137 
C -3.626041 -1.378488 -0.151023 
C 4.795787 -3.144245 1.353704 
H 4.794344 -3.890718 2.145223 
H -2.797488 -2.495092 -1.800378 
H -4.794093 -3.890874 -2.14518 
H -6.790617 -1.827156 1.046102 
H -7.158967 -4.322791 -1.75065 
H -8.087489 -3.261506 -0.677491 
H -7.212657 -4.642326 -0.013756 
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Table S18. Tabulated NO fractional occupation on Cu for the V2RDM calculated HONO and 
LUNO states determined by the quotient of the sum of squared atomic orbital coefficients (AO) 
for Cu divided by the sum of squared atomic orbital coefficients for the complex. 

 T𝑨𝑶𝑪𝒖𝟐  T𝑨𝑶𝑻𝒐𝒕𝟐  Cu Fractional Contribution 

HONO 0.384802 0.814228 0.472642 
LUNO 0.371591 0.908608 0.409318 

 

X-ray Crystallography 

 

Figure S42. SXRD of 1. Ellipsoids are set to 50% probability. 
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Figure S43. SXRD of 2. Ellipsoids are set to 50% probability. 𝜏% and 𝜏%7  values of 0.49 and 0.50, 
respectively 
 

 

Table S19. Comparison of bond lengths for 1 and 2. 

  Bond (1) Å (2) Å Δ Å 

Cu-N1/ 
Cu-N5 

1.895(3) 
1.890(5) 

1.976(3) 
1.968(3) 

0.081 
0.078 

Cu-N3 1.952(3) 1.891(3) -0.061 

N1-N2/ 
N5-N4 

1.289(3) 
1.293(4) 

1.285(4) 
1.282(4) 

-0.006 
-0.011 

N2-C7/ 
N4-C12 

1.384(4) 
1.369(5) 

1.364(4) 
1.372(4) 

-0.020 
0.003 

C7-C8/ 
C12-C11 

1.398(4) 
1.393(4) 

1.385(5) 
1.382(4) 

-0.013 
-0.011 

N1 
N2 N4 

N5 

C7 

C9 C10 

C12 

Cu1 

C8 C11 

O1 
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C8-C9/ 
C11-C10 

1.453(5) 
1.459(5) 

1.446(5) 
1.455(5) 

-0.007 
-0.006 

C9-C10 1.347(5) 1.336(5) -0.011 

Cu-O1 - 2.076(2)  

 

 

Table S20. Crystal data and structure refinement for 1 and 2. 

Identification code (1) (2) 
Empirical formula C28H34CuN5 C29H34CuF3N5O3S 
Formula weight 504.14 653.22 
Temperature/K 100(2) 100(2) 
Crystal system monoclinic triclinic 
Space group C2/c P-1 
a/Å 51.589(3) 13.5820(11) 
b/Å 5.7227(4) 16.2112(13) 
c/Å 17.4463(11) 16.8010(14) 
α/° 90 118.365(2) 
β/° 92.884(3) 91.035(3) 
γ/° 90 103.702(3) 
Volume/Å3 5144.1(6) 3125.4(4) 
Z 8 4 
ρcalcg/cm3 1.302 1.430 
μ/mm‑1 0.874 0.824 
F(000) 2128.0 1398.0 
Crystal size/mm3 0.32 × 0.24 × 0.18 0.165× 0.065 × 0.045 
Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 
2Θ range for data collection/° 4.676 to 48.376 4.494 to 51.458 
Index ranges -58 ≤ h ≤ 58, -6 ≤ k ≤ 6, -20 

≤ l ≤ 19 
-15 ≤ h ≤ 16, -19 ≤ k ≤ 19, -20 
≤ l ≤ 20 

Reflections collected 13160 39814 
Independent reflections 4010 [Rint = 0.0524, Rsigma = 

0.0539] 
11867 [Rint = 0.0991, Rsigma = 
0.1037] 

Data/restraints/parameters 4010/367/389 11867/34/915 
Goodness-of-fit on F2 1.041 1.005 
Final R indexes [I>=2σ (I)] R1 = 0.0448, wR2 = 0.0910 R1 = 0.0511, wR2 = 0.0871 
Final R indexes [all data] R1 = 0.0669, wR2 = 0.0994 R1 = 0.1033, wR2 = 0.1009 
Largest diff. peak/hole / e Å-3 0.51/-0.33 0.46/-0.43 
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Appendix II: Chapter II Supplementary Information 

NMR spectra 

 

Figure S1. 1H NMR of 2 in CD3CN. 
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Figure S2. 13C NMR of 2 in CD3CN. 
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Figure S3. 1H NMR of complex 3, made in situ from 2 + benzoic acid (2.1 eq) in C6D6 + d8-THF 
(for solubility). Benzoate peaks (gray) are attributed as counter-anions of complex 3. Some 
remaining [CoCp2*]+ from complex 2 is also detected.   
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Figure S4. 1H NMR of complex 3 in C6D6 + d8-THF (for solubility) with a widened window to 
confirm the absence of a Ni hydride resonance. 
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Figure S5. 1H NMR of complex 3 in C6D6 + d8-THF (for solubility) after initial in-situ 
generation from benzoic acid and complex 2 (bottom spectrum, red) and after 24h at room 
temperature under N2 atmosphere (top spectrum, teal). *complex 3, ‡ benzoate, L decomposition 
products 
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Figure S6. 1H NMR of 1 eq 3 + 10 eq octyne + Na/Hg in C6D6 + d8-THF (for solubility). We 
note that complex 3 partially decomposes upon reacting with Na/Hg. L1-octene *1-octyne ‡ligand 
decomposition products 
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Figure S7. Full spectrum of 1H NMR of 1eq 3 + 10eq octyne + Na/Hg in C6D6 + d8-THF (for 
solubility) with a widened window to confirm the absence of a Ni hydride resonance. 
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Figure S8. 1H NMR in CD3CN of benzoic acid anhydride (red) starting material and d1-benzoic 
acid (teal) product after refluxing with D2O and purification. We note the absence of any OH 
signal. 
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Figure S9. 1H NMR of phenylacetylene after electrolysis with d1-benzoic acid and 1 in CD3CN, 
d 6.77 is the mesitylene internal standard. 
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Figure S10. 1H NMR of 1-ethynyl-2-vinylbenzene after electrolysis with 1 and benzoic acid in 
CD3CN. The assigned peaks correspond to 1,2-divinylbenzene. No cyclized product is detected.1 
Some non-product peaks correspond to ligand decomposition. Starting material is not 
indefinitely stable when exposed to MeCN, which resulted in a reduced yield. d 6.77 is the 
mesitylene internal standard. 
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Figure S11. 1H NMR of 1-prop-2-ynyloxy-hept-3-yne in CDCl3. 
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Figure S12. 13C NMR of 1-prop-2-ynyloxy-hept-3-yne in CDCl3. 
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Electrochemistry 

 

Figure S13. CV of 1 in THF. The Ni(II)/(I) couple is visible at –2.85 V. 
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Figure S14. CV of 1 (1 eq) with added 1-octyne in MeCN. 
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Figure S15. CV of 1 with benzoic acid and added 1-octyne in MeCN. 
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Figure S16. CV of 1 with added benzoic acid in sub-stoichiometric conditions in MeCN. 
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Figure S17. CV of 1 with 1-octyne and added benzoic acid in MeCN. We assign the first 
inflection point of the catalytic feature to semi-hydrogenation reactivity, and we note that HER is 
dominant at more negative potentials. 
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Figure S18. CVs of benzoic acid (71 mM), octyne (71 mM), and varying concentrations of 1 
from 1.8-1.42 mM in MeCN. Serial dilutions of 200 µL were done starting from the highest 
catalyst concentration. The concentration of benzoic acid and octyne was held constant in the 
starting solution and the diluting solution. A linear relationship between current density and 
catalyst concentration corresponds to a first order dependence. 
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Figure S19. Bulk electrolysis chronopotentiometry of 1 with benzoic acid and 1-octyne in 
MeCN. 
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Figure S20. Bulk electrolysis chronopotentiometry of (tBu, TolDHPH2)NiOTf with benzoic acid 
and 1-octyne in MeCN. 
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Figure S21. CV of (tBu, TolDHPH2)Ni[OTf] overlayed with CV of 1 with benzoic acid (BA) and 
1-octyne in MeCN. 
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Reaction Development 

Table S1. Optimization for bulk electrolysis. BA: benzoic acid *Yield of styrene. All reactions 
performed with 10 mol% catalyst loading of 1 unless otherwise noted. 
 

 

 

 

 

 

 

 

  

 

Calculation of current passed during electrolysis initiation period 

Experimental: 
0.0039𝐴	 × 	180 sec = 0.702	𝐶 

0.702𝐶	 × _6.24 × 10"8
𝑒$

𝐶 c = 4.38 × 10"8𝑒$ 

4.38 × 10"8𝑒$ =	 7.27 × 10$'	𝑚𝑜𝑙	𝑒$	𝑝𝑎𝑠𝑠𝑒𝑑 
Theoretical: 

4 × 10$'	𝑚𝑜𝑙	𝑁𝑖	𝑎𝑑𝑑𝑒𝑑 
8 × 10$'	𝑚𝑜𝑙	𝑒$	𝑓𝑜𝑟	2𝑒$	𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛	𝑜𝑓	𝑁𝑖 

 
Thermodynamic Calculation of Standard Potential 

 
S + 2 HA + 2 e- ⇌	SH2 + 2 A- 

 
2 HA + 2 e- ⇌ H2 + 2 A-   E0HA/H2, MeCN 

S + H2 ⇌ SH2     DG0Hydrogenation(S), MeCN 
 

E0S/SH2, HA, MeCN = E0HA/H2, MECN – (DG0Hydrogenation(S), MeCN)/2F 
 

E0HA/H2, MeCN = E0H+/H2, MeCN – ln(10)(RT/F)pKa, HA, MeCN 

Substrate (1 eq) Conditions Current (mA) Yield (%)* 

Phenylacetylene BA, 5 eq 6 75 

Phenylacetylene BA, 10eq 6 84 

Phenylacetylene BA, 10 eq 3.9 96 

Phenylacetylene BA, 10 eq 2 37 

Phenylacetylene H2 atm 3.9 <5 

Phenylacetylene HFIP, 10 eq 3.9 16 

Phenylacetylene 10 mol% ligand (no 1), 
BA, 10 eq 

3.9 <5 

Phenylacetylene THF solvent, BA, 10 eq 3.9 30 
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T = 298.15 K 

 
E0H+/H2, MeCN = –0.07 V vs Fc+/0  

 
pKa, BA, MeCN = 20.7  

 
Thus, E0BA/H2, MeCN = –1.29 V vs Fc+/0 

 
DG0Hydrogenation(S), MeCN = (DG0f(SH2) – DG0f(S) – DG0f(H2)) + (DG0solv(SH2) – DG0solv(S) – DG0solv(H2)) 

 
In the case of the hydrogenation of 1-octyne to 1-octene in MeCN: 

 
DG0f(H2) = –39.0 kJ/mol  
DG0f(S) = 239.6 kJ/mol  
DG0f(SH2) = 104.3 kJ/mol  

 
DG0solv(H2) = 21.4 kJ/mol  
DG0solv(S) = 13 kJ/mol *  
DG0solv(SH2) = 13 kJ/mol *  

 
* No published experimental values for DG0solv for octyne or octene in MeCN. Value for n-

heptane in MeCN is 13 kJ/mol. Value for 1-octyne and octene in DMF is 15.7 kJ/mol and 20.2 
kJ/mol, respectively. Alternative final E0 using values in DMF will be given below. 

 
DG0Hydrogenation(S), MeCN = –96.3 –21.4 = –117.7 kJ/mol 

E0S/SH2, BA, MeCN = –0.68 V vs Fc+/0  
If DMF values for DG0solv are used: E0S/SH2, BA, MeCN = –0.70 V vs Fc+/0 

 
Overpotential (for base of catalytic wave) = –0.8 V vs Fc+/0 

Overpotential (at Eapp –1.8 V vs Fc+/0) = –1.1 V vs Fc+/0 
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EPR Spectroscopy 

 

Figure S22. X-band EPR of 4 (the one-electron reduced complex of 3) in MeCN at 15 K. Fitting 
parameters: g = 2.073, 2.123, 2.270; A = 8, 8, 5. Note the small paramagnetic impurities at 300 
and 345 mT. 
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Figure S23. Full EPR of 4 (the one-electron reduced complex of 3) in MeCN with Co(II) feature 
at g = 4.3 due to the presence of a CoCp2* derivative that was not removed after the reaction of 
complex 2 to form 3. We note that interpreting differences in intensity is difficult due to different 
relaxation times for separate metal species. 
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IR Spectroscopy 

 

Figure S24. IR of 2 + benzoic acid in THF. Solvent subtraction is removed for clarity. 
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Figure S25. ATR-IR of 2. 
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Product Characterization 

 

Figure S26. 1-Octyne reaction to form 1-octene in CD3CN. d 6.77 is the mesitylene internal 
standard. 
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Figure S27. GC-TIC chromatogram of 1-octyne after electrolysis. Due to overlapping retention 
times with solvents that could not be fully removed, both the peak shape and relative intensity of 
1-octene is severely distorted on the instrument used. We therefore relied on NMR integrations 
which provide a more reliable yield. * = 1-octene, † = 1-octyne, 8.03 min = mesitylene internal 
standard, 9.53 min = residual nBu4N+, 10.47 min = benzoic acid, 11.30 = residual 
hexafluorophosphate 13.02, 13.65 = contaminants (see mass spectra below). 
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Figure S28. Mass Spectrum at t = 5.52 min of 1-octene (MW 112). 

 
Figure S29. Mass spectrum at t= 6.15 min of 1-octyne (MW 110). 
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Figure S30. Mass spectrum at t = 13.65 min of column contaminant. Masses do not match 
product dimer, which has an expected MW = 220. 

 
Figure S31. Mass spectrum at 13.04 min of column contaminant. Masses do not match product 
dimer, which has an expected MW = 220. 
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Figure S32. 2-ethynyl-pyridine reaction to form 2-vinyl-pyridine in CD3CN. d 6.20 (J = 17.5, 
1.5 Hz), 5.42 (J = 11, 1.5 Hz). d 6.77 is the mesitylene internal standard. 
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Figure S33. 4-chloro-phenylacetylene reaction to form 4-chloro-styrene in CD3CN. d 5.78 (J = 
17.7, 0.5 Hz), 5.42 (J = 11, 0.5 Hz). d 6.77 is the mesitylene internal standard. 
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Figure S34. 3-methyl-pentyn-3-ol reaction to form 3-methyl-penten-3-ol in CD3CN. d 5.12 (J = 
18 Hz), 4.95 (J = 11.5 Hz). d 6.77 is the mesitylene internal standard. 
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Figure S35. Phenylacetylene reaction to form styrene in CD3CN. d 5.78 (J = 17.7, 1 Hz), 5.22 (J 
= 11, 1 Hz). d 6.77 is the mesitylene internal standard. 
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Figure S36. 2-ethynyl-thiophene reaction to form 2-vinyl-thiophene in CD3CN. d 5.55 (J = 18.6 
Hz), 5.12 (J = 11.7 Hz). d 6.77 is the mesitylene internal standard. 
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Figure S37. 2-ethynyl-toluene reaction to form 2-methyl-styrene in CD3CN. d 5.63 (J = 18.7, 0.9 
Hz), 5.24 (J = 12.0, 0.9 Hz). d 6.77 is the mesitylene internal standard. 
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Figure S38. GC-TIC chromatogram of 2-ethynyl-toluene after electrolysis. * = 2-vinyl-toluene, 
† = 2-ethynyl-toluene, 8.02 min = mesitylene internal standard, 9.53 min = residual nBu4N+, 
10.47 min = benzoic acid, 7.21, 12.56 13.04, 14.45 min = contaminants (see mass spectrum 
below and Figure S31, S46, and S54). 
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Figure S39. Mass spectrum at t = 8.09 min of 2-ethynyl-toluene (MW 116). 

 
Figure S40. Mass spectrum at t = 8.26 min of 2-vinyl-toluene (MW 118). 

�� �� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ���
	
��
���

�������
�

���

������
�

������
�

������
�

������
�

������
�

������
�

������
�

������
�

������
�

������
�

������
�

������
�

������
�

������
�

������
�

������
�

������
�

������
�

������
�

������
�

������
�

��
��
�
�
��
�

������
������

������
�����

�����
���������

���� ������
����������

����

�� �� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ���
	
��
���

�������
�

���

������
�

������
�

������
�

������
�

������
�

������
�

������
�

������
�

������
�

������
�

������
�

������
�

������
�

������
�

������
�

������
�

������
�

������
�

������
�

������
�

��
��
�
�
��
�

������
������

������
�����

������
�����

�����
�����

������
���������

����
�����
����

������
����



 
186 

 

 
Figure S41. Mass spectrum at t = 14.45 min of ligand. Masses do not match dimerized product, 
which has an expected MW = 232. 
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Figure S42. 4-ethynyl-toluene reaction to form 4-methyl-styrene in CD3CN. d 5.71 (J = 18.8 
Hz), 5.16 (J = 11.7 Hz). d 6.77 is the mesitylene internal standard. 
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Figure S43. GC-TIC chromatogram of 4-ethynyl-toluene after electrolysis. * = 4-methyl-
styrene, † = 4-ethynyl-toluene, 8.02 min = mesitylene internal standard, 9.52 min = residual 
nBu4N+, 10.46 min = benzoic acid, 7.21 and 13.04 = contaminants (see mass spectrum below and 
Figure S31). 
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Figure S44. Mass spectrum at t = 8.19 min of 4-ethynyl-toluene (MW 116). 

 
Figure S45. Mass spectrum at t = 8.28 min of 4-methyl-styrene (MW 118). 
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Figure S46. Mass spectrum at t = 7.21 min of column contaminant. Masses do not match fully 
hydrogenated product (expected MW = 120) or dimerized product (expected MW = 232). 
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Figure S47. Cyclopropyl acetylene reaction to form ethenyl cyclopropane in CD3CN. d 5.03 (J = 
17, 1.7 Hz), 4.81 (J = 10.3, 1.7 Hz). d 6.77 is the mesitylene internal standard. 
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Figure S48. Levonorgestrel reaction to form the semi-hydrogenated analogue in CD3CN. d 6.05, 
6.01 (J = 10.8 Hz), 5.03 (J = 17.3, 1.6 Hz), 4.97 (J = 10.8, 1.6 Hz). d 6.77 is the mesitylene 
internal standard. 
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Figure S49. Diphenylacetylene reaction to form cis-stilbene in CD3CN. d 6.77 is the mesitylene 
internal standard. 
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Figure S50. 1-Phenyl-1-propyne reaction to form b-methyl-styrene in CD3CN. d 6.25 (J = 11.7, 
1.7 Hz). d 6.77 is the mesitylene internal standard. 

