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ABSTRACT 

 

Using p- and d-Block Pairs for the Cooperative Bond Activation of Small Molecules  

 

by 

 

Anthony Ryan Wong 

 

The valorization of chemical feedstocks into higher-value commodity chemicals through 

bond activation and subsequent functionalization remains a pillar in the chemical sciences 

sector. Despite their low abundance, prohibitive cost, and toxicity, precious metals are often 

utilized in these transformations due to their high catalytic activity. Therefore, sustainable 

alternatives capable of supplanting them are of academic, environmental, and industrial 

importance. Redox-noninnocent metal-ligand frameworks comprised of inexpensive and 

abundant components have shown promise in this regard. Specifically, the cooperative 

interaction between the redox-active ligand and the Lewis-acidic metal functionality imbues 

these systems with “nobility,” enabling multi-electron bond activation and functionalization 

chemistry reminiscent of the 4d/5d metals. Typically, the base metal mediates the relevant 

bond making/breaking while the appended main-group support facilitates electron transfer 

during this process. The inherent electronic communication between the two sites is 

responsible for this reactivity profile. Therefore, we wondered if complementary modes of 

bond activation and functionalization chemistry are possible by shifting the reactivity locus 

onto the main-group site while encouraging the appended metal to shuttle the electrons. We 
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are interested in generalizing this phenomenon by probing the electronic structure of 

tethered p- and d-block combinations.  

Herein, we present a library of compounds featuring main-group reaction nodes (ex. B, 

Al) tethered to encapsulated redox-active metals (ex. V, Fe) through linker atoms (ex. N) to 

investigate their electronic structure and examine their reactivity towards small molecules, 

which ultimately illuminates the effect of block pairing on the resulting electronic structure. 

In the first case to be discussed, we detail how tethering a redox-active vanadium imido onto 

boron results in redox-switchable borane vs. boron radical reactivity. We address the 

implications of the resulting hybrid electronic structure on the activation of small molecules 

bearing Group 14–16 element-hydrogen bonds using a suite of spectroscopic, 

electrochemical, crystallographic, and computational techniques. Building on these results, 

we adjust the vanadium to main-group stoichiometry, leading to bi- or tri-metallic molecular 

arrays with expanded electron storage capabilities to target multi-electron transformations of 

small molecules. Lastly, we explore how tuning the redox-active tether and main-group 

Lewis acidic or basic partner leads to markedly different bond activation chemistry. These 

results demonstrate that the prudent choice of main-group/metal pairing leads to interesting 

electronic structures with applications toward bond activation and functionalization 

chemistry. 
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1.1 The Intersection of Academia, the Global Chemical Industry, and the Environment  

1.1.1 Overview 

The global chemical industry is divided into several sectors responsible for the 

transformation of commodity chemicals into value-added consumer products like 

agrochemicals, pharmaceutical drugs, and plastics, to name a few.1-5 The innovations in 

these areas are undoubtedly responsible for the improved standard of living during the past 

century and have significantly shaped how humans interact with one another and with the 

natural world. However, these scientific and technological advancements incur 

proportionately steep environmental costs. Currently, we are witnessing the effects of our 

unabated exploitation of precious, non-renewable resources in the form of extreme weather 

phenomena, climate alterations, and irreversible damage to delicate ecosystems. Mannes 

stated it best: if we continue at our current pace, we will leave behind “mountains of twisted, 

rusted steel, canyons of plastic containers, and a million miles of shores garlanded, not with 

the lovely wrack of the sea, but with the cans and bottles and light-bulbs and boxes of a 

people who conserved their convenience at the expense of their heritage.” A significant 

contributor to the realization of this scenario is our utilization of precious metals to construct 

new element-element bonds en route to manufacturing the aforementioned consumer 

products.6  

In this vein, chemists need to either: 1) optimize current state-of-the-art catalysts to 

minimize precious metal loadings or 2) devise sustainable platforms capable of performing 

the same transformations on par or better than that of their non-renewable counterparts. To 

tackle the former, chemists utilize homogeneous compounds to model and to study the 

often-heterogeneous reaction processes found in industry. The well-defined nature of these 
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soluble systems enables structure-function relationships to be established. The mechanistic 

insight gained from these studies may then be used to improve selectivity, turnover number, 

and turnover frequency, among other desirable catalytic performance metrics. Furthermore, 

these mechanistic probes yield information on general phenomena. For example, there is a 

tremendous body of work that addresses the different pathways towards the “holy grail” of 

chemistry – selective C–H bond activation.7 A sample of the prevalent bond activation 

modes in this realm include oxidative addition, metallo-radicals, -bond metathesis, 1,2-

addition across a metal-ligand bond, and electrophilic activation (Scheme 1.1).8 An 

understanding of these fundamental principles then guide chemists to explore reactivity at 

the frontier of chemical space that paves the way towards bettering methods to consumer 

products.  

 

Scheme 1.1. Common modes of undirected C–H bond activation at metal sites. 
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Currently, a significant number of these transformations are performed by precious 

metals. While they are effective mediators in these processes, their low abundance in the 

Earth’s crust necessitates the mining and refinement of low-grade ores into pure materials, 

which is both economically and environmentally taxing. Thereafter, less than 1 % of 

precious metals are even recycled, implying their inevitable depletion. In parallel, although 

the chemical industry satisfies our appetite for consumer products, it significantly 

contributes to anthropogenic CO2 emissions, which surpassed 36 gigatons in 2019.9 

Therefore, even with catalyst optimization, the sheer number of processes that utilize these 

metal centers still represents a problem. One of the ways researchers in academic and 

industrial settings alike address this is to prepare sustainable and economically viable 

processes using “Green Chemistry”. The International Union of Pure and Applied Chemistry 

(IUPAC) defines “Green Chemistry” as the “invention, design and application of chemical 

products and processes to reduce or eliminate the use and the production of harmful 

substances.” This abstract idea can be focused into the 12 Principles of Green Chemistry, 

where each concept specifically addresses a goal to be met in any given reaction process. A 

combination of these concepts holds promise in reducing inherent waste so that we can 

continue our high standard of living without compromising the integrity of the 

environment.10 

With this, we see an opportunity to translate the key bond activation modes highlighted 

above onto either first-row transition metals or main-group platforms. In mirroring these 

desirable reaction schemes in more abundant elements, we can shift our utilization of the 

“rarest metals” towards higher abundant elements to balance our role in the intersection 

between academia, the global chemical industry, and the environment (Figure 1.1). 
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Figure 1.1. Abundance of selected elements in the Earth’s crust. Figure is reproduced from 

Gordon B. Haxel, Sara Boore, and Susan Mayfield from the US Geological Survey. 

Fortunately, the main-group elements, comprising the s- and p-block of the periodic 

table, provide variable and rich reactivity both across the periods and down the groups. 

Moreover, their high natural abundance in the Earth’s crust coupled with their low toxicity 

has made them attractive targets to explore chemistry complementary to that of the heavy 

transition metals.  

Over the last several years, many groups have made considerable strides in main-group-

mediated small molecule and bond activation chemistry, paralleling that of the transition 

metals. Coined by Braunschweig, metallomimetics is the term used to describe this 
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expanding field of chemistry.11, 12 Below, we survey some of the significant research 

contributions to this body of work that have substantially expanded the repertoire of 

chemical transformations available to a chemist. In the same mindset, these results set the 

stage for main-group compounds to potentially alleviate the economic and environmental 

burden that precious metals pose when chemically upgrading compounds. 

1.1.2 Brief Overview of the Advancements in s-block Chemistry 

The abundance and low toxicity of the s-block elements make their application in 

chemical transformations attractive. Indeed, early examples bearing alkali and alkaline earth 

metal elements have been employed as strong Brønsted bases, Grignard reagents, and 

catalysts for numerous transformations (ex. hydrogenation, alkylation). However, the early 

preparation of well-defined solution state species was complicated by rapid ligand exchange 

and aggregation state equilibria between mono- and poly-nuclear compounds. In certain 

instances, chemists utilized bulky, stabilizing ligands to tame this Schlenk equilibrium.13, 14 

As a result, numerous groups were able to prepare well-defined hydrido15, 16 and alkyl s-

block complexes, and proceeded to demonstrate their utility in catalytic insertion,17 hydro-

silylation/boration,18, 19 and alkylation20 chemistry. The well-behaved solution state 

dynamics informed mechanistic studies that subsequently led to progressively better 

catalysts with diverse reaction profiles. Mulvey and co-workers capitalized on this trend and 

disclosed inverse-crown aggregates derived from stoichiometric combinations of Group 1 

and Group 2 complexes capable of template-directed metalation of remote C–H bonds.21-24 

Upon the addition of electrophiles, functionalized C–X bonds emerge, leading to a rapid 

increase in molecular complexity. Typified in the examples above, s-block compounds are 

dominated by the +1 and +2 oxidation states25 due to their stable noble-gas configuration. 
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Despite their limited redox activity, these complexes perform relevant metal-like 

transformations via alternative mechanisms. In this regard, the past decade has witnessed the 

advent of stable, low-valent Mg,26-30 Ca,31, 32 and Be33 species and their utility as soluble 

reductants30 in both organic and inorganic synthesis.25 Moreover, these laboratory curiosities 

also engage in atypical chemistry like dinitrogen reduction and functionalization. Still, the 

relative infancy of this field and unfavorable two-electron redox couples somewhat restrict 

s-block complexes’ reactivity to -bond metathesis and insertion reactions. 