 
Figure S51. GC-TIC chromatogram of 1-phenyl-1-propyne after electrolysis. * = b-Me-styrene, 
† = 1-phenyl-1-propyne, 8.02 min = mesitylene internal standard, 9.55 min = residual nBu4N+, 
10.49 min = benzoic acid, 12.61 and 13.02 = contaminants (see mass spectrum below and Figure 
S31). 
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Figure S52. Mass spectrum at t = 8.22 min of b-Me-styrene (MW 118). 

 
Figure S53. Mass spectrum at t = 8.78 min of 1-Ph-1-propyne (MW 116). 
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Figure S54. Mass spectrum at t = 12.61 min of column contaminant. Masses do not match a 
product dimer, which has an expected MW = 232). 
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Figure S55. Methyl acrylate (top) and the methyl propiolate post-electrolysis product mixture 
(bottom) in CD3CN. 
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Figure S56. Methyl propiolate reaction to form methyl acrylate in CD3CN. One alkene peak is 
integrated for determining yield due to the other signals overlapping with byproducts (vide supra 
for commercial standard methyl acrylate peaks). d 5.82 (J = 10.2, 1.6 Hz). d 6.77 is the 
mesitylene internal standard. 
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Figure S57. 1-prop-2-ynyloxy-hept-3-yne reaction to form 1-allyloxy-hept-3-yne in CD3CN, 
DCM impurity at d 5.42. d 6.77 is the mesitylene internal standard. 
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Figure S58. Post-electrolysis reaction mixture in CD3CN of 1-prop-2-ynyloxy-hept-3-yne 
showing alkene product (top) and after exposure to silica gel column (bottom) showing 
instability of the product to attempted isolation. d 6.77 is the mesitylene internal standard. 
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Figure S59. Undeca-5,10-diyne-1-ol reaction to form undeca-10-en-5-yn-1-ol in CD3CN. 
Spectrum collected on 500 MHz instrument. d 6.77 is the mesitylene internal standard. 
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Table S2. Triplicate yields for all substrates. Electrolysis performed under standard conditions. 
*yields for semi-hydrogenated products. 

 

Substrate Yields* (%) Average (%) Faradaic 
Efficiency (%) 

Phenylacetylene 96, 98, 96 97(1) 57 
1-Octyne 71, 70, 73 71(2) 42 
Diphenylacetylene 11, 10, 14 11(2) 6 
2-ethynyl-thiophene 95, 97, 95 95(1) 56 
2-ethynyl-pyridine 97, 95, 98 97 (2) 57 
4-chloro-phenylacetylene 98, 98, 98 98 57 
4-ethynyl-toluene 90, 86, 87 87(2) 51 
2-ethynyl-toluene 72, 72, 73 72(1) 42 
3-methyl-1-pentyn-3-ol 98, 97, 98 98(1) 57 
1-phenyl-1-propyne 46, 40, 41 42(3) 25 
Methyl propiolate 18, 15, 16 16(2) 9 
Cyclopropyl acetylene 71, 71, 72 71(1) 42 
Levonorgestrel 73, 77, 76 75(2) 44 
1-prop-2-ynyloxy-hept-3-
yne 33, 35, 35 34(1) 20 

Undeca-5,10-diyne-1-ol 56, 56, 56 56 33 
 

(DHP)Ni, Benzoic Acid, 4 mA, 3.4 F mol–1

Zn(+)/RVC(–), MeCN, divided cell
R R
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Control Experiments 

 

Figure S60. Detection of H2 by mass spectrometry post-electrolysis. 

Table S3. Quantification of H2 using gas chromatography calibration curve. Comparing the 
injected volume of H2 into the H-cell with the calculated volume shows that some gas leakage 
from the H-cell is occurring. The total H2 produced was extrapolated from the aliquot to the 
volume of the H-cell headspace. 
  H2 measured 

H2 added  Conditions/considerations Measured Extrapolate to H-cell 
headspace 

30 µL From H2 gas tank, syringed directly into GC 
(control to test calibration) 28 µL - 

2.6 mL Injected into to H-cell under N2 atm, 5 min 
equilibration before GC injection (50 µL aliquot) 4.6 µL 740 µL 

0 
Bulk electrolysis (55 min) before injection (50 µL 
aliquot), 2.6 mL H2 theoretically generated 
(assuming 50% FE) 

0.94 µL 150 µL 
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Figure S61. Gas chromatography (TCD detector) calibration curve for H2 (retention time: 0.630 
min). 
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Figure S62. Control bulk electrolysis reactions with Ni(MeCN)3OTf2 and no catalyst in the 
presence of benzoic acid (BA) and octyne substrate compared to the standard reaction 
conditions. 
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Figure S63. Control bulk electrolysis with tBu,TolDHP ligand and no catalyst in the presence of 
benzoic acid (BA) and octyne substrate. 
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DFT Calculations 

 

Figure S64. Calculated structure of 4. 

Table S4. Coordinates of calculated structure of 4. 
 

Ni       14.67901        2.99901        6.46909  
  N       13.73090        1.96237        7.89802  
  N       12.30129        2.08754        8.14778  
  N       13.09716        3.48880        5.55366  
  N       15.48168        4.51386        3.93604  
  N       15.91710        3.85385        5.15559  
  C       13.59918       -0.26844        9.05240 
  C       15.60158        0.41608        7.73340 
  H       16.07766        0.92419        8.59207 
  C       14.08211        0.48083        7.81588 
  C       11.52569        2.60833        7.24670 
  C       10.05187        2.61022        7.64592 
  C        9.68839        1.53848        8.66033 
  C        9.63880        3.99379        8.14463 
  C       11.82661        3.23503        5.97173 
  C       10.91427        3.76236        5.01902 
  H        9.82318        3.72640        5.06010 
  C       11.67538        4.35006        4.01666 
  H       11.28947        4.84764        3.12400 
  C       13.03812        4.16831        4.37579 
  C       14.21840        4.61823        3.65784 
  C       13.95141        5.32614        2.33175 
  C       13.60166        4.31159        1.24419 
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  C       15.08863        6.22716        1.87663 
  C       13.45172       -0.09030        6.55690 
  H       13.75472       -1.14354        6.42472 
  H       12.34896       -0.06054        6.60752 
  C       16.95593        4.73183        5.83418 
  C       17.46874        3.91799        7.01472 
  H       16.66668        3.73111        7.75818 
  H       18.28232        4.45574        7.53240 
  H       17.86589        2.94080        6.68417 
  C       18.10631        5.05896        4.89005 
  H       18.56544        4.13556        4.49203 
  H       18.89205        5.61683        5.42942 
  H       17.77829        5.67389        4.03635 
  C       16.25982        5.99465        6.31249 
  H       15.38271        5.74132        6.93874 
  H       15.91343        6.60955        5.46367 
  H       16.94891        6.60962        6.91768 
  H       14.01646        0.17140        9.97648 
  H       13.92874       -1.32135        9.00579 
  H       12.50038       -0.25997        9.13426 
  H       15.93759       -0.63584        7.73737 
  H       15.97929        0.88537        6.80271 
  H       13.77285        0.47780        5.66353 
  H       14.12501        2.25503        8.80215 
  H       16.46149        3.05852        4.78872 
  H       13.34494        4.82715        0.30160 
  H       12.74462        3.67488        1.52354 
  H       14.46219        3.64859        1.03743 
  H       13.06376        5.96732        2.49220 
  H       15.98333        5.64502        1.59719 
  H       15.39219        6.93582        2.66657 
  H       14.78005        6.81178        0.99149 
  H        9.47591        2.39663        6.72569 
  H       10.21082        4.26548        9.05113 
  H        8.56606        4.00964        8.40791 
  H        9.81021        4.77879        7.38786 
  H       10.15859        1.72397        9.64099 
  H       10.00853        0.53565        8.32715 
  H        8.59418        1.51600        8.81062 
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Figure S65. Calculated structure of I1. 

Table S5. Coordinates of calculated structure of I1. 
 

Ni       14.82160        2.52100        6.43348  
 N       13.46734        1.12280        7.45471  
 N       12.36221        1.73376        8.15601  
 N       13.18448        3.26350        5.66104  
 N       15.47206        4.58519        4.18143  
 N       15.68382        4.40108        5.59715  
 C       12.36311       -1.08873        7.79647 
 C       14.28280       -0.82141        6.22656 
 H       15.05194       -0.94925        7.00907 
 C       13.02353       -0.16713        6.77350 
 C       11.67963        2.63135        7.51931 
 C       10.50047        3.21182        8.28510 
 C       10.01241        2.33776        9.42722 
 C       10.84918        4.61795        8.77338 
 C       11.93770        3.22066        6.21326 
 C       11.02864        3.90816        5.37945 
 H        9.96082        4.05868        5.55574 
 C       11.75866        4.35697        4.27830 
 H       11.37602        4.93173        3.43107 
 C       13.09911        3.97672        4.50574 
 C       14.27265        4.37832        3.73900 
 C       14.06432        4.59124        2.25152 
 C       13.80378        3.24990        1.56432 
 C       15.19120        5.34706        1.56955 
 C       12.05861        0.12116        5.63495 
 H       11.81830       -0.82446        5.11714 
 H       11.10726        0.54709        5.99724 
 C       15.58762        5.69332        6.38527 
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 C       15.84091        5.28599        7.83067 
 H       15.05518        4.59160        8.18880 
 H       15.84005        6.17365        8.48822 
 H       16.81766        4.78155        7.94381 
 C       16.65773        6.67095        5.90562 
 H       17.66814        6.23195        5.99723 
 H       16.64102        7.59652        6.50855 
 H       16.49777        6.94951        4.84945 
 C       14.21296        6.33078        6.26208 
 H       13.41245        5.67141        6.63946 
 H       13.97664        6.60641        5.21960 
 H       14.19646        7.25840        6.86166 
 H       13.04746       -1.30769        8.63626 
 H       12.09401       -2.04986        7.32369 
 H       11.44242       -0.64541        8.21159 
 H       14.03993       -1.82137        5.82625 
 H       14.72148       -0.22628        5.40835 
 H       12.49100        0.81669        4.89459 
 H       14.05202        0.78344        8.22728 
 H       16.68519        4.17741        5.64015 
 C       18.47665        0.66923        4.68853 
 H       17.09095        2.20151        4.01915 
 C       17.08463        1.28675        4.64685 
 C       16.55661        1.61848        5.97606 
 C       16.47836        1.80336        7.21970 
 H       16.80539        1.70848        8.25476 
 H       16.38041        0.60313        4.13323 
 H       18.81486        0.40262        3.67271 
 H       18.48692       -0.24779        5.30238 
 H       19.21146        1.37081        5.11949 
 H        9.77513        1.31516        9.08572 
 H        9.09787        2.76915        9.87188 
 H       10.76627        2.24728       10.22803 
 H        9.66790        3.30989        7.56144 
 H       11.70323        4.58381        9.47614 
 H        9.99581        5.07855        9.30223 
 H       11.12818        5.28213        7.93709 
 H       14.92917        5.55799        0.51742 
 H       16.12628        4.76048        1.57043 
 H       15.40321        6.30748        2.07002 
 H       13.55842        3.39796        0.49779 
 H       12.96687        2.70310        2.03308 
 H       14.70022        2.60297        1.61263 
 H       13.14140        5.19739        2.15450 
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Figure S66. Calculated structure of TS1. Note that this is not an optimized TS, but is the closest 
structure obtained. Both frequency calculations, which show one reasonable imaginary mode, 
and IRC analysis (Figure S75) supports that this is a reasonable estimate of the true TS 
geometry. 
 
Table S6. Coordinates of calculated structure of transition state 1 (TS1). 

 Ni       14.43705        2.64912        6.70334  
  N       13.28020        1.22099        7.66095  
  N       12.02571        1.67534        8.22430  
  N       12.86892        3.34075        5.83578  
  N       15.11725        4.86460        4.40122  
  N       15.39692        4.64148        5.73728  
  C       12.37834       -1.08824        7.94652 
  C       14.48248       -0.68153        6.68207 
  H       15.12809       -0.67383        7.57889 
  C       13.09344       -0.14144        6.98585 
  C       11.28275        2.46121        7.51045 
  C        9.93143        2.80107        8.11868 
  C        9.49216        1.85503        9.22245 
  C        9.92019        4.25173        8.59897 
  C       11.58873        3.08977        6.23902 
  C       10.68681        3.56593        5.26489 
  H        9.59573        3.52442        5.30792 
  C       11.45561        4.08698        4.22792 
  H       11.07840        4.53296        3.30501 
  C       12.81113        3.96791        4.62099 
  C       13.96444        4.50113        3.91446 
  C       13.79979        4.71368        2.41801 
  C       13.78376        3.36275        1.70280 
  C       14.84695        5.63323        1.81253 
  C       12.29841        0.01305        5.70091 
  H       12.24394       -0.96430        5.18970 
  H       11.26217        0.33962        5.89228 
  C       16.38729        5.65549        6.23277 
  C       16.74044        5.27285        7.66489 
  H       15.82934        5.07889        8.25984 
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  H       17.30033        6.09076        8.15263 
  H       17.36897        4.36746        7.70454 
  C       17.64734        5.68973        5.37295 
  H       18.14803        4.70352        5.36294 
  H       18.36924        6.42435        5.77432 
  H       17.41843        5.97051        4.33082 
  C       15.69435        7.01370        6.21540 
  H       14.78068        7.00223        6.83698 
  H       15.40836        7.30200        5.18870 
  H       16.36813        7.79393        6.61399 
  H       12.93227       -1.18571        8.89753 
  H       12.30405       -2.09266        7.49463 
  H       11.35711       -0.74657        8.17914 
  H       14.39959       -1.72771        6.34007 
  H       14.98792       -0.10953        5.88658 
  H       12.76909        0.73645        5.01018 
  H       13.82622        0.99762        8.50116 
  H       15.93594        3.54976        5.78830 
  C       18.19772        1.33834        4.65702 
  H       16.82984        2.85605        3.91569 
  C       16.81514        1.96073        4.56991 
  C       16.25888        2.31976        5.91030 
  C       16.18752        2.00085        7.16168 
  H       16.66371        1.50252        8.01057 
  H       16.10634        1.26054        4.08362 
  H       18.55953        1.05030        3.65486 
  H       18.18985        0.43270        5.28870 
  H       18.92823        2.04336        5.09079 
  H        9.50020        0.80318        8.88897 
  H        8.46551        2.10309        9.54508 
  H       10.14886        1.92468       10.10644 
  H        9.19557        2.71898        7.29459 
  H       10.65690        4.39925        9.41018 
  H        8.92587        4.52573        8.99321 
  H       10.16572        4.95605        7.78561 
  H       14.62121        5.82252        0.74781 
  H       15.85676        5.19063        1.87149 
  H       14.88835        6.60544        2.33314 
  H       13.59579        3.48978        0.62161 
  H       13.00514        2.69028        2.10486 
  H       14.75917        2.85272        1.81486   
  H       12.81020        5.18391        2.25896 
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Figure S67. Calculated structure of I2. 

 Table S7. Coordinates of calculated structure of I2. 

  Ni       14.41548        2.84106        6.10451  
   N       13.45313        1.36980        7.08645  
   N       12.39549        1.76809        7.99327  
   N       12.69247        3.53082        5.66010  
   N       14.72575        4.77757        4.10725  
   N       15.12039        4.37639        5.29971  
   C       12.51449       -0.92987        7.33014 
   C       14.29122       -0.45289        5.65466 
   H       15.10169       -0.62659        6.38443 
   C       13.04102        0.09219        6.32473 
   C       11.50748        2.60978        7.57172 
   C       10.37018        2.92101        8.52463 
   C       10.17811        1.88168        9.61548 
   C       10.55758        4.31757        9.11867 
   C       11.52576        3.32564        6.31259 
   C       10.46163        3.87618        5.55725 
   H        9.40252        3.87141        5.82741 
   C       11.02622        4.39169        4.39369 
   H       10.50611        4.89686        3.57572 
   C       12.42551        4.18249        4.49846 
   C       13.50095        4.62040        3.65645 
   C       13.22563        4.97584        2.21707 
   C       12.93272        3.70299        1.41886 
   C       14.33873        5.78272        1.57199 
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   C       11.98738        0.39710        5.27450 
   H       11.75728       -0.53254        4.72460 
   H       11.04162        0.75701        5.71264 
   C       16.03258        5.38922        5.93872 
   C       16.30366        4.98913        7.38095 
   H       15.36122        4.79630        7.92565 
   H       16.82975        5.81334        7.89487 
   H       16.92769        4.08571        7.44759 
   C       17.33406        5.48117        5.14961 
   H       17.87940        4.52177        5.17141 
   H       17.98799        6.25503        5.59025 
   H       17.13999        5.75342        4.09788 
   C       15.29830        6.73172        5.92806 
   H       14.31129        6.64086        6.41826 
   H       15.13930        7.10459        4.90257 
   H       15.88380        7.48870        6.47843 
   H       13.24915       -1.10985        8.13516 
   H       12.33338       -1.89114        6.81873 
   H       11.56874       -0.60592        7.79244 
   H       14.05354       -1.41790        5.17418 
   H       14.67356        0.23456        4.88204 
   H       12.34336        1.14438        4.54279 
   H       14.16636        1.02589        7.73945 
   C       18.60049        0.54491        7.16037 
   H       19.25725        1.91919        5.63203 
   C       18.43596        1.18976        5.79967 
   C       17.12477        1.88802        5.56816 
   C       16.10425        2.01349        6.43427 
   H       16.23531        1.53992        7.43110 
   H       18.58860        0.42843        5.00598 
   H       19.59334        0.07412        7.26624 
   H       17.83978       -0.23840        7.33250 
   H       18.49556        1.28450        7.97478 
   H       10.04040        0.86979        9.19797 
   H        9.28817        2.12777       10.22126 
   H       11.04750        1.84699       10.29414 
   H        9.45247        2.94506        7.90349 
   H       11.45694        4.34712        9.76118 
   H        9.68920        4.59583        9.74131 
   H       10.67531        5.08889        8.33783 
   H       14.06342        6.05850        0.53903 
   H       15.27576        5.20056        1.52608 
   H       14.55394        6.71039        2.12950 
   H       12.67190        3.94624        0.37357 
   H       12.09497        3.13160        1.85518 
   H       13.81961        3.04269        1.40144 
   H       12.30137        5.58836        2.21193 
   H       17.03123        2.34073        4.56430 
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Figure S68. Calculated structure of I3. 