1.1.3 Brief Overview of the Advancements in p-block Chemistry 

The p-block extends from Group 13 to Group 18 and many of its members exist in 

multiple stable oxidation states.34, 35 In addition to redox stability, these elements house 

orthogonal p-orbitals that can participate in symmetry-allowed bonding interactions with 

small molecules with parallels to the Dewar-Chatt-Duncanson model for transition metal 

bonding.36 Importantly, besides orbital symmetry, favorable reactant/substrate interactions 

that are vital to the predication of reactivity are achievable by tuning the HOMO/LUMO 

gap.37 Therefore, the rational design of p-block complexes that leverage stable redox couples 

and energetically favorable bonding interactions towards catalysis will substantially impact 

the economic and environmental footprint of chemical processes. In this way, chemists have 

devised p-block frameworks that apply these principles towards small molecule and bond 

activation (Figure 1.2). While a comprehensive overview of all p-block mediated 

transformations is not feasible in this thesis, we highlight several advancements in this field 

with representative members from Group 13–Group 16.  



 

 

 

 
8 

 

Figure 1.2. (right) Dewar-Chatt-Duncanson model for alkene bonding at transition metals. 

(left) Bonding description of an alkene to a main-group site analogous to Dewar-Chatt-

Duncanson model. 

Beginning with Group 13 complexes, and focusing on B and Al, numerous catalytic 

applications dominated by their +3 oxidation state arise and include frustrated Lewis pair 

(FLP) reactivity, hydro-silylation/boration, and polymerization chemistry. In effect, the 

polarizing nature of these Lewis acids greatly enhances heterolytic-type reactions, allowing 

bond activation processes to proceed through lower energetic barriers. Recently, groups 

have accessed low-valent, unsaturated species that impart unique reactivity. In the +2 

oxidation state, for example, boron and aluminum radicals38-40 have been isolated and 

execute C–H bond activation chemistry through the anticipated homolytic pathways. In 

contrast, species in the +1 oxidation state possess nucleophilic character.41 Indeed, Group 13 

species resting in this low-valent state react with electrophiles, deprotonate benzene, and 

carry out the reductive fixation and catenation of N2 with significant parallels to transition-

metal “push-pull” chemistry.39, 42-49 The fine-tuning of the ligand architectures enables these 

Group 13 compounds to react across both extremes of the heterolytic spectrum (Lewis acid 



 

 

 

 
9 

and base) as well as homolytic pathways, providing a rich library of bond activation modes 

(Scheme 1.2). 

 

Scheme 1.2. Group 13 compounds in the +3, +2, and +1 oxidation states participate in 

electrophilic, homolytic, or nucleophilic bond activation pathways, respectively, showcasing 

how tuning of the oxidation state and ligand support can lead to dramatically different 

reactivity. 

To the right of the periodic table, Bertrand and co-workers50, 51 induced oxidative 

addition, and, more recently, reductive elimination at a single carbon center. Importantly, 

this transition metal-like reactivity is due to the appropriate molecular symmetry of the 

donor/acceptor orbitals and the small HOMO/LUMO gap on the carbeneic carbon. Due to 

this, cyclic(alkyl)(amino)carbenes (cAACs) activate a variety of E–H (E = H, C, N, O, Si, P) 

bonds, including ammonia. The latter is rare using transition metals due to stable Werner 

complex formation; nevertheless, the difficulties are circumvented here, revealing that the 

main-group elements may offer orthogonal reactivity in addition to their participation in 

metallomimetic processes. Down the period, Power prepared stannylenes and germylenes 

mimicking the oxidative addition behavior of transition metals.52-56 Again, these results 

demonstrate that designer main-group compounds can produce metal-like reactivity in 

abundant settings. 
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Scheme 1.3. Oxidative addition and reductive elimination at Group 14 centers (C, Bertrand; 

Ge, Powers), showing metallomimetic reactivity at an abundant p-block site. 

The methodology similarly extends to bimolecular frameworks such as in FLP systems 

pioneered by Stephen and Erker. For example, the reaction of the tBu3P/B(C6F5)3 FLP with 

H2 can be mechanistically rationalized by concerted phosphine nb donation into *(H2) 

simultaneous with (H2) donation into an empty borane p-orbital.57-65 The resulting 

polarized H2 molecule is then heterolytically cleaved, highlighting the synergistic “push-

pull” interaction between donor and acceptor orbitals that parallel transition metals.  

 

Scheme 1.4. Polarization and heterolytic activation of dihydrogen using a Frustrated Lewis 

pair (FLP), drawing significant parallels to transition metal “push-pull’ chemistry. 

More recently, there has been spectroscopic evidence outlining the existence of 

Frustrated radical pairs (FRPs)66-71 generated after SET from the corresponding Lewis-base 

to Lewis-acid. Once formed, these species react with a variety of substrates in a homolytic 

fashion and expand the breadth of reactivity of this field. In other milestones, FLPs have 

captured a range of small gaseous molecules like CO2 and CO and primed them for 
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subsequent functionalization to a variety of upgraded chemicals.62 At the heart of these 

research thrusts entail the translation of transition-metal processes/concepts to the main-

group.72 

1.2 Main-Group/Metal Cooperation  

1.2.1 Overview 

While a growing library of main-group compounds now emulates precious metal 

reactivity, there is an equally significant investment in using base metals (ex. Fe) to supplant 

their heavier congeners in industrial settings. The narrative of these two regimes coalesces in 

the field of main-group/metal cooperation. Here, an appropriate pairing of base metal and 

ligand leads to bifunctional complexes; synergistic interactions then enable reactivity that is 

greater than the sum of its constituents. The nature of the cooperativity depends on the 

choice of metal and main-group ligand. It can range from pure steric and electronic 

augmentation to active participation in the bond making/breaking process.73 To this effect, 

aromatization-dearomatization,74 1,2-addition across a metal-ligand bond, directing 

groups,75 and secondary coordination sphere interactions76-80 are some of the strategies that 

induce this behavior. As it relates to this thesis, we will primarily focus on complexes that 

disseminate bond activation and redox processes amongst the main-group and metal 

components. 

The latter is principally associated with the popularization of the bis(imino)pyridine 

(PDI) frameworks.81-89 In these complexes, the redox non-innocent backbone shuttles 

electrons in concert with a redox-neutral, metal-mediated process. In this way, base-metals 

remain in their most stable oxidation state, circumvent energetically unfavorable two-

electron redox couples, and provide access to noble-metal reactivity. 



 

 

 

 
12 

 

Scheme 1.5. Example of a traditional metal-ligand cooperation (MLC) system participating 

in a two-electron oxidative addition and reductive elimination processes for catalytic [2+2] 

cycloaddition of a bis-alkene substrate. 

In a selected example, an Fe PDI platform90 catalyzes inter- and intra-molecular [2+2] 

cycloaddition reactions of olefins. Here, Fe remains in the +2 oxidation state for the duration 

of the cycle while acting as the reactive site for oxidative addition and reductive elimination 

(Scheme 1.5). At the same time, the main-group backbone mediates electron transfer for the 

relevant bond making/breaking steps. Precluding the participation of this redox noninnocent 

ligand would involve an unfavorable FeII/FeIV cycle, likely rendering it inoperative for this 

reaction.83, 90 Here, both main-group and metal are active participants in the reactivity and 

are both required to carry out this function. Thus, the main-group/metal mergers are vital to 

unlocking cooperative transformations usually reserved for noble metals.  

A renewed emergence of main-group-mediated transformations and metallomimetic 

chemistry inspired our group to synthesize systems that reverse the roles of the metal and 
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main-group moieties in classic PDI complexes. Here, we implement the principles of main-

group/metal cooperation but re-purpose the metal into an electron reservoir that will prime 

the appended main-group site for bond activation and functionalization chemistry. These 

main-group/metal mergers result in unique electronic structures that we can explore in the 

context of new and/or orthogonal bond activation reactivity in a “greener” fashion. 