Table S8. Coordinates of calculated structure of I3. 

Ni       14.65986        2.79472        5.83054  
 N       13.78019        0.89367        6.35735  
 N       12.78156        0.88880        7.40941  
 N       12.83903        3.49510        5.82710  
 N       14.51833        5.05792        3.92573  
 N       15.18303        3.98892        4.36759  
 C       13.12252       -1.44999        5.78841 
 C       14.60856       -0.08303        4.31365 
 H       15.53205       -0.34403        4.86421 
 C       13.40188       -0.05312        5.24090 
 C       11.89862        1.84557        7.41544 
 C       10.86540        1.73490        8.52874 
 C       10.73312        0.34090        9.12009 
 C       11.16328        2.76134        9.62230 
 C       11.79036        3.00764        6.56205 
 C       10.65928        3.82670        6.33949 
 H        9.66293        3.69728        6.77215 
 C       11.04530        4.81946        5.43953 
 H       10.40918        5.60676        5.02575 
 C       12.41774        4.59491        5.14345 
 C       13.28683        5.35463        4.27104 
 C       12.69813        6.58756        3.59904 
 C       11.93906        6.21393        2.32565 
 C       13.73549        7.65986        3.29887 
 C       12.18780        0.48022        4.49927 
 H       11.95332       -0.17667        3.64225 
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 H       11.29508        0.51103        5.14813 
 C       16.57395        3.98677        3.82053 
 C       17.36125        5.15449        4.41271 
 H       16.87018        6.11436        4.17123 
 H       18.39589        5.19046        4.02228 
 H       17.41733        5.06910        5.51433 
 C       17.22576        2.67120        4.22943 
 H       17.17426        2.51510        5.32458 
 H       18.29284        2.65731        3.94238 
 H       16.73879        1.81203        3.73676 
 C       16.56316        4.07962        2.29636 
 H       16.16654        5.05018        1.95222 
 H       15.93092        3.28298        1.86157 
 H       17.58342        3.96483        1.88485 
 H       13.98307       -1.82592        6.37174 
 H       12.94009       -2.16130        4.96316 
 H       12.23537       -1.45760        6.44391 
 H       14.46837       -0.83094        3.51351 
 H       14.76186        0.90316        3.83685 
 H       12.37018        1.49947        4.11387 
 H       14.57182        0.43211        6.82129 
 C       16.70292        3.54185       10.35152 
 H       18.12950        2.19369        9.46571 
 C       17.02828        2.27190        9.59255 
 C       16.35617        2.13096        8.24877 
 C       15.53796        3.00256        7.62026 
 H       15.35664        3.93848        8.19717 
 H       16.77026        1.39093       10.21855 
 H       17.23612        3.58232       11.31760 
 H       15.62046        3.62056       10.56073 
 H       16.98788        4.44166        9.77633 
 H       10.57927       -0.42434        8.33977 
 H        9.87093        0.30351        9.81026 
 H       11.63182        0.05148        9.69178 
 H        9.88699        2.00126        8.08437 
 H       12.16802        2.59439       10.05591 
 H       10.42879        2.68208       10.44421 
 H       11.13020        3.79565        9.23827 
 H       13.25578        8.57555        2.90677 
 H       14.46244        7.31442        2.54214 
 H       14.31247        7.93571        4.19993 
 H       11.44944        7.09256        1.86468 
 H       11.15733        5.45674        2.51732 
 H       12.63575        5.78993        1.57712 
 H       11.96471        7.02615        4.30498 
 H       16.59806        1.16745        7.75089 
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Figure S69. Calculated structure of TS2–. 

Table S9. Coordinates of calculated structure of anionic transition state 2 (TS2–). 
 

Ni       14.33661        2.69164        5.36482  
  N       13.37002        0.90163        6.13408  
  N       12.20214        0.88559        6.84970  
  N       12.69324        3.67085        5.72304  
  N       14.51960        5.23831        3.93560  
  N       14.98182        3.98726        4.10430  
  C       14.11213       -1.22338        7.19486 
  C       15.11698       -0.39185        5.06946 
  H       15.89862        0.17840        5.60332 
  C       13.83526       -0.49175        5.88094 
  C       11.48873        1.95126        7.07120 
  C       10.29207        1.75116        7.99427 
  C        9.88658        0.29836        8.18206 
  C       10.54711        2.40427        9.35375 
  C       11.65280        3.29262        6.52806 
  C       10.74874        4.37422        6.63195 
  H        9.81420        4.38947        7.19937 
  C       11.26499        5.42181        5.86469 
  H       10.81547        6.40871        5.72487 
  C       12.47842        4.95939        5.30534 
  C       13.40024        5.67768        4.45235 
  C       13.01151        7.09917        4.06944 
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  C       11.92167        7.10219        2.99650 
  C       14.18696        7.95422        3.62225 
  C       12.78570       -1.24573        5.06893 
  H       13.13402       -2.26382        4.81346 
  H       11.84105       -1.34094        5.63175 
  C       16.33461        3.86567        3.48486 
  C       17.32887        4.77042        4.21205 
  H       17.03225        5.83067        4.12664 
  H       18.34752        4.66572        3.79375 
  H       17.37498        4.51598        5.28800 
  C       16.76679        2.41670        3.63583 
  H       16.82001        2.12445        4.70269 
  H       17.76906        2.25250        3.20169 
  H       16.06136        1.73666        3.12633 
  C       16.28387        4.22604        2.00161 
  H       15.97365        5.27457        1.85591 
  H       15.56473        3.58088        1.46414 
  H       17.27541        4.09482        1.52964 
  H       14.91427       -0.71725        7.76400 
  H       14.43344       -2.26542        7.01202 
  H       13.20877       -1.25155        7.82894 
  H       15.53019       -1.39612        4.86581 
  H       14.93625        0.10225        4.09798 
  H       12.56486       -0.71454        4.12463 
  H       14.28758        1.58435        6.81818 
  C       16.63498        3.65360        9.71240 
  H       18.22738        2.98701        8.41158 
  C       17.26583        2.60775        8.81739 
  C       16.41881        2.13567        7.67435 
  C       15.17454        2.54296        7.34082 
  H       14.71357        3.29291        8.01380 
  H       17.56639        1.72529        9.42033 
  H       17.31329        3.94303       10.53315 
  H       15.69956        3.28257       10.16847 
  H       16.37997        4.56929        9.14925 
  H        9.69622       -0.20676        7.21928 
  H        8.96530        0.23842        8.79005 
  H       10.67152       -0.27657        8.70420 
  H        9.42959        2.27271        7.53263 
  H       11.36950        1.88591        9.88324 
  H        9.65113        2.35703       10.00017 
  H       10.83212        3.46633        9.25599 
  H       13.86392        8.99742        3.45095 
  H       14.61968        7.57846        2.67792 
  H       14.99972        7.96592        4.36963 
  H       11.56326        8.12739        2.78747 
  H       11.04826        6.49507        3.29315 
  H       12.31068        6.68650        2.04739 
  H       12.57950        7.57356        4.97412 
  H       16.91129        1.36080        7.05652 
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Figure S70. Calculated structure of 2 and butene. 

Table S10. Coordinates of calculated structure of 2 and butene.   

  Ni       14.01828        3.24382        6.93084  
     N       12.88498        2.05354        7.89581  
     N       11.69582        1.57984        7.52246  
     N       12.71687        3.53049        5.54573  
     N       15.16042        5.11084        5.01135  
     N       15.31216        4.35897        6.11073  
     C       13.70613        2.60158       10.13215 
     C       14.59137        0.61059        8.90152 
     H       15.37345        1.21078        8.40164 
     C       13.34896        1.45211        9.19221 
     C       11.07054        1.93754        6.41777 
     C        9.69715        1.31643        6.20425 
     C        9.49946       -0.00810        6.92523 
     C        8.58563        2.29402        6.58621 
     C       11.52183        2.88013        5.43221 
     C       10.89155        3.29713        4.22762 
     H        9.92173        2.95799        3.85198 
     C       11.74166        4.22101        3.62183 
     H       11.57377        4.73526        2.67108 
     C       12.88230        4.34488        4.46086 
     C       14.07397        5.12364        4.27036 
     C       14.14451        6.00885        3.03323 
     C       14.60462        5.21022        1.81398 
     C       15.01966        7.23912        3.22060 
     C       12.30334        0.57523        9.86755 
     H       12.70709        0.19870       10.82588 
     H       11.37709        1.13354       10.08479 
     C       16.68878        4.56134        6.65861 
     C       16.86876        3.59297        7.81575 
     H       16.10194        3.75080        8.59732 
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     H       17.85854        3.72096        8.28935 
     H       16.79325        2.54481        7.47217 
     C       17.74215        4.25620        5.59477 
     H       17.62600        3.22512        5.21093 
     H       18.76077        4.34948        6.01489 
     H       17.66310        4.94899        4.73993 
     C       16.84204        5.99520        7.16224 
     H       16.09615        6.21058        7.94984 
     H       16.69401        6.72106        6.34313 
     H       17.84693        6.16372        7.59254 
     H       14.43741        3.28976        9.66905 
     H       14.14770        2.22716       11.07440 
     H       12.80955        3.19484       10.38888 
     H       15.02604        0.20031        9.83244 
     H       14.34462       -0.23805        8.23711 
     H       12.02679       -0.29473        9.24968 
     C       17.33331        0.55221        2.92244 
     H       16.55955        2.56543        2.73656 
     C       16.18938        1.51930        2.70318 
     C       15.04399        1.39233        3.65299 
     C       14.91962        0.49290        4.63713 
     H       15.79719        1.41554        1.67015 
     H       14.23448        2.12890        3.51758 
     H       15.68728       -0.26891        4.83427 
     H       14.03024        0.48064        5.28249 
     H       10.30810       -0.72604        6.70158 
     H        8.54044       -0.46983        6.62752 
     H        9.47851        0.12615        8.02117 
     H        9.59539        1.11802        5.11794 
     H        8.62184        2.51893        7.66920 
     H        7.58495        1.87619        6.36824 
     H        8.67607        3.25247        6.04464 
     H       14.96868        7.89623        2.33311 
     H       16.07841        6.96132        3.36770 
     H       14.71463        7.83217        4.10142 
     H       14.61171        5.83403        0.90032 
     H       13.94959        4.34159        1.61975 
     H       15.63141        4.82646        1.96789 
     H       13.11622        6.36507        2.82584 
     H       18.13626        0.70852        2.18227 
     H       17.00067       -0.49751        2.83296 
     H       17.77843        0.66900        3.92707 
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Figure S71. Calculated structure of neutral TS2. 

Table S11. Coordinates of calculated structure of neutral transition state 2 (TS2).   

  Ni       14.19194        2.86552        5.82260  
    N       13.38440        1.20369        6.50527  
    N       12.25453        1.15513        7.26191  
    N       12.48537        3.60316        5.57532  
    N       14.40819        5.12448        4.03236  
    N       15.01864        4.19982        4.71691  
    C       13.97302       -1.16322        6.96959 
    C       14.82453       -0.01503        4.91809 
    H       15.76248        0.24732        5.43001 
    C       13.65669       -0.14293        5.88158 
    C       11.37822        2.11856        7.22930 
    C       10.19912        1.98790        8.17279 
    C       10.02065        0.58359        8.72423 
    C       10.31380        3.00784        9.30637 
    C       11.40647        3.24810        6.33550 
    C       10.33745        4.14150        6.05116 
    H        9.33834        4.10511        6.49022 
    C       10.79594        5.04083        5.10516 
    H       10.24329        5.86978        4.65778 
    C       12.15464        4.70260        4.84695 
    C       13.11665        5.40987        4.08026 
    C       12.65924        6.57361        3.22377 
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    C       11.92770        6.07701        1.97603 
    C       13.78414        7.52407        2.84613 
    C       12.41355       -0.55600        5.09725 
    H       12.61169       -1.48890        4.53983 
    H       11.55300       -0.73260        5.76398 
    C       16.50439        4.18699        4.38322 
    C       17.24886        4.79626        5.56908 
    H       16.93976        5.84640        5.71869 
    H       18.33786        4.78902        5.37960 
    H       17.06159        4.24601        6.50398 
    C       16.93138        2.75013        4.12147 
    H       16.70594        2.09603        4.97330 
    H       18.01985        2.70746        3.93748 
    H       16.42041        2.34542        3.22938 
    C       16.81705        5.00913        3.13660 
    H       16.62876        6.08407        3.28215 
    H       16.22405        4.68066        2.26664 
    H       17.88648        4.87763        2.89275 
    H       14.88378       -0.88522        7.53023 
    H       14.14031       -2.15907        6.52129 
    H       13.13937       -1.24970        7.68662 
    H       14.98911       -0.98393        4.41474 
    H       14.62794        0.74190        4.13762 
    H       12.13199        0.22609        4.36863 
    H       14.50917        1.59934        7.06621 
    C       17.48971        3.04243        9.50484 
    H       18.74559        2.14549        7.98612 
    C       17.79175        1.93666        8.51654 
    C       16.75473        1.67796        7.47281 
    C       15.63158        2.39172        7.24694 
    H       15.44279        3.21921        7.95881 
    H       17.99588        0.98695        9.05131 
    H       18.30746        3.15338       10.23673 
    H       16.56393        2.83523       10.07068 
    H       17.35920        4.01946        9.00661 
    H        9.91556       -0.16630        7.92143 
    H        9.11446        0.53973        9.35413 
    H       10.87932        0.28295        9.34916 
    H        9.29105        2.23844        7.59102 
    H       11.19205        2.78401        9.93997 
    H        9.41759        2.98404        9.95159 
    H       10.42631        4.03751        8.92388 
    H       13.37186        8.42971        2.36700 
    H       14.48965        7.06079        2.13458 
    H       14.36860        7.83925        3.72780 
    H       11.57880        6.92593        1.36085 
    H       11.04778        5.46081        2.23230 
    H       12.59750        5.46108        1.34727 
    H       11.92629        7.14688        3.82553 
    H       16.98999        0.81107        6.83145 
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Figure S72. Calculated structure of 1 and butene. 

Table S12. Coordinates of calculated structure of 1 and butene. 
 

 Ni       13.56489        3.20512        6.31728  
   N       12.53544        2.01709        7.36983  
   N       11.23559        1.94525        7.47247  
   N       12.00342        3.89763        5.43895  
   N       14.41832        5.11221        4.32549  
   N       14.71495        4.33176        5.33025  
   C       12.79894        1.06028        9.64067 
   C       14.64878        0.95221        7.97900 
   H       15.05839        1.88775        8.39603 
   C       13.14716        0.88540        8.16756 
   C       10.37552        2.69482        6.78038 
   C        8.91640        2.52603        7.16292 
   C        8.60499        1.17588        7.78942 
   C        8.47950        3.66487        8.08471 
   C       10.71452        3.60159        5.75599 
   C        9.83658        4.34465        4.88548 
   H        8.74493        4.32687        4.90480 
   C       10.63445        5.08418        4.05409 
   H       10.30893        5.75874        3.25920 
   C       11.99985        4.78979        4.41351 
   C       13.18593        5.31021        3.85579 
   C       13.09330        6.18808        2.62072 
   C       12.83473        5.33407        1.37856 
   C       14.30990        7.07643        2.41622 
   C       12.61642       -0.44327        7.63843 
   H       13.10762       -1.28222        8.16297 
   H       11.52804       -0.53190        7.78989 
   C       16.17512        4.52573        5.67992 
   C       16.47477        3.67235        6.89462 
   H       15.82118        3.93861        7.74680 
   H       17.51956        3.81526        7.22062 
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   H       16.34782        2.60122        6.66889 
   C       17.03057        4.07353        4.50084 
   H       16.80071        3.02754        4.22797 
   H       18.10318        4.12909        4.76093 
   H       16.85506        4.70747        3.61522 
   C       16.42189        5.99489        6.00534 
   H       15.80514        6.31585        6.86447 
   H       16.18028        6.64089        5.14536 
   H       17.48216        6.15458        6.27000 
   H       13.16558        2.02978       10.02369 
   H       13.27015        0.25943       10.23808 
   H       11.70863        1.01392        9.80021 
   H       15.14568        0.11384        8.49695 
   H       14.92127        0.88904        6.90816 
   H       12.82545       -0.55026        6.55871 
   C       20.42083       -0.31347        4.78383 
   H       18.98417        0.95243        3.77866 
   C       18.99404        0.08731        4.47314 
   C       18.15000        0.42941        5.65795 
   C       18.54595        0.44460        6.93558 
   H       18.48661       -0.71774        3.90388 
   H       17.10474        0.69221        5.42795 
   H       19.57394        0.18875        7.22796 
   H       17.85795        0.71824        7.74625 
   H        8.93728        0.33911        7.15101 
   H        7.51641        1.07274        7.94516 
   H        9.09587        1.05651        8.77098 
   H        8.32026        2.60336        6.23374 
   H        9.06365        3.65140        9.02378 
   H        7.41099        3.57358        8.34996 
   H        8.62621        4.65366        7.61458 
   H       14.12969        7.78182        1.58585 
   H       15.20699        6.48432        2.16343 
   H       14.54951        7.66486        3.31840 
   H       12.77208        5.96403        0.47306 
   H       11.89335        4.76191        1.45844 
   H       13.65427        4.60775        1.22418 
   H       12.21564        6.85039        2.75324 
   H       20.97924       -0.55089        3.86258 
   H       20.45753       -1.20683        5.43288 
   H       20.96630        0.49406        5.30441 



 
225 

 

 
Figure S73. Calculated structure of TS1 with constrained Ni-N5 distance of 2.0 Å. We note that 
efforts to constrain the Ni–N bond lengths in the transition state result in increased Hhydrazone–
Calkyne distances, and thus included the unconstrained geometry (Figure S66) in the calculated 
catalytic cycle. 
    
Table S13. Coordinates of calculated structure of TS1 with constrained Ni–N5 distance of 2.0 Å. 