1.2.2 Tethered VNP(=O) Frameworks for Bond Activation 

To set the stage, we introduce the DuPont “butox” process that is responsible for the 

catalytic partial-oxidation of n-butane to maleic anhydride via a heterogeneous vanadium 

phosphorus oxide (VPO) catalyst.91 In direct contrast with the accepted dogma that the 

vanadyl (V=O) centers act as the reactive sites for butane C–H bond activation, recent 

computational work by Goddard suggests the catalyst support P=O bonds – tethered to 

neighboring vanadyls – may instead be responsible, reacting by a cooperative proton-

coupled electron transfer (PCET) mechanism with neighboring high-valent V centers 

(Scheme 1.6).92-94 Here, the metal is an electron sink, whereas the main-group multiple 

bonds initiate the C–H bond cleavage in n-butane for subsequent functionalization.  
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Scheme 1.6. Partial oxidation of n-butane to maleic anhydride by molecular O2 catalyzed by 

the industrial VPO catalyst (top). Pictorial drawing of computationally proposed active site 

showing initial C–H bond activation of n-butane occurring at a PV=O site tethered to high-

valent VV centers, illustrative of the cooperative role between the redox-active metal and the 

basic PV=O to effect separated PCET reactivity.  

Our group has previously studied this in the context of mono- or multi-metallic VPO 

model complexes.95-98 We extracted a common M–L–E motif from these compounds where 

M is the metal electron reservoir (ex. V), L is a resonance linker atom (ex. O, N) or fragment 

(ex. aryl), and E is the main-group center (ex. P=O). In a selected report, the high-valent 

(Ph2N)3V=N-P(O)Ar2 (Ar = Ph or C6F5) complexes engaged in H• and TMS• group transfer 

analogous to PCET through protonation or isolated silylation of the PV=O fragment with 

concurrent reduction of VV to VIV (Scheme 1.7). Detailed mechanistic studies using 

thermochemical square schemes corroborated by DFT calculations were undertaken and 

suggested either a step-wise ET-ST mechanism or concerted ET-ST process (Scheme 1.8).98 

 

Scheme 1.7. VPO-model compound that engages in reductive silylation chemistry using 

TMS• as a bulky H• surrogate to probe PCET reactivity. This provides the first experimental 

evidence in support of computations by Goddard and co-workers for the chemistry occurring 

at a main-group site. 
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Scheme 1.8. Thermochemical square scheme of the stepwise and concerted ST-ET steps in 

the reductive silylation chemistry, drawing significant parallels to PCET reactivity. 

A related compound (ex. Ph3PO) lacking the metal appendage was unreactive, 

illustrative of cooperative main-group/metal reactivity. Therefore, the electronic 

communication between the oxidative VV center and the Lewis basic PV=O bond may be 

responsible. A prudent combination of M, L, and E will lead to a library of related main-

group/metal frameworks. With this, we will devise electronic structure-activity relationships 

to guide the logical synthesis of complexes that can activate inert bonds and small 

molecules. 

1.3 Scope of Thesis 

The scope of this thesis will expand on the synthesis, characterization, and reactivity of 

compounds containing the M–L–E motif. To complement the Lewis-basic phosphine oxides 

relevant to the VPO system, we will first explore Lewis-acidic Group 13 analogs. 

Specifically, we will detail the synthesis of two high-valent vanadium-tethered boron 

complexes, (Ph2N)3V(µ-N)B(C6F5)2 and (N(CH2CH2N(C6F5))3)V(µ-N)B(C6F5)2, that 
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assume redox-switchable borane vs. boron radical reactivity, depending on the oxidation 

state of the appended VV/IV tether. While the neutral VV complex exhibited Lewis acidity at 

boron, chemical reduction to its VIV state results in non-negligible radical character at boron, 

established through homolytic bond cleavage reactions at peroxides. We will then examine 

the extent of electron delocalization within the  V–N–B  framework with a suite of 

spectroscopic (NMR, EPR), electrochemical (CV), crystallographic (XRD), and 

computational (DFT) techniques. Further, we address the implications of this delocalized 

electronic structure on the activation of small molecules bearing Group 14–16 element-

hydrogen bonds (Chapter 2 & Chapter 3). 

While single-electron processes dominate the reactivity profile of the complexes above, 

which contain one appended V center, we adjust the V to main-group reactant stoichiometry 

to build up molecular arrays with expanded electron storage capabilities. We will explore 

how the greater availability of oxidation states imparted by the increase in metal nuclearity 

can be harnessed towards multi-electron reductive chemistry at a single main-group site. 

This complements traditional metal-ligand cooperation systems, paving the way for main-

group-mediated reactivity where the electron equivalents are stored within a di- or tri-

nuclear (L3V=N)x=EXy (x = 2 or 3; E = B, Al; X = halide) cluster. Leveraging our 

knowledge from Chapter 2 and Chapter 3, we will highlight the synthesis of bi (x = 2, y =1) 

and tri-metallic (x =3, y = 0) systems tethered to a single main-group locus and explore the 

reactivity of their reduction products towards bond activation (Chapter 4). 

Finally, using other block pairings for comparison, we demonstrate that prudent choice 

of the redox-active tether and Lewis-acidic or basic partner primes the resulting arrays for 

homolytic bond activation chemistry, complementing reactivity of earlier metal-ligand 
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cooperation systems. In this vein, we delve into the attempted installation of a sulfonyl 

group at an FeII silylamide precursor that results in unexpected C(sp3)–H activation and 

C(sp3)–C(sp3) bond formation. We explore a series of structurally related intermediate 

model compounds and outline a plausible mechanism with spectroscopic, spectrometric, and 

crystallographic data. Importantly, we highlight the cooperative interaction of an oxidized 

Fe center and a Lewis basic NHC to engender this reactivity (Chapter 5). 

For Chapters 3, 4, and 5 all synthetic work and spectroscopic characterizations, 

excluding elemental analyses, were performed by the author. GC-TCD analyses were 

performed by Arunavo Chakraborty. EPR analyses were performed by Prof. Joshua Telser at 

Roosevelt University. All DFT calculations throughout this report were performed by Prof. 

Roman Dobrovetsky at Tel Aviv University. Part of the syntheses and spectroscopic 

analyses for Chapter 5 were conducted in collaboration with Kevin Guevara, an exemplary 

undergraduate student. Dr. Guang Wu was invaluable in solving and refining the solid-state 

structures for all compounds reported. Dr. Dmitriy Uchenik performed most of the ESI-(-)-

MS. For Chapter 2, compounds 2.1, 2.5, 2.7, and 2.9 were synthesized and characterized by 

Dr. Jiaxiang Chu, a former post-doctoral fellow in the group. I would like to thank Dr. 

Jiaxiang Chu for his tremendous contribution and Gab for the opportunity to complete this 

work. Portions of each chapter are either published or have been drafted at the time of 

writing:  

Chapter 2: Wong, A.; Chu, J.; Wu, G.; Telser, J.; Dobrovetsky, R.; Ménard, G. Redox-

Controlled Reactivity at Boron: Parallels to Frustrated Lewis/Radical Pair Chemistry. Inorg. 

Chem., 2020, 59, 10343–10352. 
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Chapter 3: Wong, A.; Chakraborty, A.; Bawari, D.; Wu, G.; Dobrovetsky, R.; Ménard, G. 

Facile proton-coupled electron transfer enabled by coordination-induced E–H bond 

weakening to boron. Chem. Commun., 2021, Advance Article. 

Chapter 4: Wong, A.; Wu, G.; Ménard, G. (manuscript in preparation) 

Chapter 5: Wong, A.; Guevara, K.; Wu, G.; Ménard, G. Unusual C–H Bond Activation and 

C(sp3)–C(sp3) Bond Formation at an Fe(II) Bis(amide) Carbene Complex. Organometallics, 

2020, 39, 116–122. 
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Chapter 2 

Redox-Controlled Reactivity at Boron: Parallels to Frustrated 

Lewis/Radical Pair Chemistry
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2.1 Introduction 

The past two decades have seen a dramatic increase in reported main-group-mediated 

bond activation chemistry.1-5 FLP chemistry has been a significant contributor to this 

increase, stimulating intrigue spanning multiple fields while unlocking new applications in 

main-group chemistry.6-8 Whereas FLPs can activate an ever-expanding repertoire of small 

molecules (H2, CO2, N2O, CO, etc.) and bonds (C–H, alkenes, alkynes, etc.), the commonly 

accepted mechanism features initial element–element bond polarization within the pocket of 

an “encounter complex” generated by the close interaction of the Lewis pair, followed by a 

two-electron, concerted heterolytic bond activation step.9-11 However, recent work has 

uncovered a possible homolytic pathway mediated by transient ionic phosphine/borane 

frustrated radical pairs (FRPs) generated by single-electron transfer (SET) (Scheme 2.1).12-

18 The existence of these FRPs was supported by combined spectroscopic (i.e., EPR) and 

reactivity studies, with the latter focusing on the unique chemistry of the generated boron 

radical anion, such as homolytic peroxide or Sn–hydride bond cleavage, similar to related 

reports using isolated boron radical species.19-23 
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Scheme 2.1. Classical FLP containing a bulky phosphine with a bulky borane and proposed 

FRP generated by SET containing a boron radical anion (top). This work highlighting the 

switchable reactivity from a borane to a “hidden” boron radical anion by redox control 

(bottom). 