    Ni       14.83636        2.56139        6.38153  
     N       13.44147        1.13718        7.44485  
     N       12.35628        1.77151        8.15509  
     N       13.15077        3.23853        5.63042  
     N       15.47673        4.45134        4.20883  
     N       15.66691        4.22025        5.63429  
     C       12.31497       -1.04941        7.86359 
     C       14.20422       -0.85040        6.24905 
     H       14.98511       -0.97629        7.02020 
     C       12.96767       -0.16155        6.80497 
     C       11.66410        2.65637        7.51100 
     C       10.49858        3.25566        8.28229 
     C       10.00284        2.38979        9.42728 
     C       10.87039        4.65646        8.76834 
     C       11.91020        3.22190        6.19137 
     C       11.00983        3.92891        5.36071 
     H        9.94574        4.10046        5.54166 
     C       11.74345        4.36672        4.25684 
     H       11.36978        4.95121        3.41208 
     C       13.07588        3.95526        4.47945 
     C       14.27387        4.32688        3.74281 
     C       14.10185        4.59790        2.26061 
     C       13.85388        3.28182        1.52176 
     C       15.24586        5.37166        1.63050 
     C       11.98432        0.10939        5.67769 
     H       11.72578       -0.84603        5.18713 
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     H       11.04352        0.55305        6.04623 
     C       15.61834        5.52690        6.42840 
     C       15.87279        5.12017        7.87364 
     H       15.07383        4.44876        8.24438 
     H       15.89558        6.01308        8.52341 
     H       16.83860        4.59513        7.98320 
     C       16.71752        6.46388        5.93705 
     H       17.71429        5.99473        6.02837 
     H       16.72909        7.39055        6.53795 
     H       16.56314        6.74515        4.88137 
     C       14.26564        6.20867        6.31232 
     H       13.44422        5.57415        6.68663 
     H       14.03648        6.49953        5.27263 
     H       14.27931        7.13248        6.91785 
     H       13.01646       -1.25858        8.69175 
     H       12.01598       -2.01756        7.42394 
     H       11.41347       -0.57896        8.29085 
     H       13.93265       -1.85450        5.87790 
     H       14.63959       -0.28343        5.40916 
     H       12.40995        0.78302        4.91372 
     H       14.03840        0.80753        8.21238 
     H       16.66840        3.98757        5.66553 
     C       18.52545        1.26765        4.47208 
     H       16.51718        1.78891        3.85285 
     C       17.01288        1.14972        4.61061 
     C       16.53005        1.50009        5.95251 
     C       16.46287        1.75753        7.18141 
     H       16.78129        1.69927        8.22183 
     H       16.68842        0.11860        4.36735 
     H       18.84785        0.97255        3.45889 
     H       19.04658        0.62103        5.19849 
     H       18.85927        2.30537        4.64603 
     H        9.74303        1.37204        9.08739 
     H        9.10111        2.83763        9.88182 
     H       10.76241        2.28496       10.22094 
     H        9.66583        3.36768        7.56111 
     H       11.72376        4.61094        9.47112 
     H       10.02449        5.13227        9.29605 
     H       11.15838        5.31480        7.93054 
     H       15.00579        5.61901        0.58105 
     H       16.17839        4.78132        1.62924 
     H       15.45152        6.31424        2.16676 
     H       13.62787        3.46823        0.45680 
     H       13.00757        2.72032        1.95456 
     H       14.74896        2.63306        1.56506 
     H       13.18091        5.20640        2.16412 
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Figure S74. Calculated structure of a Ni-hydride complex bound to butyne (Ni-Calkyne: 2.0 Å). 
Bond constraints were implemented in order to optimize an alkyne-bound structure. 
 
Table S14. Coordinates of calculated structure of (DHPH)Ni–H bound to butyne. 

  Ni       14.04080        3.28285        6.59565  
   N       12.95326        2.13692        7.95094  
   N       11.58735        2.46579        8.29573  
   N       12.40734        3.92416        5.81622  
   N       14.69077        5.39850        4.82193  
   N       14.88800        4.91281        6.03090  
   C       14.53987        0.24561        7.97079 
   C       12.32738        0.02461        6.79942 
   H       12.74058        0.39436        5.84579 
   C       13.06295        0.60163        7.99487 
   C       10.79989        2.99372        7.41542 
   C         9.34783        3.11736        7.85686 
   C         8.94908        2.11789         8.92930 
   C         9.03914        4.54725         8.29553 
   C       11.13129        3.58678         6.14067 
   C       10.25536        4.09770        5.14763 
   H         9.16616        4.01372         5.13668 
   C       11.04469        4.73885        4.20179 
   H       10.70528        5.26500        3.30660 
   C       12.38565        4.63342        4.65701 
   C       13.57995        5.22484        4.13169 
   C       13.56669        5.75259        2.71395 
   C       13.63842        4.58978        1.72178 
   C       14.65924        6.77021        2.43229 
   C       12.45891        0.07567        9.29656 
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   H       12.65796       -1.00742        9.37475 
   H       12.91768        0.56437       10.17503 
   C       16.12820        5.49774        6.65701 
   C       15.95212        5.48249        8.16963 
   H       15.06368        6.06785        8.46866 
   H       16.83535        5.93373        8.65584 
   H       15.83563        4.45923        8.56319 
   C       17.33864        4.66909        6.24315 
   H       17.25553        3.63260        6.61338 
   H       18.26788        5.10085        6.65800 
   H       17.43630        4.63938        5.14244 
   C       16.31305        6.94784        6.21262 
   H       15.40396        7.54245        6.41322 
   H       16.54452        7.03196        5.13957 
   H       17.14558        7.40234        6.77851 
   H       15.01929        0.53530        7.02635 
   H       14.65347       -0.84586        8.09235 
   H       15.08180        0.73544        8.80003 
   H       12.41705       -1.07575        6.80359 
   H       11.25103        0.27004        6.82989 
   H       11.37026        0.22836        9.34798 
   H       15.27693        2.89267        7.35241 
   H       13.45987        2.42406        8.79682 
   H        9.25807        5.28114        7.50070 
   H        9.63686        4.82000        9.18491 
   H        7.97295        4.65036        8.56406 
   H        8.73718        2.90210        6.95871 
   H        9.46474        2.31572        9.88464 
   H        9.18969        1.08240        8.63269 
   H        7.86219        2.17507        9.11632 
   H       13.55433        4.95205        0.68130 
   H       12.83337        3.85219        1.88932 
   H       14.60392        4.05834        1.81681 
   H       12.58864        6.25177        2.56186 
   H       15.66301        6.31985        2.52597 
   H       14.61769        7.62372        3.13075 
   H       14.55983        7.16540        1.40573 
   H       17.56484        1.86044        4.57766 
   C       14.35118        2.15204        4.97548 
   C       15.51011        1.70108        4.95744 
   H       16.84806       -0.44992        3.77860 
   H       13.42641        2.20190        4.40495 
   C       16.86572        1.23566        5.16693 
   C       17.07075       -0.23984        4.83799 
   H       18.11714       -0.52878        5.03016 
   H       17.13341        1.42571        6.22775 
   H       16.42025       -0.88249        5.45553 
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Figure S75. Intrinsic Reaction Coordinate pathway for TS1. The transition state geometry 
determined from a surface scan maximum is calculated to lie on same reaction coordinate as the 
proposed mechanistic cycle (Figure 5A). 
 
Table S15. Tabulated energies for calculation of N–H BDE. 

 (DHPH)Ni Phenol à (DHPH2)Ni PhO• Reaction 
Energy 

N–H BDE 
(kcal/mol) 

Energy 
(kcal/mol) 

-1800736.75 
 

-193006.45 
  

-1801106.3 
 

-192604.85 
 

-32.0025 
 

55.9975 
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Table S16. Mulliken charges for H’s involved in the semi-hydrogenation of butyne by 1 for the 
first H-atom transfer event (H47) and the second H-atom transfer event (H46). 

 
Mulliken Charge 

Complex H46 H47 

(DHPH2)Ni-alkyne 0.200799 0.188343 
TS1 0.21224 0.171320 
(DHPH)Ni-vinyl (–) 0.203133 0.093693 
TS2 (–) 0.217193 0.147006 
(DHP)Ni alkene (–) 0.158664 0.142618 

 
Table S17. Tabulated Gibbs free energies for the formation of a Ni hydride from a ligand 
protonated Ni species. 
Reaction and Gibbs Free Energy (Eh) DGreaction (kcal/mol) 
(DHPH2)Ni à (DHPH)Ni–H  
–2564.7004  –2564.6937 + 4.26 

 
Table S18. Tabulated Gibbs free energies for alkyne substrate binding to a Ni hydride species 
(See Figure S73). Constraints on the Ni-Calkyne bond length were employed in order to optimize a 
bound structure. The Ni-Calkyne bond length of 2.0 Å was selected because it is the calculated 
bond length of the comparable complex I1. 
Reaction and Gibbs Free Energy (Eh) DGreaction (kcal/mol) 
(DHPH)Ni-H + butyne (free) à (DHPH)NiH(butyne)  
–2720.4352  –2720.4105 + 15.4438 

 
Table S19. Data from computational studies used in catalytic cycle. *constrained Ni–N5 bond 
(Figure S73) 
Complex Electronic Energy (Eh) Gibbs free energy (Eh) Imaginary mode (cm–1) 
I1 –2721.0277 –2720.4574  - 
TS1 –2720.9744 –2720.4120 –73.47 
I2 –2721.0503 –2720.4761 - 
TS2 –2721.0026 –2720.4385 –1277.11 
1 –2721.0747 –2720.5069 - 
I3 –2721.1631 –2720.5954 - 
TS2– –2721.1360 –2720.5759 –1266.11 
2 –2721.1990 –2720.6324 - 
TS1*  –2721.0225 –2720.4532 –117.24 
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Calculation of reduction potential of I2 in MeCN 
 
Gibbs Free Energy of reduced species – Gibbs Free Energy of oxidized species = –0.119 eH 
 

$∆;°(>?)×!'!&.&C(DE	FG,!")/>?
H×I'.%8&	JK∕(M	FG,)

	= 3.24 V 
 

3.24	𝑉 − 4.988	𝑉	r𝐹𝑐	𝑟𝑒𝑓1t = 	−1.74	𝑉	𝑣𝑠	𝐹𝑐C/N 
 
X-ray Crystallography 

 

Figure S76. SXRD of 2. Ellipsoids are set to 50% probability. H’s omitted for clarity. 
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Table S20. Details for crystal structure of 2 

Identification code (2) 
Empirical formula C48H64N5CoNi 
Formula weight 828.43 
Temperature/K 100(2) 
Crystal system triclinic 
Space group P-1 
a/Å 13.8834(10) 
b/Å 15.5603(11) 
c/Å 21.2620(17) 
α/° 85.705(2) 
β/° 80.052(2) 
γ/° 71.455(2) 
Volume/Å3 4288.3(6) 
Z 4 
ρcalcg/cm3 1.283 
μ/mm‑1 0.205 
F(000) 1767.0 
Crystal size/mm3 0.09 × 0.04 × 0.02 
Radiation MoKα (λ = 0.41328) 
2Θ range for data collection/° 1.822 to 30.616 
Index ranges -17 ≤ h ≤ 17, -19 ≤ k ≤ 19, -

27 ≤ l ≤ 26 
Reflections collected 166684 
Independent reflections 17681 [Rint = 0.0729, Rsigma 

= 0.4268] 
Data/restraints/parameters 17681/2/1242 
Goodness-of-fit on F2 1.104 
Final R indexes [I>=2σ (I)] R1 = 0.0753, wR2 = 0.1268 
Final R indexes [all data] R1 = 0.1326, wR2 = 0.1336 
Largest diff. peak/hole / e Å-3 0.84/-0.91 
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Appendix III: Chapter III Supplementary Information 

Product Characterization 

 
1-(dec-1-en-2-yl)-4-methylbenzene. Yield: 70%. Eluent: 100% hexane. 1H NMR (400 MHz, 
Chloroform-d) d 7.32 (d, J = 8.2 Hz, 2H), 7.15 (d, J = 8.2 Hz, 2H), 5.23 (m, 1H), 5.01 (m, 1H), 
2.32 (s, 3H), 1.97 (m, 2H), 1.27 (m, 8H), 0.88 (m, 6H). 13C NMR (101 MHz, Chloroform-d) 
d 149.3, 138.8, 137.8, 129.5, 126.5, 111.4, 35.4, 33.9, 32.2, 29.9, 29.6, 28.7, 22.9, 20.6, 13.9. 
GCMS (EI, 70 eV, m/z) 230 [M+]. 
 

 
dec-1-en-2-ylbenzene. Yield: 73%. Eluent: 100% hexane. 1H NMR (400 MHz, Chloroform-d) 
d 7.43 (d, J = 7.3 Hz, 2H), 7.36 (m, 2H), 7.30 (m, 1H), 5.29 (s, 1H), 5.08 (s, 1H), 2.52 (t, J = 7.1 
Hz, 2H), 1.29 (m, 12H), 0.91 (m, 3H). 13C NMR (101 MHz, Chloroform-d) d 148.8, 141.5, 131.3, 
129.7, 128.1, 127.2, 126.1, 111.9, 35.4, 33.1, 31.9, 29.7, 29.3, 28.3, 22.7, 14.1. GC-MS (EI, 70 
eV, m/z) 216 [M+]. 
 

 
1-chloro-4-(dec-1-en-2-yl)benzene. Yield: 71%. Eluent: 100% hexane. 1H NMR (400 MHz, 
Chloroform-d) d 7.33 (d, J = 13.6 Hz, 2H), 7.27 (d, J = 4.1 Hz, 2H), 5.26 (s, 1H), 5.08 (s, 1H), 
2.48 (t, J = 7.7 Hz, 2H), 1.28 (m, 12H), 0.91 (m, 3H). 13C NMR (101 MHz, Chloroform-d) d 147.7, 
141.9, 139.9, 128.4, 127.4, 112.5, 35.3, 31.9, 29.7, 29.4, 29.3, 28.2, 22.7, 14.1. GCMS (EI, 70 eV, 
m/z) 250 [M+]. 
 

 
1-(dec-1-en-2-yl)-4-(trifluoromethyl)benzene. Yield: 66%. Eluent: 100% hexane. 1H NMR (400 
MHz, Chloroform-d) d 7.60 (d, J = 8.1 Hz, 2H), 7.52 (d, J = 8.1 Hz, 2H), 5.37 (s, 1H), 5.20 (s, 
1H), 2.57 (t, J = 7.7 Hz, 2H), 1.29 (m, 12H), 1.14 (m, 3H). 19F NMR (377 MHz, Chloroform-d) 
d –62.5. GCMS (EI, 70 eV, m/z) 284 [M+]. 
 

C8H17

C8H17

C8H17

Cl

C8H17

CF3
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4-(dec-1-en-2-yl)cyclohexan-1-one. Yield: 62%. Eluent: 5:1 hexane/ethyl acetate. 1H NMR (400 
MHz, Chloroform-d) d 4.81 (m, 2H), 2.42 (m, 5H), 2.07 (m, 2H), 1.62 (m, 2H), 1.46 (m, 2H), 1.30 
(m, 12H), 0.90 (m, 3H). 13C NMR (101 MHz, Chloroform-d) d 211.8, 152.5, 108.1, 42.2, 41.2, 
40.6, 39.1, 38.7, 35.2, 32.8, 39.1, 29.5, 29.3, 28.2, 22.7, 14.1. GCMS (EI, 70 eV, m/z) 236 [M+]. 
 

 
5-methylenetridecane. Yield: 44%. Eluent: 100% hexane. 1H NMR (400 MHz, Chloroform-d) 
d 4.62 (s, 2H), 1.92 (t, J = 7.2 Hz, 4H), 1.37-1.19 (m, 16H), 0.83 (m, 6H). GCMS (EI, 70 eV, m/z) 
196 [M+]. 
 

  
(1-cyclohexylvinyl)benzene. Yield: 48%. Eluent: 100% hexane. 1H NMR (400 MHz, 
Chloroform-d) d 7.44 (m, 3H), 7.35 (m, 2H), 5.30 (s, 1H), 5.08 (s, 1H), 2.54 (q, J = 7.3 Hz, 1H), 
1.30 (m, 6H), 1.13 (m, 2H), 0.91 (m, 2H). GCMS (EI, 70 eV, m/z) 186 [M+]. 
 

 
1-chloro-4-(1-cyclohexylvinyl)benzene. Yield: 45%. Eluent: 100% hexane. 1H NMR (400 MHz, 
Chloroform-d) d 7.31-7.34 (m, 4H), 5.27 (s, 1H), 5.09 (s, 1H), 2.51 (q, J = 7.3 Hz, 1H), 1.81-1.72 
(m, 5H), 1.30 (m, 5H). 13C NMR (101 MHz, Chloroform-d) d 153.9, 137.6, 129.9, 129.7, 128.3, 
127.2, 126.1, 110.9, 42.5, 33.2, 32.7, 26.8, 26.1, 26.0. GCMS (EI, 70 eV, m/z) 220 [M+]. 
 

 
1-chloro-4-(1-cyclopentylvinyl)benzene. Yield: 51%. Eluent: 100% hexane. 1H NMR (400 MHz, 
Chloroform-d) d 7.42 (m, 2H), 7.35 (m, 2H), 5.22 (s, 1H), 5.14 (s, 1H), 2.13 (m, 1H), 1.97 (m, 
8H). 13C NMR (101 MHz, Chloroform-d) d 130.7, 129.1, 128.8, 128.7, 127.9, 126.9, 126.5, 110.8, 
44.6, 34.3, 32.3, 25.8, 25.0. GCMS (EI, 70 eV, m/z) 206 [M+]. 
 
 

C8H17

O

C4H9C8H17

Cl

Cl
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1-(1-cyclohexylvinyl)cyclohexan-1-amine. Yield: 40%. Eluent: 5:1 hexane/ethyl acetate. 1H 
NMR (400 MHz, Chloroform-d) d 8.33 (bs, 2H), 4.98 (s, 1H), 4.78 (s, 1H), 2.01 (m, 1H), 1.68-
1.45 (m, 12H), 1.25-1.13 (m, 8H). GCMS (EI, 70 eV, m/z) 207 [M+]. 
 

 
3-(4-chlorophenyl)-1-(3-cyclohexylbut-3-en-2-yl)-1-methylurea. Yield: 49%. Eluent 5:1 
hexane/ethyl acetate. 1H NMR (400 MHz, Chloroform-d) d 7.27 (d, J = 8.6 Hz, 2H), 7.16 (d, J = 
8.6 Hz, 2H), 6.39 (s, 1H), 5.03 (s, 1H), 4.97 (s, 1H), 4.79 (m, 1H), 2.73, (s, 3H), 1.80-1.58 (m, 
7H), 1.22 (m, 4H). 13C NMR (101 MHz, Chloroform-d) d 155.5, 145.6, 138.5, 128.7, 128.0, 
120.5, 109.5, 51.7, 41.4, 34.0, 32.2, 28.0, 26.9, 26.7, 26.3, 15.3. HR-MS Calcd. For 
C18H25ClN2O: 320.1655 Found: 320.1661. 
 