Our group has been exploring new reactivity at main-group centers by tethering these to 

redox-active metal centers, such as V or Fe.24-28 In a recent contribution, we uncovered how 

a typically unreactive PV═O bond tethered to a neighboring VV center in the complexes 

(Ph2N)3V═N–P(O)Ar2 (Ar = Ph, C6F5) can engage in H atom (H•) or silyl group (Me3Si•) 

transfer chemistry, resulting in the proposed protonation or isolated silylation of the PV═O 

bond, respectively, with the concurrent reduction of VV to VIV.28 Similar reactivity was not 

observed in related all-main-group model compounds (ex. Ph3PO), highlighting the 

cooperative role of the metal center in enabling new main-group-centered reactivity. In this 

Article, we targeted V-tethered Lewis-acidic B complexes (2.1, 2.2), which, by control of 

the V redox state, exhibited either FLP chemistry in the borane (VV) state or reactivity 

analogous to the B partner in FRPs when in the boron radical anion (VIV) state (Scheme 2.1). 
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The borane engaged in heterolytic bond activation chemistry, whereas the “hidden” boron 

radical anion reacted homolytically. This complementary reactivity profile draws significant 

parallels to the alternating reactivity found in FLPs versus FRPs. 

2.2 Results 

2.2.1 Synthesis and Reactivity of VV Compounds 

The synthesis of our initial target complexes (2.1, 2.2) followed an analogous approach 

to our previously reported (Ph2N)3V═N–P(O)Ar2 (“VNP”) complexes28 and involved salt 

metathesis between ClB(C6F5)2
29

 and the known precursor, (Ph2N)3V(μ-N)Li(THF)3,30 or the 

new tren-based precursor, N(CH2CH2N(C6F5))3V(μ-N)Li(THF)3, to yield 

complexes 2.1 and 2.2, respectively (Scheme 2.1). The tren-based precursor was prepared in 

three steps by initial acid–base metalation using the known protonated ligand31 and 

V(NTMS2)3 (TMS = SiMe3),32 followed by VV imide formation with TMSN3 and 

desilylation using iPrNHLi (Scheme 2.2).30 

 

Scheme 2.2. Synthetic route to the vanadium-tethered boron complex, 2.2. 

Single crystals suitable for X-ray diffraction (XRD) studies were grown for 

both 2.1 and 2.2. The solid-state structures for 2.1 and 2.2 (Figure 2.1) revealed expected 

trigonal planar B centers with observed B–N (1.421(11) Å (2.1); 1.428(6) Å (2.2)) and 

neighboring V═N (1.670(6) Å (2.1), 1.703(4) Å (2.2)) bond lengths similar to previous 

reports.28, 33 The resulting V═N–B angles differed substantially from one another (161.1(6)° 

(2.1), 170.0(3)° (2.2)) with both deviating more from linearity than in the reported VNP case 

(175.9(7)°).28 
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Figure 2.1. a) Solid-state molecular structure of 2.1 (C6H5 groups on diphenylamide (except 

ipso carbons) and all hydrogen atoms are omitted for clarity). b) Solid-state molecular 

structure of 2.2 (C6F5 groups on tren (except ipso carbons) and all hydrogen atoms are 

omitted for clarity). 

The analysis of the products by multinuclear nuclear magnetic resonance (NMR) 

spectroscopy revealed expected broad 11B resonances (31.8 ppm (2.1), 30.1 ppm (2.2)) 

consistent with three-coordinate B centers.33, 34 Whereas the 51V resonance for 2.1 (120 

ppm) was similar to that of the VNP analog (117 ppm),28 the resonance for 2.2 (−79 ppm) 

was significantly shifted, likely due to the higher coordination number at V.35 Whereas 

borane-substituted early metal imido complexes are known,36-42 to the best of our 

knowledge, these represent the first examples incorporating boranes with strongly electron-

withdrawing substituents. 

We observed that 2.1 was unstable and readily decomposed within hours in solution at 

room temperature, as observed by multinuclear NMR spectroscopy. One of the 

decomposition products, Ph2NB(C6F5)2, was identified through independent synthesis, 

whereas the V-containing decomposition product remains unknown. We attributed this 

decomposition pathway to the close proximity of the Lewis-acidic B center to the labile 
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Lewis-basic Ph2N– groups. Dissolving 2.1 in coordinating solvents (tetrahydrofuran (THF), 

MeCN) led to adduct formation and slower decomposition, as observed by NMR 

spectroscopy. The coordinating solvent molecules could be readily removed in vacuo, 

indicating reduced Lewis acidity at B in 2.1 compared with B(C6F5)3,43 the Lewis acid of 

choice in FLP chemistry.6-8, 44 Not surprisingly, the decomposition pathway observed 

in 2.1 was not observed in 2.2 due to the chelating tren ligand. 

We next investigated whether 2.2 could act as an effective Lewis acid partner in FLP 

chemistry. To begin, we combined 2.2 with a variety of small donor molecules to gauge its 

Lewis acidity. Using a small phosphine like PMe3 resulted in immediate adduct formation, 

as observed by NMR spectroscopy. The quenched FLP was unambiguously confirmed 

through single crystal XRD studies (Figure 2.2). 
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Figure 2.2. a) Reaction between 2.2 and PMe3 yielding a quenched FLP (top). b) Solid-state 

molecular structure of the resulting adduct (2.2-PMe3) (C6F5 groups on tren (except ipso 

carbons) and all hydrogen atoms are omitted for clarity). 
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In contrast, combinations of 2.2 with bulky phosphines (PtBu3, PMes3, Mes = 2,4,6-

trimethylphenyl) led to no changes in the NMR spectra compared with isolated Lewis 

partners – the hallmark of FLP formation. However, no reaction with small molecules (H2, 

CO2) was observed. Whereas the reduced Lewis acidity at B may be partially responsible, 

we believe that the extreme steric crowding at B due to the flanking tren aryl groups, as 

observed in the space-filling depiction of the solid-state structure (Figure 2.3), likely plays a 

bigger role.  

 

Figure 2.3. Space-filling model of 2.2 showing extreme steric crowding at B. (V = purple, N 

= blue, C = black, F = pink, B = lime green, H = white) 
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Therefore, we attempted to use a more donating, “longer” para-benzoquinone molecule, 

previously used in FLP chemistry.12 Mixing equimolar amounts of 2.1, PMes3, and 

tetrafluoro-1,4-benzoquinone in dichloromethane (DCM) resulted in the immediate 

formation of a new product, as observed by NMR spectroscopy. Single crystals suitable for 

XRD studies were obtained and confirmed the formation of compound 2.3 (Figure 2.4), 

featuring the FLP addition across the benzoquinone moiety. We note that the analogous 

reaction with unsubstituted benzoquinone to yield the product 2.4 was also obtained, 

although it was only characterized crystallographically. Lastly, we note that the mechanism 

of activation here is unlikely to proceed through an SET mechanism, sometimes proposed 

with PMes3,12, 45 due to the inability of 2.2 to oxidize PMes3 to any appreciable extent (vide 

infra).46 
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Figure 2.4. a) FLP addition of 2.2/PMes3 to tetrafluoro-1,4-benzoquinone to produce 2.3. b) 

Solid-state molecular structure of 2.3 (C6F5 groups (except ipso carbons), hydrogen atoms, 

and co-crystallized solvent molecules are omitted for clarity). 

2.2.2 Synthesis and Reactivity of VIV Compounds 

Whereas the B centers in 2.1 and 2.2 are Lewis-acidic, we next probed if boron radical 

character could be accessed by redox-control. Because of the instability of 2.1, we only 

investigated the electrochemical profile of 2.2 by cyclic voltammetry (CV) in DCM. A 
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clean, reversible redox event at E1/2 = −1.10 V, referenced to the ferrocene/ferrocenium 

(Fc/Fc+) redox couple (Figure 2.5), was observed and attributed to the VIV/V redox couple.  
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Figure 2.5. Cyclic voltammograms (250 mV/s) of 2.2 (black) (3.0 mM), 2,4,6-tBu3C6H2O• 

(red) (3.0 mM), and dibenzoyl peroxide (PhC(O)OOC(O)Ph) (blue) (3.0 mM) in DCM using 

0.1 M [Bu4N][PF6] supporting electrolyte, a glassy carbon working electrode, a platinum 

wire counter electrode, and a Ag wire pseudoreference electrode and internally referenced to 

the Fc/Fc+ redox couple. Substrates possessing E1/2 > −1.10 V are susceptible to SET from 

2.6, leading to FLP reactivity (left), whereas those with E1/2 < −1.10 V are unlikely to be 

reduced and instead directly react with the “hidden” boron radical anion (right). 

This reduced complex was chemically isolated by treating 2.2 with 

decamethylcobaltocene, CoCp2
* (E1/2 = −1.94 V in DCM).47 We note here that 2.1 could 

also be reduced using this method, albeit in lower isolated yields due to its instability. The 

reduced products, 2.5 and 2.6 (Scheme 2.1), were slowly crystallized, and low-resolution 

solid-state structures were obtained by XRD studies. We note that a high-resolution structure 

was obtained by generating a cobaltocene (CoCp2) analog of 2.6, termed 2.6′ (Figure 2.6). 
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Both 2.5 and 2.6′ contained significantly elongated V–N(B) bonds (1.885(8) Å (2.5), 

1.776(4) Å (2.6′)) and shortened B–N bonds (1.368(14) Å (2.5),1.354(7) Å (2.6′)) relative 

to 2.1 and 2.2 (vide supra). The resulting V–N–B angle in 2.5 was significantly more bent 

(139.2(9)°) relative to 2.1 (161.1(6)°), similar to the observed trend upon the reduction of 

the VNP analog28 and suggesting a simplified single- and double-bonded structure (V–N═B) 

with the reduction event mostly localized at V. In stark contrast, the V–N–B linkage 

in 2.6′ (173.9(4)°) changed only slightly relative to 2.2 (170.0(3)°), which may suggest a 

more delocalized V–N–B π framework enforced by the flanking tren aryl groups.  
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Figure 2.6. a) Reduction of 2.1 or 2.2 to its radical anion. b) Solid-state molecular structure 

of 2.6′ (C6F5 groups on tren (except ipso carbons), hydrogen atoms, and co-crystallized 

solvent molecules are omitted for clarity). 

2.2.3 Spectroscopic and Computational Support for Boron Radical Character 

Compounds 2.5 and 2.6/2.6′ were further analyzed by X-band EPR spectroscopy. The 

room-temperature spectrum of 2.5 revealed an expected isotropic eight-line hyperfine 

splitting pattern due to the coupling of the d1 electron to the 51V center (I = 7/2). Anisotropic 

spectra were observed at 100 K for all species and were similar to our reported VNP 

system.28 The lack of resolved hyperfine coupling to 11B suggests little to no delocalization 

of the d1 electron along the V–N–B framework.48 However, simulating the data in the 

absence of 11B coupling led to sharper line widths and a poorer fit with the experimental 

data (Figure 2.7), which may suggest some delocalization to B and consequently N. The 

expected coupling to 11B may simply be too weak to be observable by EPR spectroscopy.49, 

50 
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Figure 2.7. a) Anisotropic X-band EPR spectrum of 2.6 (black) with an overlaid simulation 

with 11B hyperfine coupling (red) at 100 K revealing a 51V-centered reduction with possible 
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electron delocalization along the V–N–B  framework. b) Same X-band EPR spectrum with 

a different overlaid simulation in the absence of any 11B hyperfine coupling (blue) at 100 K 

revealing narrower lines and a poorer fit to the experimental data. 

Therefore, we turned to DFT studies to further probe this. Calculations performed on the 

anion of 2.6 revealed some degree of delocalization of the single electron to the B center 

along the V–N–B π framework, suggesting the presence of a “hidden” boron radical (Figure 

2.8). In particular, whereas the majority of the spin density resided on V (82 %), in 

agreement with our EPR data, the spin density on B (13 %) was found to be non-

negligible. As previously noted, whereas several early metal borylimido complexes have 

been prepared,36-42 to the best of our knowledge, their redox properties have not been 

investigated as they have been here. 
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Figure 2.8. Spin-density map of 2.6 calculated by DFT and revealing a non-negligible 

contribution on B (13%), suggestive of “hidden” boron radical character. 

2.2.4 Probing a C(sp3)–H Bond Activation Pathway Using Cyclic Voltammetry 

Similar to 2.1, compound 2.5 was found to be very unstable in noncoordinating solvents. 

Whereas we attributed the migration of Ph2N– to B as being responsible for the 
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decomposition of 2.1, the decomposition of 2.5 was noticeably different. Monitoring a 

solution of paramagnetic 2.5 in a mixture of benzene-d6 and bromobenzene-d5 by 

multinuclear NMR spectroscopy at room temperature revealed the appearance of a main 

diamagnetic decomposition product, with resonances in the 19F (−127, −164, −167 ppm) 

and 11B (−2.0 ppm) spectra, consistent with the formation of a four-coordinate boron 

center.43 Interestingly, the 1H NMR spectrum revealed a major species having inequivalent 

resonances attributed to the [CoCp2
*]+ cation between 0.5 and 2.1 ppm. Upon scaling up the 

reaction, single crystals suitable for XRD studies were grown, and the solid-state structure 

unequivocally revealed the formation of the [CoCp2
*]+ C–H activated product, 2.7 (Figure 

2.9). The bond metrics along the V–N–B bonds in 2.7 are similar to those found in 2.1 and 

are consistent with the observed oxidation to a diamagnetic VV center. 
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Figure 2.9. a) Spontaneous C–H bond activation of [CoCp2
*]+ cation (top right). 

Encouraged C–H bond activation using the phenoxyl radical b) Solid-state molecular 

structure of 2.7 (phenyl C–H linkages, hydrogen atoms, and co-crystallized solvent 

molecules are omitted for clarity). 
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The methyl C–H bond activation of [CoCp2
*]+ in the conversion of 2.5 to 2.7 involved 

the formal loss of H•, the fate of which remains unknown. However, we observed that the 

addition of the stable phenoxyl radical, 2,4,6-tBu3C6H2O• (ArO•), to 2.5 resulted in the 

clean formation of 2.7 and ArOH. We also note that compound 2.6 does not undergo this 

spontaneous decomposition but does initiate the [CoCp2
*]+ C–H activation in the presence 

of ArO•. Taken together, we hypothesized that the C–H bond activation chemistry likely 

proceeded through one of two mechanisms: (1) via a FRP-induced homolytic C–H cleavage 

mechanism involving the ArO• and “hidden” boron radical anion (2.5, 2.6) (Scheme 2.3, 

top), reminiscent of previously proposed FRP45 and boron radical C–H reactivity,21 or (2) 

via initial SET from the anion of 2.5 or 2.6 to ArO• to generate the FLP composed of ArO–

 and 2.1 or 2.2 (Scheme 2.3, bottom). Subsequent deprotonation at one of the acidic methyl 

C–H bonds in [CoCp2
*]+ would result in the formation of 2.7 or 2.8.51-53A similar SET from 

a related borole radical to TEMPO, followed by C–H deprotonation at [CoCp2
*]+, was 

recently reported.20 
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Scheme 2.3. Proposed FRP comprised of the boron radicals 2.5 or 2.6 and ArO• performing 

C–H bond activation of [CoCp2
*]+ (top). Alternatively, SET from 2.5 or 2.6 to ArO• would 

generate an FLP comprised of 2.1 or 2.2 and ArO– which could deprotonate the acidic 

methyl C–H bond in [CoCp2
*]+ generating the products 2.7 or 2.8 (bottom). 

To distinguish between these possible mechanisms, a simple comparison of the 

VIV/V redox couple in 2.2/2.6 relative to the ArO•/– couple should reveal whether SET is 

favored. The CV of ArO• was taken in DCM and revealed a clean reversible ArO•/– couple 

at E1/2 = −0.91 V vs Fc/Fc+ (Figure 2.5). Whereas the E1/2 value of 2.1/2.5 could not be 

obtained due to the aforementioned instability of these complexes, the 2.2/2.6 couple 

at E1/2 = −1.10 V vs Fc/Fc+ (vide supra) does support a favorable (ΔG = −19 kJ/mol) SET 

event (Figure 2.5). Thus mechanistically, it is likely that the chemistry proceeded via an 

FLP-type mechanism involving an initial SET from 2.6 to ArO• to generate the 2.2/ArO–

 FLP, which initiated the observed C–H functionalization.20 
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2.2.5 Experimental Support for Boron-Based Radical Reactivity 

Whereas the combination of 2.5 or 2.6 with ArO• likely generated an intermediate FLP 

for C–H activation of [CoCp2
*]+, our DFT studies nonetheless indicated that radical 

character at boron should also be accessible (Figure 2.8). As previously noted, boron 

radicals are invoked in FRP chemistry and are typically probed by homolytic bond cleavage 

reactions at peroxides or Sn–hydrides.19-23 To discount possible initial SET to any of these 

reagents, we first collected the CV data of both dibenzoyl peroxide (PhC(O)OOC(O)Ph) and 

Ph3SnH. The CV data of (PhC(O)OOC(O)Ph) collected in DCM revealed an irreversible 

reduction event at Epeak
red = −1.92 V (Figure 2.5). Similarly, an irreversible reduction event 

was observed for Ph3SnH near the electrochemical window of acetonitrile (Epeak
red = −2.74 

V). Thus any SET event from 2.6 to either of these reagents should be highly unfavorable 

(ΔG > 85 kJ/mol). Exposing either 2.6 or 2.6′ (both paramagnetic) to a half-equivalent of 

PhC(O)OOC(O)Ph in DCM led to the clean emergence of new, diamagnetic, analogous 

products, as observed by multinuclear NMR spectroscopy. In particular, a sharp resonance 

in the 11B NMR spectrum (−4.2 ppm), with corresponding meta/para-shifted resonances in 

the 19F NMR spectra, emerged and is consistent with four-coordinate boron centers.43A 

significantly shifted 51V NMR resonance (−311 ppm) also emerged from this reaction. 