 
(Z)-undec-2-en-3-ylbenzene (14). Yield: 26%. Eluent 100% hexane. 1H NMR (400 MHz, 
Chloroform-d) d 7.33 (m, 2H), 7.23 (m, 1H), 7.15 (m, 2H), 5.53 (m, 1H), 2.32 (m, 2H), 1.54 (m, 
5H), 1.22 (m, 10H), 0.85 (t, 3H). 13C NMR (101 MHz, Chloroform-d) d 142.0, 141.3, 128.5, 
127.9, 126.2, 120.8, 39.2, 31.9, 29.4, 29.3, 29.2, 28.2, 22.6, 14.6, 14.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

NH2

Cl

H
NN

O

C8H17

H

Ph

(DHP)Ni (10 mol%)
Phenol (5 eq)

MeCN, –2 V, 1 hr
+H17C8 I2 eq

26% (6:1 r.r)
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Reaction Optimization 

Table S21. Screening conditions for acid sources 

 
Deviation from standard conditions pKa (MeCN) Yield (%) 

Phenol 29.2a 73 

2,4,6-tBu3-phenol not reported 8  

2,4-tBu2-phenol not reported 28 

Benzoic acid 21.5a 8 

4-OMe-benzoic acid 20 (predicted)b 21 

HFIP 22.5 (predicted)b  24 
 

a Eur. J. Org. Chem. 2021, 2021, 1407-1419. 
b ACS Omega 2018, 3, 1653-1662. 
 

 

 

 

 

 

 

 

 

 

 

 

(DHP)Ni (10 mol%)
Acid (5 eq)

MeCN, –2 V, 1 hr
+C8H17 I2 eq C8H17
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Table S22. Screening conditions for alkyl radical sources. Phth = phthalimide 

 

Deviation from standard conditions Yield (%) 

I-octane 73 

I-cyclohexane 48  

 

16 

 

8 

Br-cyclohexane 0 

Br-cyclohexane + (SiEt3)3Si-O-Phth 0 

Br-cyclohexane + (TPMA)Cu (10 mol%) 22 

Br-octane + NaI (4 eq) 20 

 

0 

 

0 

 

0 

 

 

(DHP)Ni (10 mol%)
Phenol (5 eq)

MeCN, –2 V, 1 hr
+2 eq  E R

Cy O

O
Phth

N

Ph

Cy

Ph

Ph

BF4–

Br
O

Cl
O

Br
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Table S23. Optimization of reagent equivalents and potential.  
 

 
Deviation from standard conditions Yield (%) 

None 73 

0.5 eq I-octane 10  

1.0 eq I-octane 22 

1.5 eq I-octane 46 

2.5 eq I-octane 66 

3.0 eq I-octane 41 

Constant current (5 mA) 65 

–1.80 V (vs Fc0/+) 9 

–1.9 V  54 

–2.1 V  51 

–2.2 V  28 

2.5 eq phenol 38 

8 eq phenol 68 

10 eq phenol 67 

0 eq phenol 0a 

a Other	products:	C16H34	42%,	coupled	product	dec-1-ynylbenzene	putatively	formed	from	
addition	of	the	alkyl	radical	followed	by	elimination.	This	product	is	not	observed	under	
acidic	conditions.	
 

(DHP)Ni (10 mol%)
Phenol (5 eq)

MeCN, –2 V, 1 hr
+C8H17 I2 eq C8H17
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Figure S1. Substrates found to be incompatible or low yielding with standard electrolysis 
conditions using (DHP)Ni and iodo-octane for hydroalkylation 
 

Table S24. Control reactions 

 
 

Deviation from standard conditions Yield (%) 

None [(DHP)Ni cat.] 73 

No cat. 0  

DHP ligand (no Ni) 0 

(DHP)Cu instead of Ni 0 

Ni(OTf)2 0 

Ni(bpy)3[BF4]2 8a 

 

a plus 6% (Z)-1,2-disubsituted and 10% (E)-1,2-disubstituted product 
 

 

 

Problematic Substrates

OH

N
I

Ph

cat. (10 mol%)
Phenol (5 eq)

MeCN, –2 V, 1 hr
+H17C8 I

PhH17C8
2 eq
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Cyclic Voltammetry  

 

Figure S2. Cyclic voltammogram overlay of 0.1 eq (DHP)Ni (abbreviated Ni) with reaction 
components including 2 eq iodo-octane (abbreviated I-oct, green), 5 eq phenol and 1 eq 
phenylacetylene (abbreviated alkyne, purple), and with all reaction components (blue). 0.1 M 
TBAPF6 in MeCN, glassy carbon working electrode, platinum wire counter, and silver wire 
reference. 
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Figure S3. Zoomed in cyclic voltammogram overlay of 0.1 eq (DHP)Ni (abbreviated Ni) with 
reaction components including 2 eq iodo-octane (abbreviated I-oct, green), 5 eq phenol and 1 eq 
phenylacetylene (abbreviated alkyne, purple), and with all reaction components (blue). X-axis 
chosen to focus on catalytic features. 0.1 M TBAPF6 in MeCN, glassy carbon working electrode, 
platinum wire counter, and silver wire reference. 
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NMR Spectroscopy 

 

Figure S4. 1H NMR of the initial hit crude reaction mixture in CD3CN from the bulk electrolysis 
of cyclohexyl-iodide and phenylacetylene before the optimization of reaction conditions (bottom, 
red) showing a greater amount of 1,1-disubsituted alkene product compared to the (Z)-1,2-
disubstituted product. Commercial standards (top, teal) confirm the assignment of the product 
alkene peaks.  
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Figure S5. 1H NMR of dec-1-en-2-ylbenzene (2) in CDCl3, product of phenylacetylene and iodo-
octane. Hexanes (d = 0.88 and 1.26) overlaps with some aliphatic signals. 
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Figure S6. 13C NMR of dec-1-en-2-ylbenzene (2) in CDCl3, product of phenylacetylene and iodo-

octane 
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Figure S7. 1H NMR of 1-chloro-4(dec-1-en-2-yl)benzene (3) in CDCl3, product of 4-Cl-
phenylacetylene and iodo-octane. Hexanes (d = 0.88 and 1.26) overlaps with some aliphatic 
signals. 
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Figure S8. 13C NMR of 1-chloro-4(dec-1-en-2-yl)benzene (3) in CDCl3, product of 4-Cl-
phenylacetylene and iodo-octane. 
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Figure S9. 1H NMR of 4-(dec-1-en-2-yl)cyclohexan-1-one (6) in CDCl3, product of 4-
ethynylcyclohexan-1-one and iodo-octane. Alkene 6 was isolated as a mixture of regioisomers 
(ratio 6:1). The signals of the minor E-isomer are marked with an asterisk. Hexanes (d = 0.88 and 
1.26) overlaps with some aliphatic signals. Residual acetone (d = 2.19) and acetonitrile (d = 2.09) 
are also present. 
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Figure S10. 13C NMR of 4-(dec-1-en-2-yl)cyclohexan-1-one (6) in CDCl3, product of 4-
ethynylcyclohexan-1-one and iodo-octane. Alkene 6 was isolated as a mixture of regioisomers 
(ratio 6:1). The signals of the minor E-isomer are marked with an asterisk. 
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Figure S11. 1H NMR of 1-(dec-1-en-2-yl)-4-methylbenzene (1) in CDCl3, product of 4-Me-
phenylacetylene and iodo-octane. Hexanes (d = 0.88 and 1.26) overlaps with some aliphatic 
signals. 
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Figure S12. 13C NMR of 1-(dec-1-en-2-yl)-4-methylbenzene (1) in CDCl3, product of 4-Me-
phenylacetylene and iodo-octane. 
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Figure S13. 1H NMR of 3-(4-chlorophenyl)-1-(3-cyclohexylbut-3-en-2-yl)-1-methylurea (13) in 
CDCl3, product of buturon and iodo-cyclohexane. Alkene 13 was isolated as a mixture of 
regioisomers (ratio 8:1). The signals of the minor E-isomer are marked with an asterisk. 
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Figure S14. 13C NMR of 3-(4-chlorophenyl)-1-(3-cyclohexylbut-3-en-2-yl)-1-methylurea (13) in 
CDCl3, product of buturon and iodo-cyclohexane 
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Figure S15. 1H NMR of 1-(1-cyclohexylvinyl)cyclohexan-1-amine (12) in CDCl3, product of 1-
ethynylcyclohexan-1-amine and iodo-cyclohexane 
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Figure S16. 13C NMR of 1-(1-cyclohexylvinyl)cyclohexan-1-amine (12) in CDCl3, product of 1-
ethynylcyclohexan-1-amine and iodo-cyclohexane 
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Figure S17. 1H NMR of 5-methylenetridecane (7), product of 1-hexyne and iodo-octane in CDCl3. 
Hexanes (d = 0.88 and 1.26) overlaps with some aliphatic signals. Residual cyclohexane (d = 1.46) 
is also present.  
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Figure S18. 1H NMR of 1-chloro-4-(1-cyclohexylvinyl)benzene (9) in CDCl3, product of 4-
chloro-phenylacetylene and iodo-cyclohexane. Hexanes (d = 0.88 and 1.26) overlaps with some 
aliphatic signals.  
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Figure S19. 13C NMR of 1-chloro-4-(1-cyclohexylvinyl)benzene (9) in CDCl3, product of 4-
chloro-phenylacetylene and iodo-cyclohexane. 
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Figure S20. 1H NMR of 1-chloro-4-(1-cyclopentylvinyl)benzene (10) in CDCl3, product of 4-
chloro-phenylacetylene and iodo-cyclopentane. Alkene 10 was isolated as a mixture of 
regioisomers (ratio 4:1). The signals of the minor E-isomer are marked with an asterisk. Residual 
acetone (d = 2.16) present. 
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Figure S21. 13C NMR of 1-chloro-4-(1-cyclopentylvinyl)benzene (10) in CDCl3, product of 4-
chloro-phenylacetylene and iodo-cyclopentane 
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Figure S22. 1H NMR of (1-cyclohexylvinyl)benzene (8) in CDCl3, product of phenylacetylene 
and iodo-cyclohexane. Residual water (d = 1.56) present. Residual hexanes (d = 0.88 and 1.26) 
overlaps with some peaks in the aliphatic region. 
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Figure S23. 1H NMR of 1-(dec-1-en-2-yl)-4-trifluoromethylbenzene (4) in CDCl3, product of 4-
CF3-phenylacetylene and iodo-octane. Residual hexanes (d = 0.88 and 1.26) is also present. 
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Figure S24. 19F NMR of 1-(dec-1-en-2-yl)-4-trifluoromethylbenzene (4) in CDCl3, product of 4-
CF3-phenylacetylene and iodo-octane 
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Figure S25. 1H NMR of (Z)-undec-2-en-3-ylbenzene (14) in CDCl3, product of 1-phenyl-1-
propyne and iodo-octane. Residual cyclohexane (d = 1.43) and water (d = 1.55) is also present. 
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Figure S26. 13C NMR of (Z)-undec-2-en-3-ylbenzene (14) in CDCl3, product of 1-phenyl-

1-propyne and iodo-octane.  
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Figure S27. 1D NOESY excitation of the alkenyl proton (d = 5.52) in product 14 
confirming (Z)-configuration.  
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Figure S28. 1H NMR of the reaction mixture from phenylacetylene and cyclopropyl methyl iodide 
in CD3CN. Bottom spectrum is crude reaction mixture, with product peaks indicated by *. Top 
spectrum shows that product decomposes upon separation on silica gel TLC plates. Decomposition 
generates a new species containing an internal alkene product indicated by †. 
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Figure S29. 1H NMR of but-1-en-2-ylbenzene reversibility experiment before (bottom) and after 
(top) standard electrolysis with 10 mol% (DHP)Ni and no added phenol in CD3CN.  
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Figure S30. 1H NMR of (DHP×H2)Ni-isobutene in d8-THF, the product of 
(DHP×H2)Ni[OTf] and isobutenylmagnesium bromide. Proteo-THF solvent peaks from the 
Grignard solution (0.5 M in THF): d 3.62 and 1.77; residual dn-THF from the d8-THF solvent: d 
3.58 and 1.72. Residual isobutene: d 4.62 and 1.66. 
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Figure S31. 13C NMR of (DHP×H2)Ni-isobutene in d8-THF, the product of 
(DHP×H2)Ni[OTf] and isobutenylmagnesium bromide. 
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Figure S32. Stacked 1H NMR downfield spectra of (DHP×H2)Ni[OTf] (bottom) and 
(DHP×H2)Ni-isobutene (top) in d8-THF. Ligand arm N-H peak shifts from 6.83 to 6.20 ppm, 
and the alkenyl C-H shift for the bound isobutene appears at 5.96 ppm. 
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Figure S33. Stacked 1H NMR upfield spectra of (DHP×H2)Ni[OTf] (bottom) and 
(DHP×H2)Ni-isobutene (top) in d8-THF. Ligand tBu C-H peak shifts from 1.35 to 1.29 ppm, 
and the methyl shift for the bound isobutene appears at 1.70 ppm. THF solvent from the 
Grignard reagent solution appears at 1.77 ppm while residual dn-THF appears at 3.58 ppm. 
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Figure S34. Stacked 19F NMR spectra of (DHP×H2)Ni[OTf] (bottom) and (DHP×H2)Ni-
isobutene (top) in d8-THF. Major peak shifts from –78 to –79 ppm and small F-containing 
byproducts appear at –63, –73, and –75 ppm. 
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Figure S35. Stacked 1H NMR spectra of (DHP×H2)Ni-isobutene alone (bottom) and in 
the presence of 3 eq phenol (top) in d8-THF. Phenol peaks: 8.05, 7.1, and 6.7 ppm. 
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Mass Spectra 

 

 
Figure S36. GC-MS (EI, 70 eV, m/z) of 2-ethoxydec-1-ene (11) (9.76 min, MS bottom), product 
of ethoxyethyne and iodo-octane. Other chromatogram peaks (min): 7.99 = mesitylene internal 
standard, 8.10 = phenol, 9.50 = tributylamine from electrolyte. 
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Figure S37. GC-MS (EI, 70 eV, m/z) of 1-(2-methylenedecyl)piperidine (5) (11.29 min, 
MS bottom), product of 1-(prop-2-yn-1-yl)piperidine and iodo-octane. Other chromatogram peaks 
(min): 7.96 = mesitylene internal standard, 8.07 = phenol, 9.72 = iodo-octane, 11.33 = (E)-1-
(undec-2-en-1-yl)piperidine minor product, 11.53 = hexadecane, 11.88 = column contamination. 
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DFT Computations 

 
 (DHPH2)Ni I-octane → (DHPH2)Ni-octyl I• Reaction 

Energy 
Ni-Coctyl 
BDE  

Energy 
(kcal/mol) 

-2564.70 -612.47  -2879.26 -192548.38 -297.87 31.9 

 
Table S25. Tabulated energies for calculation of Ni-Coctyl BDE. a For (DHPH2)Ni structure see 
Error! Reference source not found.. b For (DHPH2)Ni-octyl structure see Error! Reference 
source not found.. c Ni-Coctyl BDE = Reaction energy – 55.8 kcal/mol (I-Octane BDE)1 
 

 
Figure S38. Calculated structure of (DHPH2)Ni. Some H atoms removed for clarity. 
 
Table S26. Coordinates for the calculated structure of (DHPH2)Ni 
 Ni       14.67901        2.99901        6.46909  
  N       13.73090        1.96237        7.89802  
  N       12.30129        2.08754        8.14778  
  N       13.09716        3.48880        5.55366  
  N       15.48168        4.51386        3.93604  
  N       15.91710        3.85385        5.15559  
  C       13.59918       -0.26844        9.05240 
  C       15.60158        0.41608        7.73340 
  H       16.07766        0.92419        8.59207 
  C       14.08211        0.48083        7.81588 
  C       11.52569        2.60833        7.24670 
  C       10.05187        2.61022        7.64592 
  C        9.68839        1.53848        8.66033 
  C        9.63880        3.99379        8.14463 
  C       11.82661        3.23503        5.97173 
  C       10.91427        3.76236        5.01902 
  H        9.82318        3.72640        5.06010 
  C       11.67538        4.35006        4.01666 
  H       11.28947        4.84764        3.12400 
  C       13.03812        4.16831        4.37579 
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  C       14.21840        4.61823        3.65784 
  C       13.95141        5.32614        2.33175 
  C       13.60166        4.31159        1.24419 
  C       15.08863        6.22716        1.87663 
  C       13.45172       -0.09030        6.55690 
  H       13.75472       -1.14354        6.42472 
  H       12.34896       -0.06054        6.60752 
  C       16.95593        4.73183        5.83418 
  C       17.46874        3.91799        7.01472 
  H       16.66668        3.73111        7.75818 
  H       18.28232        4.45574        7.53240 
  H       17.86589        2.94080        6.68417 
  C       18.10631        5.05896        4.89005 
  H       18.56544        4.13556        4.49203 
  H       18.89205        5.61683        5.42942 
  H       17.77829        5.67389        4.03635 
  C       16.25982        5.99465        6.31249 
  H       15.38271        5.74132        6.93874 
  H       15.91343        6.60955        5.46367 
  H       16.94891        6.60962        6.91768 
  H       14.01646        0.17140        9.97648 
  H       13.92874       -1.32135        9.00579 
  H       12.50038       -0.25997        9.13426 
  H       15.93759       -0.63584        7.73737 
  H       15.97929        0.88537        6.80271 
  H       13.77285        0.47780        5.66353 
  H       14.12501        2.25503        8.80215 
  H       16.46149        3.05852        4.78872 
  H       13.34494        4.82715        0.30160 
  H       12.74462        3.67488        1.52354 
  H       14.46219        3.64859        1.03743 
  H       13.06376        5.96732        2.49220 
  H       15.98333        5.64502        1.59719 
  H       15.39219        6.93582        2.66657 
  H       14.78005        6.81178        0.99149 
  H        9.47591        2.39663        6.72569 
  H       10.21082        4.26548        9.05113 
  H        8.56606        4.00964        8.40791 
  H        9.81021        4.77879        7.38786 
  H       10.15859        1.72397        9.64099 
  H       10.00853        0.53565        8.32715 
  H        8.59418        1.51600        8.81062 
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Figure S39. Calculated structure of (DHPH2)Ni-octyl. Some H atoms removed for clarity. 
 