Whereas suitable single crystals for XRD studies were not obtained from the 2.6 reaction, 

they were obtained from the 2.6′ reaction, albeit in low resolution, and the solid-state 

structure confirmed the formation of a new carboxylate B–O product (2.10) generated 

through the homolytic peroxide cleavage expected from boron radical reactivity (Figure 

2.10).19-23 We note that the reaction with 2.5 produced the analogous carboxylate 

product, 2.9. 
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Figure 2.10. a) The reaction of 2.6′ with PhC(O)OOC(O)Ph led to homolytic peroxide 

cleavage and B–O carboxylate bond formation (2.10) indicative of boron radical reactivity. 
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b) Low-resolution isotropic solid-state molecular structure of 2.10 (C6F5 groups on tren 

(except ipso carbons), [CoCp2]+, hydrogen atoms, and co-crystallized solvent molecules are 

omitted for clarity). 

Lastly, we explored the reactivity of 2.6/2.6′ with Ph3SnH. While again the emergence 

of diamagnetic products was observed by NMR spectroscopy, including a doublet resonance 

in the 11B NMR spectrum that collapsed to a singlet in the 11B{1H} spectrum, indicating a 

B–H bond, we were unable to obtain a clean product in this case. However, the analysis of 

the 119Sn NMR spectrum revealed the formation of a single new product with a chemical 

shift at −142.4 ppm, similar to those reported for Ph3SnSnPh3 in various solvents.12 Upon 

working up the crude reaction mixture, this product was isolated and unambiguously 

identified by XRD studies because its unit-cell parameters matched the reported 

values.54 The formation of this Sn–Sn product is strongly indicative of boron radical 

reactivity and homolytic bond cleavage, analogous to reported FRP reactivity.19-23 

2.3 Summary  

In summary, we have outlined the synthesis of new Lewis-acidic boranes tethered to 

redox-active vanadium centers. Redox-control of the VIV/V pair allowed for controlled 

borane or boron radical anion reactivity mimicking FLP or FRP reactivity, respectively. The 

intimate electronic communication between the boron and vanadium centers through the N-

bridge allowed this 3d-2p pairing to participate in homolytic bond activation chemistry, 

shifting the locus of reactivity from metal to main-group.  We are further investigating the 

potential use of such main-group/metal platforms for new cooperative small molecule or 

bond-activation chemistry. 

2.4 Experimental Section 
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2.4.1 General Considerations. All manipulations were performed under an atmosphere of 

dry, oxygen-free N2 or Ar through standard Schlenk or glovebox techniques (MBraun 

UNIlab Pro SP Eco equipped with a −38 °C freezer). Pentane, diethyl ether, benzene, 

toluene, THF, and DCM were dried using an Mbraun solvent purification system. 2,2,4-

Trimethylpentane (iso-octane), hexamethyldisiloxane (HMDSO), acetonitrile, acetonitrile-

d3, benzene-d6, chloroform-d, dichloromethane-d2, and tetrahydrofuran-d8 were purchased 

from Aldrich or Cambridge Isotope Laboratories, degassed by freeze–pump–thaw, and 

stored on activated 4 Å molecular sieves prior to use. Ph2NH, nBuLi (1.6 M in hexanes), 

VCl3(THF)3, Me3SiN3, iPr2NH, and (PhC(O)OOC(O)Ph) were purchased from Aldrich, 

Strem, or other commercial vendors and used as received. Co(C5Me5)2 and Co(C5H5)2 were 

purchased from Aldrich and sublimed prior to use. C1B(C6F5)2,29 (Ph2N)3V(μ-N)Li(THF)3,30 

2,4,6-tBu3C6H2O•,55 N(CH2CH2NH(C6F5))3,31 V(NTMS2)3,32 and iPrNHLi30 were prepared 

according to literature procedure. Elemental analyses (C, N, H) were performed at the 

University of California, Berkeley using a PerkinElmer 2400 Series II combustion analyzer. 

Spectroscopic Analyses. NMR spectra were obtained on a Varian Unity Inova 600 MHz, 

Varian Unity Inova 500 MHz, or Agilent Technologies 400 MHz spectrometer and 

referenced to the residual solvent of acetonitrile-d3 (1.94 ppm), benzene-d6 (7.16 ppm), D2O 

(4.79 ppm), dichloromethane-d2 (5.32 ppm), methanol-d4 (3.31 ppm), or tetrahydrofuran-

d8 (1.73 ppm) or externally (11B: BF3·Et2O; 19F: CFCl3; 51V: VOCl3; 31P: 85 % 

H3PO4; 119Sn: Me4Sn; 7Li: 9.7 M LiCl in D2O). Chemical shifts (δ) are recorded in ppm, and 

the coupling constants are in hertz. X-band EPR spectra were collected on a Bruker EMX 

EPR spectrometer equipped with an Oxford ESR 900 liquid-helium cryostat. A modulation 

frequency of 100 kHz was used for all EPR spectra, and the data were plotted using Origin. 
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EPR simulations used the program QPOWA by Belford and coworkers, as modified by J. 

Telser.56 

X-ray crystallography. Data were collected on a Bruker KAPPA APEX II diffractometer 

equipped with an APEX II charge-coupled device (CCD) detector using a TRIUMPH 

monochromator with a Mo Kα X-ray source (α = 0.71073 Å). The crystals were mounted on 

a cryoloop with Paratone-N oil, and all data were collected at 100(2) K using an Oxford 

nitrogen gas cryostream system. A hemisphere of data was collected using ω scans with 0.5° 

frame widths. Data collection and cell parameter determination were conducted using the 

SMART program. Integration of the data frames and final cell parameter refinement were 

performed using SAINT software. Absorption correction of the data was carried out using 

SADABS. Structure determination was done using direct or Patterson methods and 

difference Fourier techniques. All hydrogen atom positions were idealized and rode on the 

atom of attachment. The structure solution, refinement, graphics, and the creation of 

publication materials were performed using SHELXTL or OLEX. All POV-Ray depictions 

of the solid-state molecular structures are shown at the 50 % probability ellipsoid level 

unless otherwise noted. 

Electrochemical Analyses. CV was performed on a CH Instruments 630E electrochemical 

analysis potentiostat, equipped with a 3 mm diameter glassy carbon working electrode, a Ag 

wire pseudoreference electrode, and a Pt counter electrode with [Bu4N][PF6] (0.1 M) 

supporting electrolyte solution in CH2Cl2 or CH3CN. The glassy carbon working electrode 

was cleaned prior to each experiment by polishing with 1, 0.3, and 0.05 mm alumina (CH 

Instruments) in descending order, followed by sonication in distilled water for 2 min. All 

voltammograms were referenced to the Fc/Fc+ redox couple. 
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DFT Calculations. DFT calculations were performed using ORCA 4.57 The geometry 

optimization of the anion of 2.6 was carried out using the UKS TPSS0 method with the 

def2-TZVP basis set58-60 and with the relativistic effect, which was accounted for by the 

zero-order regular approximation (ZORA),61-63 implemented in the ORCA software. The 

electric and magnetic hyperfine structure was calculated for B and V centers only. 

2.4.2 Synthesis of Compounds. 

Synthesis of (Ph2N)3V(µ-N)B(C6F5)2 (2.1).  

To a cold (−35 °C) solid mixture of ClB(C6F5)2 (0.190 g, 0.5 mmol) and (Ph2N)3V(μ-

N)Li(THF)3 (0.414 g, 0.5 mmol) was added cold ether (10 mL, −35 °C). The reaction 

solution stood at −35 °C for 2 days with intermittent stirring for 1 min every 12 h. The 

mixture was filtered; then, the solvent was removed in vacuo. The residue was washed with 

cold pentane (4 × 5 mL), and the solid was dried in vacuo for 20 min to afford a dark-brown 

solid (0.310 g, 0.34 mmol, 68 % yield). Single crystals suitable for XRD studies were 

obtained by cooling a concentrated toluene/pentane solution of 2.1 to −35 °C and standing 

overnight. 1H NMR (400 MHz, C6D6, 25 °C): δ = 6.91–6.85 (m, 24H; ArH), 6.71 (m, 6H; 

ArH). A small amount of THF and ether (∼0.5 equiv total) in the product could not be 

removed in vacuo, which may due to the Lewis acidity of 2.1. 13C NMR (100 MHz, C6D6, 

25 °C): δ = 154.4, 128.9, 125.5, 123.2 (Ph2N). The signal-to-noise ratio was too low to 

properly identify any C6F5
13C resonances. 51V NMR (105 MHz, C6D6, 25 °C): δ = 119.6 

(br). 11B NMR (128 MHz, C6D6, 25 °C): δ = 31.8 (br). 19F NMR (376 MHz, C6D6, 25 °C): δ 

= −131.0 (m, 4F; o-C6F5), −151.7 (t, J = 18.8 Hz, 2F; p-C6F5), −162.1 (m, 4F; m-C6F5). 

Elemental analysis (%) calc. for C48H30BF10N4V (2.1) (914.5315 g·mol–1): C, 63.04; H, 

3.31; N, 6.13. Found: C, 60.14; H, 3.30; N, 6.06. Attempts to obtain satisfactory elemental 
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analysis consistently resulted in reduced carbon percentages, likely due to incomplete 

combustion.64  

Synthesis of (N(CH2CH2N(C6F5))3)V(µ-N)B(C6F5)2 (2.2).  

Part 1: Synthesis of ((tren)VNTMS): To a solution of N(CH2CH2NH(C6F5))3 (0.545 g, 0.846 

mmol) in THF (3 mL) was added V(NTMS2)3 (0.450 g, 0.846 mmol) in THF (5 mL). The 

purple mixture was sealed in a heavy-walled reaction flask and heated to 70 °C for 3 h until 

a dark-green solution formed. Under a nitrogen atmosphere, TMSN3 (1.1 equiv) was added, 

and the resulting mixture was resealed and stirred for 5 h at 70 °C to yield a yellow-orange 

solution. The volatiles were removed in vacuo and washed with pentane until the filtrate 

became nearly colorless. The filter-cake was then washed with ether (3 × 1 mL) to give a 

bright-yellow powder (0.659 g, 0.705 mmol, 83.3 % yield). Bright-yellow single crystals 

suitable for XRD studies were grown by vapor diffusion of HMDSO into a saturated ether 

solution of the product. 1H NMR (400 MHz, C6D6, 25 °C): δ = 3.30 (t, 3JHH = 8.0 Hz, 6H; 

CH2), 2.13 (t, 3JHH = 8.0 Hz, 6H; CH2), -0.77 (s, 9H; CH3). 13C NMR (100 MHz, C6D6, 25 

°C): δ = 57.8 (CH2), 53.3 (CH2), -1.8 (CH3). The signal-to-noise ratio was too low for 

properly identifying any C6F5 13C resonances. 51V NMR (105 MHz, C6D6, 25 °C): δ = -

259.3 (br). 19F NMR (376 MHz, C6D6, 25 °C): δ = -149.2 (d, J = 18.5 Hz, 6F; o-C6F5), -

165.6 (m, 6F; m-C6F5), -166.1 (t, J = 21.5 Hz, 3F; p-C6F5). Elemental analysis (%) calc. for 

C27H21F15N5SiV (779.5025 g·mol-1): C, 41.60; H, 2.72; N, 8.98. Found: C, 41.92; H, 2.69; 

N, 8.92. 

Part 2: Synthesis of trenVNLi: To a cooled, stirring solution of ((tren)VNTMS) (1.0 g, 1.28 

mmol) in THF (4 mL) was added iPrNHLi (0.117 g, 1.79 mmol) as a suspension in pentane 

(3 mL) to induce an immediate darkening of the solution to yellow-green. The reaction was 

monitored by 19F NMR, and (if needed) additional aliquots of iPrNHLi reagent were added 
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to ensure the complete consumption of the starting material. The reaction was stirred for 30 

min before the volatiles were removed in vacuo. The residue was washed with pentane (10 × 

2 mL) to give a dark microcrystalline powder (0.850 g, 0.912 mmol, 71.3 % yield). Single 

crystals suitable for XRD studies were grown by the slow vapor diffusion of pentane into a 

saturated solution of the product in THF. 1H NMR (400 MHz, C6D6, 25 °C): δ = 3.49 (t, 

3JHH = 8.0 Hz, 6H; tren CH2), 2.99 (t, 3JHH = 8.0 Hz, 12H; THF CH2), 2.17 (t, 6H; 3JHH = 8.0 

Hz, 6H; tren CH2), 1.32 (m, 12H; THF CH2). 13C NMR (100 MHz, C6D6, 25 °C): δ = 67.6 

(THF CH2), 55.7 (tren CH2), 53.0 (tren CH2), 25.4 (THF CH2). The signal-to-noise ratio was 

too low for properly identifying any C6F5 13C resonances. 51V NMR (105 MHz, C6D6, 25 

°C): δ = -143.1 (br). 19F NMR (376 MHz, C6D6, 25 °C): δ = -149.9 (d, J = 22.5 Hz, 6F; o-

C6F5), -168.7 (t, J = 21.1 Hz 6F; m-C6F5), -173.7 (t, J = 22.3 Hz, 6F; p-C6F5). Elemental 

analysis (%) calc. for C36H36F15LiN5O3V (929.5735 g·mol-1): C, 46.52; H, 3.90; N, 7.53. 

Found: C, 46.25; H, 3.98; N, 7.57. 

Part 3: Synthesis of 2.2: To a stirring solution of trenVNLi (1.0 g, 1.076 mmol) in benzene 

was added C1B(C6F5)2 (0.409 g, 1.076 mmol) in ether/benzene to give a dark-green solution 

that was stirred for 2 h. The volatiles were removed in vacuo, and the green oily residue was 

dissolved in DCM and filtered through a Celite plug to remove LiCl. The dark-green residue 

was minimally dissolved in benzene and then treated with acetonitrile (0.1 mL) to give a 

yellow precipitate that was collected and washed with pentane (10 × 1 mL) and ether (5 × 1 

mL). Upon dissolution into a 1:1 benzene/THF mixture and the removal of all volatiles, an 

analytically pure dark-green powder was isolated (0.755 g, 0.719 mmol, 66.8 % yield). 

Single crystals suitable for XRD studies were obtained by slow vapor diffusion of HMDSO 

into a saturated solution of the product in ether. 1H NMR (400 MHz, C6D6, 25 °C): δ = 3.30 

(t, 3JHH = 5.4 Hz, 6H; CH2), 2.35 (t, 3JHH = 5.4 Hz, 6H; CH2). 13C NMR (100 MHz, C6D6, 
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25 °C): δ = 60.6 (CH2), 53.1 (CH2). The signal-to-noise ratio was too low for properly 

identifying any C6F5 13C resonances. 51V NMR (105 MHz, C6D6, 25 °C): δ = -78.9 (br). 11B 

NMR (128 MHz, C6D6, 25 °C): δ = 30.1 (br). 19F NMR (376 MHz, C6D6, 25 °C): δ = -133.1 

(br, 4F; B o-C6F5), -148.4 (br, 6F; tren o-C6F5), -149.5 (br, 2F; B p-C6F5), -161.4 (br, 4F; B 

m-C6F5), -162.9 (br, 3F; tren p-C6F5), -164.9 (br, 6F; tren o-C6F5). Elemental analysis (%) 

calc. for C36H12BF25N5V (1051.2386 g·mol-1): C, 41.13; H, 1.15; N, 6.66. Found: C, 41.27; 

H, 1.38; N, 6.67. 

Synthesis of (N(CH2CH2N(C6F5))3)V(µ-N)B(P(CH3)3)(C6F5)2 (2.2-PMe3).  