Table S27. Coordinates for the calculated structure of (DHPH2)Ni-octyl 
Ni 13.83907 3.12437 5.04280 
N 13.07521 1.65268 6.13776 
N 12.83473 1.92080 7.54126 
N 12.45660 4.22444 5.73564 
N 13.45165 5.37928 3.20851 
N 14.45579 4.70668 4.01213 
C 11.76896 -0.45418 6.35330 
C 12.32792 0.49491 4.10813 
H 13.26214 -0.09135 4.06525 
C 11.92457 0.82484 5.53677 
C 12.25846 3.03717 7.85653 
C 12.00042 3.25511 9.33401 
C 12.00058 1.97716 10.15493 
C 13.00655 4.26872 9.88144 
C 11.88282 4.11039 6.95756 
C 10.90250 5.11974 7.11221 
H 10.26853 5.28805 7.98634 
C 10.87492 5.82895 5.91208 
H 10.23488 6.68033 5.66645 
C 11.87194 5.25877 5.08674 
C 12.31174 5.64717 3.76149 
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C 11.31359 6.39868 2.90190 
C 10.20861 5.44776 2.44281 
C 11.93841 7.12485 1.72335 
C 10.61659 1.59797 5.53407 
H 9.83027 0.94753 5.11217 
H 10.29521 1.87818 6.55146 
C 15.38175 5.73208 4.68991 
C 16.52805 4.94320 5.30054 
H 16.16897 4.24591 6.07871 
H 17.24864 5.64051 5.76259 
H 17.07096 4.35859 4.53682 
C 15.91632 6.68378 3.62323 
H 16.42454 6.13364 2.81056 
H 16.65238 7.37428 4.07064 
H 15.11231 7.29019 3.17533 
C 14.65920 6.51678 5.77192 
H 14.28217 5.86648 6.58023 
H 13.81612 7.10213 5.36888 
H 15.37116 7.23469 6.21644 
H 12.71227 -1.02866 6.38612 
H 11.00087 -1.10179 5.89591 
H 11.46023 -0.23812 7.38964 
H 11.53188 -0.09978 3.62668 
H 12.47458 1.41771 3.51751 
H 10.66613 2.51080 4.91567 
H 13.84185 0.97255 6.18364 
H 11.29069 1.23293 9.75391 
H 11.71505 2.19711 11.19884 
H 12.99852 1.50703 10.17357 
H 10.99472 3.71282 9.41390 
H 14.03330 3.86053 9.83484 
H 12.78643 4.50879 10.93664 
H 12.99376 5.21158 9.30674 
H 11.17587 7.72933 1.20140 
H 12.36231 6.41592 0.99131 
H 12.75311 7.79782 2.04099 
H 9.42304 5.99683 1.89413 
H 9.72711 4.93043 3.29124 
H 10.61658 4.67732 1.76230 
H 10.84724 7.15440 3.56451 
C 15.25144 1.96310 4.31790 
C 15.36000 1.88034 2.79993 
C 16.32593 0.81548 2.28825 
H 15.69401 2.85390 2.37800 
H 14.36644 1.69886 2.33819 
C 16.44118 0.76477 0.77297 
H 16.00251 -0.17715 2.66562 
H 17.32816 0.98696 2.73359 
C 17.48848 -0.20996 0.25982 
H 16.67310 1.77952 0.38856 
H 15.45192 0.50946 0.34014 
C 17.53299 -0.32191 -1.25512 
H 17.31185 -1.21370 0.69842 
H 18.48588 0.10079 0.63364 
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C 18.62858 -1.23910 -1.77600 
H 17.66276 0.68850 -1.69558 
H 16.55022 -0.67900 -1.62667 
C 18.65279 -1.34931 -3.28801 
H 17.69827 -1.74830 -3.67817 
H 19.45858 -2.01566 -3.64242 
H 18.80805 -0.36173 -3.76030 
H 18.50408 -2.24593 -1.32921 
H 19.61029 -0.87548 -1.41179 
H 15.06140 4.30333 3.28979 
H 16.23053 2.29816 4.72298 
H 15.12110 0.93270 4.71560 
 

 
Figure S40. Calculated structure of 2a. Some H atoms removed for clarity. 
 
Table S28. Coordinates for the calculated structure of 2a 
Ni 14.69032 2.30913 6.27260 
N 13.40031 1.09788 7.49594 
N 12.36777 1.80767 8.21541 
N 13.05231 3.08618 5.56215 
N 15.32936 4.31798 4.02858 
N 15.58969 4.10480 5.43453 
C 12.30945 -1.04381 8.16857 
C 14.02923 -0.96538 6.36053 
H 14.88210 -1.05407 7.05656 
C 12.85555 -0.24014 6.99236 
C 11.65129 2.65542 7.54734 
C 10.51981 3.30445 8.33035 
C 10.14143 2.55544 9.59620 
C 10.86256 4.76161 8.64262 
C 11.84116 3.13618 6.18858 
C 10.92985 3.86130 5.38949 
H 9.88550 4.08276 5.62362 
C 11.62384 4.25023 4.24352 
H 11.23446 4.84087 3.41054 
C 12.94908 3.79077 4.40712 



 
281 

 

C 14.11555 4.15057 3.61131 
C 13.88234 4.37001 2.12878 
C 13.57780 3.03148 1.45388 
C 15.01300 5.09804 1.42354 
C 11.76957 -0.02690 5.95099 
H 11.44341 -1.00963 5.56682 
H 10.87822 0.46789 6.37293 
C 15.58610 5.38999 6.24340 
C 16.03361 4.97481 7.63934 
H 15.32684 4.24786 8.08481 
H 16.08043 5.85602 8.30283 
H 17.03479 4.50772 7.62077 
C 16.57219 6.38765 5.64195 
H 17.58885 5.95955 5.57365 
H 16.62682 7.29515 6.26911 
H 16.26241 6.69621 4.62852 
C 14.19732 6.00270 6.29918 
H 13.46109 5.31492 6.74966 
H 13.83713 6.29395 5.29741 
H 14.22757 6.91832 6.91641 
H 13.08602 -1.20178 8.93891 
H 11.97229 -2.03712 7.82346 
H 11.45154 -0.54231 8.64674 
H 13.72675 -1.98354 6.05855 
H 14.37030 -0.42650 5.46115 
H 12.13155 0.57194 5.09725 
H 14.03493 0.81732 8.25231 
H 16.58373 3.84297 5.43028 
C 16.65210 -0.50005 3.94964 
C 16.81254 0.84328 4.36306 
C 16.45252 1.25550 5.67992 
C 16.36114 1.55030 6.90415 
H 16.79806 1.50147 7.90471 
H 9.91515 1.49434 9.39381 
H 9.24923 3.01458 10.05788 
H 10.95624 2.58453 10.33964 
H 9.63692 3.30602 7.66070 
H 11.75957 4.81672 9.28811 
H 10.03221 5.25644 9.17724 
H 11.07130 5.34212 7.72777 
H 14.73912 5.30658 0.37409 
H 15.93870 4.49653 1.41523 
H 15.24830 6.05834 1.91354 
H 13.32044 3.18147 0.39049 
H 12.73302 2.50947 1.93677 
H 14.45696 2.36070 1.49272 
H 12.96933 4.99274 2.04692 
C 16.99185 -0.89245 2.65866 
C 17.50414 0.03359 1.74580 
C 17.68708 1.36032 2.14549 
C 17.34814 1.76494 3.43230 
H 16.86238 -1.94017 2.36406 
H 16.27470 -1.24090 4.66220 
H 17.77101 -0.27885 0.73022 
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H 18.10271 2.09216 1.44250 
H 17.50031 2.80755 3.72977 
 
 

 
Figure S41. Calculated structure of 2b. Some H atoms removed for clarity. 
 
Table S29. Coordinates for the calculated structure of 2b 
Ni 15.17447 2.79674 5.10423 
N 14.07423 1.20776 5.61114 
N 12.89715 1.45521 6.41869 
N 13.58109 3.67536 4.58013 
N 15.88846 5.10871 3.39448 
N 16.14012 4.48119 4.67580 
C 12.90435 -0.95033 5.10034 
C 15.12351 -0.42232 4.11510 
H 15.64241 -0.89680 4.96792 
C 13.77976 0.15806 4.52464 
C 12.12185 2.44084 6.10105 
C 10.86842 2.59689 6.94236 
C 10.50927 1.36071 7.74846 
C 10.98798 3.82524 7.84554 
C 12.34368 3.44434 5.08206 
C 11.41754 4.32530 4.47733 
H 10.34424 4.37729 4.67576 
C 12.13827 5.08628 3.56056 
H 11.74831 5.86913 2.90561 
C 13.48631 4.67275 3.66684 
C 14.65657 5.21596 3.00690 
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C 14.41155 6.01864 1.74150 
C 13.82236 5.15085 0.63073 
C 15.62868 6.77708 1.24408 
C 13.10743 0.80630 3.32705 
H 12.93197 0.03694 2.55419 
H 12.12979 1.25028 3.58100 
C 16.24985 5.55433 5.77450 
C 16.72204 4.85207 7.03751 
H 15.97691 4.12549 7.40706 
H 16.88702 5.60363 7.82957 
H 17.67371 4.31690 6.87353 
C 17.28974 6.58457 5.34414 
H 18.26416 6.10584 5.13789 
H 17.44339 7.32013 6.15286 
H 16.97830 7.13528 4.44190 
C 14.91240 6.22947 6.02576 
H 14.14293 5.51368 6.36490 
H 14.53628 6.75939 5.13442 
H 15.04480 6.98543 6.81991 
H 13.35287 -1.38797 6.00984 
H 12.80083 -1.75585 4.35233 
H 11.89278 -0.59639 5.35536 
H 14.97227 -1.19466 3.34087 
H 15.78701 0.35381 3.70542 
H 13.74567 1.59416 2.88689 
H 14.67122 0.69660 6.26995 
C 19.05621 1.23871 7.51737 
C 18.92390 0.83234 6.17312 
C 17.90592 1.43403 5.26921 
C 16.75025 1.95015 5.76566 
H 10.45854 0.45807 7.11656 
H 9.52798 1.49723 8.23612 
H 11.25453 1.16965 8.53963 
H 10.04640 2.79206 6.22518 
H 11.78317 3.67993 8.60021 
H 10.04176 4.00339 8.38621 
H 11.22843 4.73834 7.27336 
H 15.35210 7.40471 0.37830 
H 16.42627 6.08911 0.91320 
H 16.05514 7.43434 2.02024 
H 13.53241 5.77386 -0.23424 
H 12.92879 4.59263 0.95835 
H 14.56617 4.41836 0.27220 
H 13.63795 6.76378 2.01942 
C 20.00585 0.67420 8.36378 
C 20.86921 -0.32131 7.89769 
C 20.76582 -0.73416 6.56976 
C 19.81618 -0.16260 5.72167 
H 19.76145 -0.51693 4.68661 
H 21.61956 -0.76200 8.56415 
H 21.43673 -1.51035 6.18177 
H 18.40786 2.03365 7.90351 
H 20.08239 1.02632 9.39964 
C 18.22076 1.31171 3.79247 
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C 17.46671 2.21638 2.83679 
H 18.05175 0.25581 3.48584 
H 19.30780 1.46094 3.63260 
C 17.59934 1.81393 1.37841 
H 17.82388 3.25941 2.94608 
H 16.38830 2.24975 3.10940 
C 16.75388 2.67439 0.45616 
H 17.30869 0.74968 1.25901 
H 18.66497 1.86430 1.07348 
C 16.95882 2.40688 -1.02504 
H 16.95842 3.74451 0.66868 
H 15.68479 2.52543 0.71621 
C 16.08531 3.26271 -1.92753 
H 16.76873 1.33472 -1.23777 
H 18.02521 2.57394 -1.28123 
C 16.31757 3.03539 -3.41311 
H 16.25139 4.33492 -1.69005 
H 15.01760 3.07191 -1.69355 
C 15.43279 3.89289 -4.29719 
H 14.36186 3.69592 -4.10596 
H 15.61713 3.70735 -5.36987 
H 15.60395 4.96952 -4.11325 
H 16.15360 1.96451 -3.64727 
H 17.38276 3.22942 -3.65015 
H 16.65720 1.85108 6.86748 
H 17.10847 4.15364 4.57609 
 

 
Figure S42. Calculated structure of TS2. Some H atoms removed for clarity. 
 
Table S30. Coordinates for the calculated structure of TS2 
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Ni 15.04210 2.80509 4.95427 
N 14.00186 1.18478 5.28305 
N 12.94871 1.34824 6.20675 
N 13.50577 3.73127 4.55521 
N 15.75553 5.19638 3.37071 
N 16.04086 4.52402 4.62578 
C 13.02139 -1.03468 4.82822 
C 14.86516 -0.14737 3.43027 
H 15.61540 -0.61728 4.09049 
C 13.61317 0.23180 4.20366 
C 12.19014 2.39996 6.13271 
C 11.06126 2.51534 7.13591 
C 10.73957 1.20874 7.84036 
C 11.36418 3.62509 8.14260 
C 12.32984 3.48637 5.17389 
C 11.37266 4.40988 4.69434 
H 10.32258 4.46658 4.99230 
C 12.01662 5.20295 3.74028 
H 11.57836 6.02590 3.16988 
C 13.36131 4.77243 3.70118 
C 14.51361 5.32405 3.01822 
C 14.24777 6.12753 1.76035 
C 13.78484 5.20845 0.63048 
C 15.41514 6.99398 1.32128 
C 12.59509 0.86177 3.25193 
H 12.29549 0.14243 2.46696 
H 11.67897 1.16635 3.78866 
C 16.19546 5.54934 5.75738 
C 16.66642 4.77290 6.97543 
H 15.89893 4.05877 7.32441 
H 16.87868 5.47442 7.80096 
H 17.59229 4.21046 6.76034 
C 17.25188 6.57237 5.35275 
H 18.21671 6.08293 5.12744 
H 17.42208 7.28318 6.18005 
H 16.94449 7.15198 4.46677 
C 14.87852 6.24482 6.05627 
H 14.09338 5.53498 6.37004 
H 14.50990 6.82456 5.19325 
H 15.03552 6.96080 6.88211 
H 13.71241 -1.46177 5.57667 
H 12.85444 -1.79579 4.04469 
H 12.05682 -0.84103 5.32563 
H 14.61765 -0.86921 2.63226 
H 15.31958 0.73325 2.94764 
H 13.01680 1.75702 2.75796 
H 15.40497 1.20102 5.56469 
C 19.05198 1.50384 7.50847 
C 18.85439 0.87210 6.26558 
C 17.76613 1.26806 5.33869 
C 16.57027 1.71825 5.82934 
H 10.54724 0.39489 7.12094 
H 9.84544 1.32526 8.47794 
H 11.57412 0.88601 8.48657 
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H 10.16567 2.82469 6.55997 
H 12.27117 3.38117 8.72725 
H 10.53088 3.74789 8.85724 
H 11.53114 4.59864 7.64930 
H 15.12202 7.61953 0.45973 
H 16.28149 6.38449 1.01050 
H 15.75619 7.66258 2.13024 
H 13.50468 5.79874 -0.26019 
H 12.91049 4.59949 0.92006 
H 14.59653 4.52056 0.33366 
H 13.39829 6.79480 2.00910 
C 20.05699 1.08594 8.37751 
C 20.88184 0.01104 8.03826 
C 20.69698 -0.63313 6.81436 
C 19.70742 -0.19919 5.93498 
H 19.57445 -0.72850 4.98516 
H 21.66668 -0.32381 8.72594 
H 21.32825 -1.48616 6.53956 
H 18.42144 2.35469 7.79098 
H 20.19840 1.60481 9.33268 
C 18.05137 1.06180 3.86914 
C 17.51686 2.11448 2.91121 
H 17.66534 0.06633 3.56534 
H 19.14335 0.99081 3.71561 
C 17.63516 1.70077 1.45407 
H 18.05983 3.06862 3.07029 
H 16.45469 2.34469 3.14304 
C 16.91945 2.63945 0.49953 
H 17.22480 0.67732 1.33059 
H 18.70598 1.62265 1.17651 
C 17.06194 2.25746 -0.96410 
H 17.28981 3.67514 0.64719 
H 15.84223 2.66662 0.76928 
C 16.32270 3.18290 -1.91520 
H 16.70084 1.21865 -1.10897 
H 18.13782 2.23599 -1.23394 
C 16.48246 2.81487 -3.38171 
H 16.66836 4.22606 -1.75728 
H 15.24366 3.19012 -1.65678 
C 15.75090 3.75355 -4.32079 
H 14.66615 3.77085 -4.10842 
H 15.87585 3.46111 -5.37800 
H 16.11965 4.79074 -4.21934 
H 16.12452 1.77751 -3.53652 
H 17.56051 2.79556 -3.63863 
H 16.53417 1.78107 6.93277 
H 17.00328 4.19605 4.47834 
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Figure S43. Calculated structure of 2c. Some H atoms removed for clarity. 
 
Table S31. Coordinates for the calculated structure of 2c 
Ni 15.34560 2.76336 5.07291 
N 14.32859 1.64421 6.37864 
N 12.91385 1.83422 6.61832 
N 13.89324 3.04114 4.01070 
N 16.28546 4.12798 2.72985 
N 16.50043 3.57097 3.90882 
C 14.12738 -0.60218 7.46616 
C 16.13896 0.03971 6.13185 
H 16.64418 0.52368 6.98817 
C 14.62544 0.14916 6.23844 
C 12.18486 2.23834 5.62212 
C 10.69165 2.29746 5.90715 
C 10.26114 1.44595 7.08986 
C 10.23529 3.74558 6.07512 
C 12.60504 2.66337 4.31032 
C 11.80687 2.89657 3.17080 
H 10.73158 2.72058 3.09168 
C 12.63544 3.41032 2.17729 
H 12.34544 3.68837 1.16157 
C 13.93813 3.49630 2.72410 
C 15.13276 4.03168 2.11820 
C 15.05078 4.54053 0.69406 
C 15.02770 3.38309 -0.30410 
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C 16.15867 5.52360 0.35045 
C 13.96349 -0.37502 4.97560 
H 14.24718 -1.43039 4.82027 
H 12.86223 -0.33423 5.04215 
C 17.52999 4.26078 4.73316 
C 17.57804 3.42170 6.01080 
H 16.56374 3.32059 6.48952 
H 18.16373 3.91500 6.80520 
H 18.00777 2.42050 5.84013 
C 18.88488 4.25136 4.04136 
H 19.19431 3.22195 3.78974 
H 19.65366 4.68496 4.70659 
H 18.86347 4.84442 3.11081 
C 17.09557 5.68961 5.04450 
H 16.14887 5.70235 5.61587 
H 16.93889 6.25484 4.10887 
H 17.86133 6.21908 5.63957 
H 14.56486 -0.18978 8.39334 
H 14.42265 -1.66382 7.39977 
H 13.02964 -0.56000 7.55544 
H 16.44520 -1.02060 6.11533 
H 16.51146 0.50415 5.19863 
H 14.28069 0.19828 4.08531 
H 14.73837 1.88702 7.29038 
C 21.74160 -1.10253 5.77798 
C 21.53800 -1.12192 4.38412 
C 20.46659 -0.31983 3.74209 
C 19.42185 0.15570 4.44856 
H 10.61165 0.40391 6.99255 
H 9.15943 1.43190 7.16534 
H 10.65673 1.84036 8.04160 
H 10.19055 1.89298 5.00670 
H 10.70789 4.20463 6.96312 
H 9.14096 3.79629 6.21498 
H 10.49310 4.36282 5.19722 
H 16.02216 5.91857 -0.67258 
H 17.15210 5.04342 0.39382 
H 16.17809 6.38086 1.04621 
H 14.90170 3.75377 -1.33816 
H 14.20691 2.67365 -0.09761 
H 15.97763 2.81904 -0.26639 
H 14.08397 5.07476 0.59773 
C 22.74171 -1.86228 6.37630 
C 23.57919 -2.66711 5.59899 
C 23.40391 -2.69214 4.21642 
C 22.40247 -1.92714 3.61839 
H 22.29077 -1.97174 2.53030 
H 24.36911 -3.26198 6.07137 
H 24.05258 -3.31573 3.58982 
H 21.11617 -0.46242 6.41005 
H 22.87596 -1.81944 7.46343 
C 20.59769 -0.07084 2.26180 
C 19.57111 0.85251 1.63284 
H 20.57117 -1.04329 1.72999 
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H 21.61596 0.32082 2.05980 
C 19.83790 1.13352 0.16397 
H 19.55044 1.81202 2.18473 
H 18.55574 0.42183 1.74725 
C 18.73843 1.94667 -0.49735 
H 19.96427 0.17642 -0.38200 
H 20.80784 1.66143 0.06133 
C 19.05109 2.37724 -1.92046 
H 18.51797 2.84538 0.11803 
H 17.80083 1.35382 -0.49132 
C 17.90836 3.12055 -2.58910 
H 19.31843 1.48629 -2.52571 
H 19.95941 3.01433 -1.92029 
C 18.20384 3.60076 -3.99996 
H 17.61909 3.98912 -1.96202 
H 17.01126 2.46812 -2.60860 
C 17.04078 4.34796 -4.62338 
H 16.13495 3.71494 -4.66549 
H 17.26185 4.67956 -5.65296 
H 16.77764 5.24620 -4.03360 
H 18.47552 2.73185 -4.63245 
H 19.10367 4.24788 -3.98852 
H 18.63284 0.75637 3.98189 
H 19.29379 -0.04708 5.51834 
 

 
Figure S44. Calculated structure of TS1. Some H atoms removed for clarity. 
 
Table S32. Coordinates for the calculated structure of TS1 
Ni 14.65119 2.16485 6.35133 
N 13.33753 1.00881 7.59240 
N 12.33614 1.75217 8.32405 
N 13.02038 3.01288 5.66787 
N 15.25589 4.01709 3.91359 
N 15.55778 3.93826 5.32213 
C 11.85729 -0.96168 8.04082 
C 13.93982 -1.18224 6.69675 



 
290 

 

H 14.53813 -1.40430 7.60106 
C 12.75446 -0.28029 7.01108 
C 11.65433 2.65127 7.68816 
C 10.58551 3.35204 8.51160 
C 10.10966 2.55525 9.71445 
C 11.07676 4.73822 8.92778 
C 11.83638 3.13885 6.33239 
C 10.91755 3.85517 5.53202 
H 9.88940 4.12300 5.78953 
C 11.57375 4.14303 4.33559 
H 11.16861 4.68818 3.47881 
C 12.88658 3.64086 4.47032 
C 14.01477 3.87240 3.57712 
C 13.70747 3.97032 2.09502 
C 13.18369 2.63002 1.57416 
C 14.87569 4.46251 1.25864 
C 11.97540 0.00724 5.73739 
H 11.58144 -0.94194 5.33238 
H 11.11398 0.67238 5.91520 
C 15.63238 5.29514 5.99318 
C 16.01098 4.98895 7.43673 
H 15.20380 4.43094 7.94872 
H 16.19160 5.92384 7.99716 
H 16.93248 4.37981 7.48659 
C 16.71914 6.13157 5.32248 
H 17.69604 5.61435 5.35784 
H 16.83634 7.10475 5.83143 
H 16.47613 6.33050 4.26423 
C 14.30302 6.02858 5.94124 
H 13.49536 5.46962 6.44559 
H 13.98967 6.23501 4.90297 
H 14.41256 7.00263 6.45077 
H 12.38616 -1.10747 8.99930 
H 11.55207 -1.95562 7.67072 
H 10.94277 -0.38235 8.24343 
H 13.57634 -2.14402 6.29400 
H 14.61026 -0.73096 5.94665 
H 12.61731 0.47126 4.96710 
H 13.93729 0.66795 8.35163 
H 16.54173 3.64783 5.30984 
C 16.26360 0.46935 3.43653 
C 16.92624 1.18885 4.45217 
C 16.41144 1.25512 5.78140 
C 16.26328 1.33205 7.03654 
H 16.55842 1.02344 8.04221 
H 9.76159 1.54836 9.42526 
H 9.27132 3.07630 10.21197 
H 10.91088 2.42611 10.46202 
H 9.71683 3.49857 7.84168 
H 11.93480 4.65708 9.62009 
H 10.27764 5.29507 9.44850 
H 11.39686 5.34009 8.05978 
H 14.56932 4.56852 0.20318 
H 15.72537 3.75784 1.29528 
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H 15.24814 5.44084 1.60918 
H 12.87824 2.71198 0.51610 
H 12.31068 2.27792 2.15068 
H 13.96728 1.85187 1.63893 
H 12.88344 4.70631 1.99459 
C 16.77248 0.44663 2.14206 
C 17.93273 1.15639 1.82137 
C 18.58771 1.88699 2.81241 
C 18.10152 1.89731 4.11617 
H 16.25151 -0.12616 1.36743 
H 15.33936 -0.06940 3.67765 
H 18.32232 1.14111 0.79732 
H 19.49283 2.45466 2.56861 
H 18.62361 2.46403 4.89562 
 

 
Figure S45. Calculated structure of 3a. Some H atoms removed for clarity. 
 
Table S33. Coordinates for the calculated structure of 3a 
Ni 14.42238 2.82510 6.13732 
N 13.44525 1.37498 7.13525 
N 12.38574 1.79364 8.02991 
N 12.71163 3.52839 5.68078 
N 14.76044 4.72775 4.10817 
N 15.14969 4.34061 5.30361 
C 12.46981 -0.90858 7.39769 
C 14.28003 -0.48379 5.74395 
H 15.07757 -0.65953 6.48765 
C 13.02730 0.09048 6.38617 
C 11.50692 2.63691 7.59398 
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C 10.36674 2.96979 8.53536 
C 10.16454 1.94879 9.64150 
C 10.55843 4.37494 9.10714 
C 11.53888 3.33549 6.32485 
C 10.48217 3.87029 5.54846 
H 9.42068 3.87047 5.80878 
C 11.05761 4.36079 4.37974 
H 10.54527 4.84963 3.54725 
C 12.45590 4.15364 4.50128 
C 13.53611 4.56716 3.65465 
C 13.26920 4.89268 2.20715 
C 12.97953 3.60332 1.43432 
C 14.38709 5.68519 1.55249 
C 11.99624 0.39748 5.31477 
H 11.76334 -0.53468 4.77047 
H 11.04804 0.77394 5.73356 
C 16.06063 5.35669 5.93989 
C 16.33843 4.95322 7.37944 
H 15.39864 4.76042 7.92852 
H 16.86800 5.77540 7.89285 
H 16.96305 4.04975 7.44259 
C 17.35791 5.46125 5.14497 
H 17.91881 4.51077 5.16459 
H 18.00259 6.24436 5.58252 
H 17.15637 5.73035 4.09385 
C 15.31660 6.69385 5.93288 
H 14.33308 6.59709 6.42870 
H 15.14974 7.06327 4.90732 
H 15.90029 7.45565 6.47837 
H 13.18858 -1.08745 8.21703 
H 12.28437 -1.87418 6.89616 
H 11.52094 -0.56505 7.83901 
H 14.03529 -1.45366 5.27736 
H 14.68023 0.18313 4.96279 
H 12.37411 1.13248 4.58142 
H 14.15044 1.03367 7.79838 
C 18.57959 0.15701 6.67387 
C 18.34071 1.09736 5.65022 
C 17.10113 1.87307 5.53961 
C 16.08936 1.96374 6.43249 
H 10.02419 0.93155 9.23837 
H 9.27332 2.20737 10.24000 
H 11.03122 1.91997 10.32386 
H 9.45236 2.98847 7.90903 
H 11.45780 4.41153 9.74920 
H 9.69067 4.66384 9.72570 
H 10.67759 5.13436 8.31491 
H 14.11769 5.94144 0.51297 
H 15.32330 5.10069 1.52231 
H 14.60000 6.62314 2.09333 
H 12.71902 3.82667 0.38461 
H 12.14252 3.03907 1.88135 
H 13.86767 2.94456 1.42940 
H 12.34543 5.50527 2.18487 



 
293 

 

C 19.76668 -0.56774 6.72315 
C 20.75577 -0.37951 5.75171 
C 20.53985 0.54788 4.73050 
C 19.35016 1.27180 4.68154 
H 19.18770 2.00031 3.87606 
H 21.68487 -0.95979 5.78669 
H 21.30537 0.70471 3.96105 
H 17.81276 -0.01467 7.43917 
H 19.92072 -1.30101 7.52401 
H 17.02058 2.43241 4.59189 
H 16.21129 1.40649 7.38539 
 

 
Figure S46. Calculated structure of 3b. Some H atoms removed for clarity. 
 
Table S34. Coordinates for the calculated structure of 3b 
Ni 14.62019 3.60258 6.51355 
N 13.82216 2.24596 7.73684 
N 12.39183 2.10001 7.89574 
N 13.20171 3.57096 5.37247 
N 15.37181 5.17173 4.23577 
N 15.62786 4.66734 5.42625 
C 14.03373 -0.02361 8.76768 
C 15.96401 1.09887 7.64328 
H 16.26913 1.62477 8.56616 
C 14.46241 0.86162 7.60470 
C 11.63779 2.36289 6.87082 
C 10.15810 2.08809 7.09511 
C 9.89179 1.01838 8.14278 
C 9.43132 3.38776 7.43308 
C 12.01156 2.91544 5.59372 
C 11.24509 2.99673 4.41129 
H 10.24238 2.58873 4.26440 
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C 11.99561 3.70008 3.47362 
H 11.70936 3.93209 2.44528 
C 13.21740 4.05298 4.09525 
C 14.30286 4.83700 3.55758 
C 14.20590 5.31760 2.12488 
C 14.48043 4.17849 1.14125 
C 15.10984 6.50520 1.83421 
C 14.05369 0.24839 6.27707 
H 14.55268 -0.72837 6.15026 
H 12.96500 0.07239 6.22672 
C 16.48729 5.52191 6.28954 
C 16.57463 4.72128 7.58927 
H 15.55459 4.51715 8.01751 
H 17.07504 5.28195 8.39660 
H 17.12074 3.77329 7.45070 
C 17.86816 5.68672 5.67120 
H 18.32857 4.70384 5.46937 
H 18.53174 6.24748 6.35425 
H 17.81267 6.24196 4.71949 
C 15.83302 6.87743 6.52937 
H 14.84067 6.75984 7.00276 
H 15.69255 7.40883 5.57159 
H 16.45563 7.51200 7.18584 
H 14.24996 0.45859 9.73814 
H 14.58985 -0.97671 8.73598 
H 12.95673 -0.25395 8.73186 
H 16.50465 0.13775 7.60382 
H 16.29360 1.69920 6.77316 
H 14.34323 0.89197 5.42605 
H 14.11327 2.55857 8.67305 
C 22.02827 -1.66590 5.41348 
C 20.66163 -1.99743 5.50266 
C 19.60302 -1.00943 5.72688 
C 19.58117 0.29979 5.40441 
H 10.44283 0.08774 7.92076 
H 8.81417 0.77882 8.17539 
H 10.19407 1.34838 9.15128 
H 9.75452 1.71766 6.13436 
H 9.80241 3.79996 8.38971 
H 8.34599 3.21385 7.54068 
H 9.57510 4.15651 6.65370 
H 14.92303 6.89406 0.81750 
H 16.17632 6.22379 1.89222 
H 14.94931 7.32790 2.55241 
H 14.37087 4.52163 0.09651 
H 13.78939 3.33007 1.28840 
H 15.51104 3.79587 1.26250 
H 13.15869 5.64468 1.96351 
C 20.60043 1.11136 4.67230 
C 19.97583 2.26007 3.89176 
C 20.98338 3.10247 3.13030 
H 19.40466 2.90264 4.59170 
H 19.22317 1.85656 3.18415 
C 20.36975 4.30333 2.42959 
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H 21.50551 2.46658 2.38658 
H 21.77418 3.45060 3.82625 
C 21.35754 5.08920 1.58411 
H 19.91596 4.97554 3.18618 
H 19.52656 3.96885 1.79059 
C 20.76125 6.31877 0.92065 
H 21.78189 4.42079 0.80691 
H 22.22114 5.39152 2.21196 
C 21.74351 7.08592 0.05019 
H 20.35412 6.99807 1.69808 
H 19.88536 6.02008 0.30789 
C 21.13766 8.30989 -0.60765 
H 20.75379 9.02394 0.14433 
H 20.28586 8.03687 -1.25746 
H 21.87021 8.85078 -1.23172 
H 22.14818 6.40533 -0.72554 
H 22.61838 7.38346 0.66258 
C 20.31261 -3.35944 5.40703 
C 22.99365 -2.65061 5.20814 
C 22.62404 -3.99137 5.08973 
C 21.27628 -4.34222 5.19551 
H 24.05116 -2.36674 5.15371 
H 22.34907 -0.62810 5.54670 
H 20.97398 -5.39324 5.12002 
H 23.38638 -4.76295 4.93235 
H 19.25636 -3.64316 5.49551 
H 21.34029 1.52972 5.38858 
H 21.19539 0.47069 3.99153 
H 18.67322 0.85572 5.68558 
H 18.69500 -1.41663 6.19580 
 

 
Figure S47. Calculated structure of TS1¢. Some H atoms removed for clarity. 
 
Table S35. Coordinates for the calculated structure of TS1¢ 
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Ni 13.84897 3.32059 5.43001 
N 13.35777 1.50211 6.21120 
N 12.68302 1.42019 7.48723 
N 12.16705 4.01682 6.03434 
N 13.33634 5.74528 3.97619 
N 14.04810 4.63644 4.10267 
C 12.65310 -0.84759 5.77839 
C 13.65802 0.58945 3.99060 
H 14.69223 0.31168 4.26678 
C 12.72835 0.55738 5.19478 
C 11.82043 2.33604 7.80137 
C 11.19856 2.17001 9.17703 
C 11.29128 0.75936 9.73256 
C 11.83820 3.17888 10.13310 
C 11.42928 3.51638 7.06064 
C 10.34399 4.39124 7.30938 
H 9.56999 4.26602 8.07046 
C 10.45098 5.44408 6.40732 
H 9.77161 6.29379 6.31133 
C 11.61034 5.19326 5.63015 
C 12.20871 5.99548 4.60188 
C 11.46483 7.24088 4.15791 
C 10.29500 6.86526 3.24630 
C 12.35558 8.27345 3.48698 
C 11.34670 1.06292 4.81644 
H 10.90417 0.38663 4.06468 
H 10.66788 1.08498 5.68655 
C 15.37167 4.79333 3.40099 
C 16.06670 3.44067 3.42134 
H 16.16891 3.03784 4.44661 
H 17.08692 3.52722 3.00892 
H 15.52108 2.69906 2.81360 
C 15.11723 5.19222 1.94846 
H 14.42153 4.48377 1.46427 
H 16.06565 5.17693 1.38236 
H 14.68688 6.20359 1.87049 
C 16.21077 5.85224 4.10469 
H 16.42257 5.56125 5.14878 
H 15.67626 6.81870 4.12173 
H 17.17396 6.00103 3.58386 
H 13.65028 -1.20118 6.09763 
H 12.27020 -1.55129 5.01898 
H 11.97995 -0.88737 6.65072 
H 13.30775 -0.11726 3.21934 
H 13.68293 1.59536 3.52815 
H 11.39025 2.07770 4.38169 
H 14.26821 1.06859 6.42365 
C 15.91783 1.73464 8.04740 
C 16.16768 2.84809 7.21869 
C 15.09392 3.79591 6.88966 
H 10.89333 0.01235 9.02417 
H 10.71347 0.68763 10.67084 
H 12.33483 0.48115 9.95968 
H 10.12686 2.42811 9.08081 
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H 12.92454 2.98958 10.22382 
H 11.39561 3.09584 11.14161 
H 11.70624 4.21843 9.78581 
H 11.77966 9.18919 3.26397 
H 12.76112 7.89429 2.53275 
H 13.21518 8.55405 4.12039 
H 9.69904 7.75709 2.98113 
H 9.61587 6.13521 3.72036 
H 10.66498 6.41924 2.30432 
H 11.03713 7.70073 5.07052 
C 16.92853 0.82611 8.35627 
C 18.21494 1.00025 7.84211 
C 18.48341 2.10418 7.02943 
C 17.47549 3.01506 6.72034 
H 17.70601 3.88182 6.08928 
H 19.00740 0.27968 8.07328 
H 19.49240 2.25812 6.62933 
H 14.91327 1.59863 8.47093 
H 16.70556 -0.02696 9.00794 
C 14.84235 4.91981 7.57231 
H 15.44589 5.20854 8.45117 
H 14.02791 5.60779 7.29965 
 

 
Figure S48. Calculated structure of 4a. Some H atoms removed for clarity. 
 
Table S36. Coordinates for the calculated structure of 4a 
Ni 13.84897 3.32059 5.43001 
N 13.35777 1.50211 6.21120 
N 12.68302 1.42019 7.48723 
N 12.16705 4.01682 6.03434 
N 13.33634 5.74528 3.97619 
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N 14.04810 4.63644 4.10267 
C 12.65310 -0.84759 5.77839 
C 13.65802 0.58945 3.99060 
H 14.69223 0.31168 4.26678 
C 12.72835 0.55738 5.19478 
C 11.82043 2.33604 7.80137 
C 11.19856 2.17001 9.17703 
C 11.29128 0.75936 9.73256 
C 11.83820 3.17888 10.13310 
C 11.42928 3.51638 7.06064 
C 10.34399 4.39124 7.30938 
H 9.56999 4.26602 8.07046 
C 10.45098 5.44408 6.40732 
H 9.77161 6.29379 6.31133 
C 11.61034 5.19326 5.63015 
C 12.20871 5.99548 4.60188 
C 11.46483 7.24088 4.15791 
C 10.29500 6.86526 3.24630 
C 12.35558 8.27345 3.48698 
C 11.34670 1.06292 4.81644 
H 10.90417 0.38663 4.06468 
H 10.66788 1.08498 5.68655 
C 15.37167 4.79333 3.40099 
C 16.06670 3.44067 3.42134 
H 16.16891 3.03784 4.44661 
H 17.08692 3.52722 3.00892 
H 15.52108 2.69906 2.81360 
C 15.11723 5.19222 1.94846 
H 14.42153 4.48377 1.46427 
H 16.06565 5.17693 1.38236 
H 14.68688 6.20359 1.87049 
C 16.21077 5.85224 4.10469 
H 16.42257 5.56125 5.14878 
H 15.67626 6.81870 4.12173 
H 17.17396 6.00103 3.58386 
H 13.65028 -1.20118 6.09763 
H 12.27020 -1.55129 5.01898 
H 11.97995 -0.88737 6.65072 
H 13.30775 -0.11726 3.21934 
H 13.68293 1.59536 3.52815 
H 11.39025 2.07770 4.38169 
H 14.26821 1.06859 6.42365 
C 15.91783 1.73464 8.04740 
C 16.16768 2.84809 7.21869 
C 15.09392 3.79591 6.88966 
H 10.89333 0.01235 9.02417 
H 10.71347 0.68763 10.67084 
H 12.33483 0.48115 9.95968 
H 10.12686 2.42811 9.08081 
H 12.92454 2.98958 10.22382 
H 11.39561 3.09584 11.14161 
H 11.70624 4.21843 9.78581 
H 11.77966 9.18919 3.26397 
H 12.76112 7.89429 2.53275 
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H 13.21518 8.55405 4.12039 
H 9.69904 7.75709 2.98113 
H 9.61587 6.13521 3.72036 
H 10.66498 6.41924 2.30432 
H 11.03713 7.70073 5.07052 
C 16.92853 0.82611 8.35627 
C 18.21494 1.00025 7.84211 
C 18.48341 2.10418 7.02943 
C 17.47549 3.01506 6.72034 
H 17.70601 3.88182 6.08928 
H 19.00740 0.27968 8.07328 
H 19.49240 2.25812 6.62933 
H 14.91327 1.59863 8.47093 
H 16.70556 -0.02696 9.00794 
C 14.84235 4.91981 7.57231 
H 15.44589 5.20854 8.45117 
H 14.02791 5.60779 7.29965 
 

 
Figure S49. Calculated structure of 4b. Some H atoms removed for clarity. 
 
Table S37. Coordinates for the calculated structure of 4b 
Ni 14.20503 3.12495 5.26998 
N 13.11599 1.37480 5.87108 
N 12.75048 1.34658 7.26440 
N 12.54221 3.96255 5.88289 
N 13.61254 5.41551 3.69890 
N 14.59438 4.68182 4.15362 
C 11.90130 -0.72433 5.35934 
C 12.50159 0.90928 3.55986 
H 13.47969 0.42311 3.39948 
C 12.02112 0.75217 4.99088 
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C 12.17159 2.40175 7.74335 
C 11.75230 2.32788 9.19653 
C 11.71796 0.91510 9.75218 
C 12.64772 3.23097 10.04427 
C 11.86698 3.61112 7.00892 
C 10.76128 4.47335 7.17938 
H 10.02505 4.42612 7.98628 
C 10.75422 5.34157 6.08804 
H 10.03426 6.13630 5.87868 
C 11.88557 5.00165 5.31030 
C 12.38253 5.56532 4.08697 
C 11.45628 6.37682 3.20972 
C 10.36643 5.48229 2.61759 
C 12.18750 7.14595 2.12347 
C 10.67246 1.43430 5.15415 
H 9.94232 0.90740 4.51491 
H 10.29702 1.37894 6.18967 
C 15.86630 5.52886 4.05548 
C 17.09294 4.77695 4.53203 
H 16.94368 4.35031 5.53441 
H 17.93684 5.48622 4.59220 
H 17.39624 3.97155 3.84593 
C 16.05715 5.93803 2.59438 
H 16.07295 5.05704 1.92906 
H 17.02283 6.46242 2.48298 
H 15.25499 6.61156 2.25211 
C 15.68106 6.77065 4.92533 
H 15.57964 6.49544 5.98978 
H 14.79026 7.35056 4.62744 
H 16.55993 7.43298 4.83157 
H 12.86785 -1.24669 5.23864 
H 11.16699 -1.22229 4.70242 
H 11.56607 -0.85306 6.40271 
H 11.77879 0.44899 2.86377 
H 12.58947 1.97909 3.28788 
H 10.68934 2.49084 4.83712 
H 13.85832 0.66839 5.82905 
C 16.01872 1.08924 7.64527 
C 16.25686 2.46180 7.44064 
C 15.20878 3.38874 6.98409 
H 11.09393 0.24647 9.13407 
H 11.30633 0.92075 10.77691 
H 12.72952 0.47580 9.80172 
H 10.72509 2.74075 9.24714 
H 13.69338 2.87038 10.02633 
H 12.30945 3.23718 11.09595 
H 12.64802 4.27256 9.67767 
H 11.47757 7.75951 1.54159 
H 12.69282 6.46090 1.41990 
H 12.95716 7.81739 2.54132 
H 9.64087 6.07879 2.03664 
H 9.80916 4.94194 3.40278 
H 10.80384 4.72954 1.93510 
H 10.95562 7.10946 3.87566 
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C 17.02381 0.24144 8.10568 
C 18.30514 0.73524 8.36075 
C 18.56257 2.09333 8.16835 
C 17.55259 2.94300 7.71855 
H 17.76251 4.01066 7.58190 
H 19.09701 0.06452 8.71339 
H 19.56083 2.49972 8.36978 
H 15.01307 0.68800 7.48070 
H 16.80304 -0.81960 8.27173 
C 15.63675 2.00342 4.49206 
C 15.66371 2.06794 2.97802 
C 16.34186 0.86249 2.33032 
C 16.28227 0.89223 0.81185 
H 15.86949 -0.07120 2.69969 
H 17.39816 0.81075 2.66513 
C 16.99363 -0.26777 0.13504 
H 16.70771 1.84885 0.44453 
H 15.21885 0.90551 0.49432 
C 16.89110 -0.24034 -1.38065 
H 16.58313 -1.22570 0.51567 
H 18.06256 -0.26851 0.43238 
C 17.60649 -1.38871 -2.07496 
H 17.29298 0.72263 -1.75848 
H 15.82123 -0.24477 -1.67553 
C 17.48674 -1.34051 -3.58559 
H 16.42968 -1.38579 -3.90658 
H 18.01565 -2.17787 -4.07380 
H 17.90757 -0.40213 -3.99155 
H 17.20636 -2.35087 -1.69693 
H 18.67605 -1.38186 -1.78379 
C 14.91337 4.48638 7.69734 
H 15.40239 4.67206 8.67105 
H 16.18118 2.98753 2.65022 
H 16.62694 2.22468 4.92280 
H 15.38377 0.97723 4.82890 
H 14.64724 2.16415 2.55167 
H 14.16659 5.23001 7.39164 
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Figure S50. Calculated structure of TS3¢. Some H atoms removed for clarity. 
 
Table S38. Coordinates for the calculated structure of TS3¢ 
Ni 14.15914 3.24774 5.19964 
N 13.21619 1.47835 5.76474 
N 12.87168 1.43009 7.16716 
N 12.54188 4.03570 5.78773 
N 13.50683 5.50270 3.55566 
N 14.52975 4.85274 4.08607 
C 12.07861 -0.68190 5.34132 
C 12.57046 0.89496 3.46850 
H 13.56895 0.45173 3.30680 
C 12.13333 0.78393 4.91804 
C 12.26395 2.46515 7.66009 
C 11.90469 2.38350 9.12829 
C 11.87223 0.96607 9.67250 
C 12.86879 3.26058 9.92781 
C 11.89572 3.65208 6.93216 
C 10.72259 4.42203 7.06593 
H 9.98781 4.33895 7.87153 
C 10.64598 5.24565 5.94000 
H 9.85287 5.95582 5.69292 
C 11.80357 4.98192 5.17183 
C 12.26961 5.56730 3.93878 
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C 11.28277 6.30283 3.05833 
C 10.24508 5.33700 2.48380 
C 11.94990 7.10734 1.95649 
C 10.76651 1.42584 5.08794 
H 10.04501 0.86892 4.46443 
H 10.40641 1.37491 6.12887 
C 15.73877 5.78013 3.92097 
C 17.06226 5.17641 4.37403 
H 17.06084 4.84313 5.42129 
H 17.83476 5.96064 4.28571 
H 17.39902 4.34252 3.73940 
C 15.87763 6.12099 2.43247 
H 15.92002 5.20371 1.81762 
H 16.81301 6.68441 2.26393 
H 15.03481 6.73218 2.07292 
C 15.48993 7.06598 4.71152 
H 15.43370 6.87815 5.79866 
H 14.54588 7.54432 4.39878 
H 16.30576 7.79283 4.54524 
H 13.06384 -1.17007 5.22561 
H 11.35830 -1.23232 4.71155 
H 11.76120 -0.78874 6.39209 
H 11.85940 0.34846 2.82488 
H 12.58484 1.94972 3.13477 
H 10.75042 2.47920 4.75802 
H 13.99459 0.80953 5.70996 
C 15.85200 0.63384 7.76530 
C 16.40926 1.84660 7.32952 
C 15.69996 2.90127 6.54444 
H 11.21206 0.31393 9.07429 
H 11.50699 0.96429 10.71468 
H 12.87810 0.51098 9.66889 
H 10.89270 2.82135 9.23602 
H 13.90216 2.87278 9.85148 
H 12.59217 3.27216 10.99714 
H 12.87240 4.30380 9.56537 
H 11.19528 7.67497 1.38321 
H 12.48708 6.45073 1.24919 
H 12.68671 7.82364 2.36022 
H 9.47434 5.87691 1.90435 
H 9.72942 4.77352 3.28186 
H 10.72126 4.60219 1.80742 
H 10.73404 7.01206 3.71331 
C 16.60511 -0.26811 8.51812 
C 17.93463 0.00818 8.84028 
C 18.50806 1.20230 8.40245 
C 17.75382 2.10541 7.65598 
H 18.20815 3.04019 7.30318 
H 18.52214 -0.70466 9.42997 
H 19.55240 1.43494 8.64186 
H 14.80166 0.40388 7.55785 
H 16.14151 -1.19982 8.86286 
C 16.00618 2.21659 4.82299 
C 15.72316 2.28873 3.30503 
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C 16.38485 1.09607 2.62088 
C 16.22345 1.11362 1.10990 
H 15.96782 0.15242 3.02762 
H 17.46308 1.07931 2.88031 
C 16.90021 -0.05601 0.41307 
H 16.62695 2.06574 0.70878 
H 15.14345 1.12134 0.85528 
C 16.75486 -0.03538 -1.09882 
H 16.49245 -1.00840 0.80982 
H 17.97739 -0.06567 0.67830 
C 17.44368 -1.19535 -1.80134 
H 17.15574 0.92144 -1.49264 
H 15.67780 -0.03277 -1.36584 
C 17.29612 -1.15527 -3.30965 
H 16.23326 -1.19502 -3.61157 
H 17.81095 -1.99950 -3.80111 
H 17.71688 -0.22262 -3.72850 
H 17.04138 -2.15136 -1.41024 
H 18.51863 -1.19782 -1.53085 
C 15.62857 4.11668 7.13211 
H 15.97017 4.22439 8.17429 
H 16.11475 3.22357 2.87977 
H 17.07514 2.45845 4.94973 
H 15.90135 1.15776 5.11341 
H 14.65091 2.30054 3.05377 
H 15.21667 5.01652 6.66699 
 
 
 
 
 
 



 
305 

 

 
Figure S51. Constrained reaction coordinate scans over the C-C bond forming alkyl radical 
addition to intermediates 3a (blue) and 2a (orange). No local maximum was detected, supporting 
a computed barrierless addition. Other reorganization energies not well accounted for using DFT 
likely means there is a very small transition state barrier experimentally.  
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Figure S52. Constrained reaction coordinate scans over the C-C bond forming alkyl radical 
addition to intermediate 4a to form the Ni-octyl adduct. No significant local maximum was 
detected, supporting a computed barrierless addition. Other reorganization energies not well 
accounted for using DFT likely means there is a very small transition state barrier experimentally.  
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Figure S53. Calculated structure of (DHPH2)Ni-octyl phenylacetylene adduct (phenylacetylene 
disassociates from Ni center). Some H atoms removed for clarity. 
 
Table S39. Coordinates for the calculated structure of (DHPH2)Ni-octyl phenylacetylene adduct 
Ni 13.79618 3.17478 4.98022 
N 13.08767 1.66102 6.06031 
N 12.85881 1.89642 7.47009 
N 12.41553 4.24201 5.73281 
N 13.35555 5.48533 3.22596 
N 14.37580 4.78524 3.98400 
C 11.79375 -0.45008 6.32017 
C 12.36199 0.43721 4.05503 
H 13.26669 -0.19671 4.03510 
C 11.95257 0.80865 5.47240 
C 12.28152 2.99887 7.82477 
C 12.07412 3.18196 9.31499 
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C 12.10927 1.88378 10.10255 
C 13.10641 4.17925 9.84427 
C 11.87212 4.09050 6.96350 
C 10.88956 5.08801 7.17023 
H 10.27538 5.22319 8.06400 
C 10.83021 5.83257 5.99233 
H 10.17736 6.68431 5.78504 
C 11.81175 5.29308 5.12838 
C 12.22505 5.72831 3.80931 
C 11.20947 6.50600 2.99417 
C 10.09515 5.56842 2.53008 
C 11.81119 7.26466 1.82443 
C 10.64471 1.58193 5.44245 
H 9.85882 0.92506 5.02971 
H 10.31828 1.88597 6.45131 
C 15.32051 5.78256 4.67591 
C 16.46080 4.96426 5.25969 
H 16.09839 4.25690 6.02833 
H 17.19661 5.64206 5.72694 
H 16.98548 4.38525 4.47912 
C 15.85903 6.74958 3.62516 
H 16.35679 6.20960 2.79916 
H 16.60549 7.42266 4.08165 
H 15.05941 7.37455 3.19502 
C 14.61753 6.55148 5.78169 
H 14.23898 5.88698 6.57769 
H 13.77861 7.15803 5.40132 
H 15.34224 7.24954 6.23694 
H 12.75040 -0.99519 6.41186 
H 11.06291 -1.13159 5.85069 
H 11.43642 -0.21495 7.33631 
H 11.54588 -0.12768 3.57154 
H 12.56219 1.34106 3.45059 
H 10.70310 2.48183 4.80547 
H 13.88635 1.01221 6.08807 
C 16.11245 -1.53406 5.60287 
C 16.90014 -0.44307 6.01996 
C 16.40618 0.46878 6.99937 
C 15.97672 1.25198 7.82760 
H 11.38438 1.14895 9.71103 
H 11.86936 2.07432 11.16350 
H 13.10805 1.41574 10.06051 
H 11.07296 3.63855 9.44409 
H 14.12874 3.76865 9.74155 
H 12.93377 4.39175 10.91411 
H 13.07184 5.13753 9.29653 
H 11.03939 7.88231 1.33246 
H 12.22317 6.57534 1.06733 
H 12.63161 7.92958 2.14455 
H 9.30808 6.12959 1.99595 
H 9.61780 5.04068 3.37436 
H 10.49354 4.80642 1.83447 
H 10.75781 7.24261 3.68801 
C 16.58696 -2.41589 4.63627 
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C 17.85036 -2.22622 4.07024 
C 18.63746 -1.14610 4.47476 
C 18.17121 -0.26013 5.44244 
H 18.78547 0.59237 5.75294 
H 18.22497 -2.92452 3.31302 
H 19.62690 -0.99196 4.02905 
H 15.11962 -1.67731 6.04460 
H 15.96603 -3.26345 4.32497 
C 15.21092 2.05179 4.20863 
C 15.40238 2.03488 2.69777 
C 16.35118 0.93548 2.23027 
H 15.79702 3.00601 2.32399 
H 14.42765 1.90206 2.18105 
C 16.53994 0.84536 0.72542 
H 15.97790 -0.03835 2.61513 
H 17.33806 1.07741 2.71849 
C 17.47117 -0.27582 0.29321 
H 16.92576 1.81270 0.34193 
H 15.55167 0.70986 0.23919 
C 17.66031 -0.37522 -1.21134 
H 17.08338 -1.24202 0.67826 
H 18.45976 -0.14280 0.78075 
C 18.58595 -1.50043 -1.64604 
H 18.04905 0.58936 -1.59875 
H 16.67074 -0.50769 -1.69573 
C 18.75586 -1.59328 -3.15002 
H 17.78455 -1.75330 -3.65338 
H 19.41904 -2.42658 -3.44115 
H 19.18713 -0.66380 -3.56511 
H 18.19861 -2.46253 -1.25467 
H 19.57612 -1.36566 -1.16621 
H 14.96333 4.40490 3.23532 
H 15.58835 1.94254 8.55929 
H 16.17728 2.30826 4.69504 
H 15.02399 1.00396 4.52132 
 
 

 
 

 
 
 