PMe3 (129 µL, 0.0950 mmol) was syringed directly into a solution of 

(N(CH2CH2N(C6F5))3)V(µ-N)B(C6F5)2 (0.100 g, 0.0950 mmol) in bromobenzene (1 mL) to 

give an orange solution. The reaction stood overnight at room temperature where the 

product precipitated as large orange single-crystals suitable for XRD studies (0.088 g, 

0.0781 mmol, 82.1 % yield). 1H NMR (400 MHz, CD2Cl2, 25 oC): δ = 3.81 (br, 2H; tren 

CH2), 3.69 (br, 4H; tren CH2), 2.95 (br, 6H; tren CH2), 0.94 (d, 2JHP = 11.2 Hz, 9H; 

P(CH3)3). 13C NMR (126 MHz, CD2Cl2, 25 oC): δ = 62.5 (CH2), 62.0 (CH2), 55.6 (CH2), 

55.4 (CH2), 8.97 (d, 1JCP = 37.8 Hz, P(CH3)3). The signal-to-noise ratio was too low for 

properly identifying any C6F5 13C resonance. 51V NMR (105 MHz, CD2Cl2, 25 oC): δ = -

195.0 (br). 11B NMR (128 MHz, CD2Cl2, 25 oC): δ = -8.4 (br). 31P NMR (162 MHz, 

CD2Cl2, 25 oC): -13.7 (m). 19F NMR (376 MHz, CD2Cl2, 25 oC): δ = -128.1 (br, 4F; B o-

C6F5), -146.9 (br, 4F; tren o-C6F5), -148.2 (br, 2F; tren o-C6F5), -157.3 (t, 3JFF = 20.2 Hz, 2F; 

B p-C6F5), -163.6 (m, 4F; B m-C6F5), -165.2 (t, 3JFF = 21.3 Hz, 2F), -165.5 (t, 3JFF = 22.7 Hz, 

2F), -166.5 (br, 3F), -167.0 (t, 3JFF = 22.2 Hz, 2F). 

Synthesis of 2.3.  
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To a stirring solution of 2.2 (0.010 g, 0.0095 mmol) and PMes3 (0.00369 g, 0.0095 mmol) in 

DCM (3 mL) was added tetrafluoro-1,4-benzoquinone (0.00171 g, 0.0095 mmol) in DCM (1 

mL) to give an orange solution within minutes. The reaction was stirred for 10 min before 

the volatiles were removed in vacuo. The residue was washed with pentane (3 × 1 mL) and 

ether (1 mL) to give a yellow powder (0.011 g, 0.0068 mmol, 71.4 % yield). Single crystals 

suitable for XRD studies were grown by the slow vapor diffusion of pentane into a saturated 

solution of 2.3 in DCM. 1H NMR (400 MHz, CDCl3, 25 °C): δ = 7.03 (s, 6H; aryl CH), 3.68 

(t, 6H; CH2), 2.98 (t, 6H; CH2), 2.38 (s, 9H; CH3), 2.13 (s, 18H; CH3). 13C NMR (126 MHz, 

CDCl3, 25 °C): δ = 147.0 (ipso C), 133.2 (m-CH), 119.9 (o-CMe), 119.1 (p-CMe), 59.6 

(CH2), 53.1 (CH2), 23.3 (o-CH3), 21.4 (p-CH3). The signal-to-noise ratio was too low for 

properly identifying any C6F5 13C resonances. 51V NMR (105 MHz, CDCl3, 25 °C): δ = -

300.7 (br). 11B NMR (128 MHz, CDCl3, 25 °C): δ = -2.3 (br). 31P NMR (161 MHz, CDCl3, 

25 °C): δ = 70.92 (s). 19F NMR (376 MHz, CDCl3, 25 °C): δ = -134.2 (br, 4F; B o-C6F5), -

148.0 (br, 6F; tren o-C6F5), -155.8 (d, 2F; quinone CF), -156.6 (d, 2F; quinone CF), -160.8 

(t, 2F; B p-C6F5), -166.9 (t, 4F; B m-C6F5), -168.1 (d, 6F; tren o-C6F5), -168.7 (t, 3F; tren p-

C6F5). Elemental analysis (%) calc. for C69H45BF29N5PV (1619.8310 g·mol-1): C, 51.16; H, 

2.80; N, 4.32. Found: C, 50.83; H, 2.45; N, 3.96. 

Synthesis of 2.4.  

The synthesis of 2.4 was carried out in a manner identical to that of 2.3, except 

benzoquinone was used in place of tetrafluoro-1,4-benzoquinone. The resulting product was 

characterized crystallographically. Single crystals suitable for XRD studies were grown by 

the slow vapor diffusion of iso-octane into an ether solution of the product. 

[(Ph2N)3V(µ-N)B(C6F5)2][CoCp2
*] (2.5).  
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A solution of CoCp2
* (0.033 g, 0.1 mmol) in THF (2 mL) was added to a solution of 

complex 2.1 (0.091 g, 0.1 mmol) in THF (3 mL). The reaction mixture stood at room 

temperature for 15 min, and the solvent was removed in vacuo. The residue was washed 

with cold ether (2 × 3 mL) to afford a brown solid (0.086 g, 0.0687 mmol, 68.7 % yield). 

Single crystals suitable for XRD studies were obtained by the slow vapor diffusion of 

pentane into a concentrated difluorobenzene solution of 2.5 at room temperature. Elemental 

analysis (%) calc. for C68H60BCoF10N4V (1243.9247 g·mol-1): C, 65.66; H, 4.86; N, 4.50. 

Found: C, 64.62; H, 4.76; N, 4.21. 

Synthesis of [N(CH2CH2N(C6F5))3V(µ-N)B(C6F5)2][CoCp2
*] (2.6).  

To a stirring solution of 2.2 (0.100 g, 0.0951 mmol) in ether (3 mL) was added CoCp2
* 

(0.031 g, 0.0951 mmol) in ether (2 mL) to immediately give a dark-red precipitate that was 

stirred for 15 min. The volatiles were removed in vacuo, and the red powder was washed 

with pentane (5 × 1 mL) and ether (5 × 1 mL). The brick-red powder was then dried in 

vacuo (0.105 g, 0.0760 mmol, 79.9 % yield). Single crystals suitable for XRD studies were 

grown by the slow evaporation of a 10:1 ether/DCM mixture of the product. EPR data were 

collected at 100 K in DCM (Figure S66). Elemental analysis (%) calc. for 

C56H42BCoF25N5V (1380.6318 g·mol-1): C, 48.72; H, 3.07; N, 5.07. Found: C, 48.99; H, 

2.73; N, 4.91. 

Synthesis of [N(CH2CH2N(C6F5))3V(µ-N)B(C6F5)2][CoCp2] (2.6′).  

To a stirring solution of 2.2 (0.160 g, 0.152 mmol) in ether (4 mL) was added 

Co(C5H5)2 (0.029 g, 0.152 mmol) in ether (2 mL) to immediately give a dark precipitate that 

was stirred for 30 min. The volatiles were removed in vacuo, and the dark residue was 

washed with pentane (10 × 1 mL) and ether (5 × 1 mL) until the filtrate wash was nearly 

colorless. After the removal of the remaining wash solvent, a dark-red powder was isolated 
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(0.137 g, 0.110 mmol, 72.7 % yield). Single crystals suitable for XRD studies were grown 

by the slow vapor diffusion of HMDSO into a saturated DCM solution of the product. EPR 

data were collected at 100 K in DCM (Figure 2.7). Elemental analysis (%) calc. for 

C46H22BCoF25N5V (1240.3618 g·mol-1): C, 44.54; H, 1.79; N, 5.65. Found: C, 44.36; H, 

1.50; N, 5.59. 

Synthesis of 2.7.  

Method 1: A solution of 2.1 (0.091 g, 0.1 mmol) in fluorobenzene (3 mL) was combined 

with a solution of Co(C5Me5)2 (0.033 g, 0.1 mmol) in fluorobenzene (1 mL), and the mixture 

stood at room temperature overnight. The volatiles were removed in vacuo to give a dark-

brown powder, and the 1H, 19F, and 51V NMR analysis of this crude product revealed 

that 2.7 was formed (see Method 2) as the major product (>85 %). Because of the similar 

solubility of 2.7 and the minor impurities, multiple attempts to purify it failed. 

Method 2: A solution of 2.5 (0.240 g, 0.193 mmol) in THF (6 mL) was combined with a 

solution of 2,4,6-tBu3C6H2O• (0.0505 g, 0.193 mmol) in THF (2 mL), and the mixture stood 

at room temperature for 2 h. The volatiles were then removed in vacuo to give a dark-brown 

solid powder, and the 1H NMR of this crude product revealed a 1:1 mixture of 2.7 and 2,4,6-

tBu3PhOH. The crude powder was washed with pentane (3 × 5 mL) and then with ether (4 × 

4 mL) to give a dark-brown solid (0.050 g, 0.04 mmol, 20.7 % yield). The isolated yield was 

low due to the similar solubility of 2.7 and the 2,4,6-tBu3C6H2OH byproduct. Single crystals 

suitable for XRD studies were obtained by the slow vapor diffusion of pentane into a 

concentrated difluorobenzene solution of 2.7 at room temperature. 1H NMR (400 MHz, 

THF-d8, 25 °C): δ = 6.90 (t, 3JHH = 7.6 Hz, 12H; m-ArH), 6.78 (d, 3JHH = 7.6 Hz, 12H; o-

ArH), 6.73 (t, 3JHH = 7.2 Hz, 6H; p-ArH), 1.98 (s, 2H; BCH2), 1.52 (s, 15H; C5Me5), 1.42 (s, 

6H; CMe), 1.09 (s, 6H; CMe). 13C NMR (100 MHz, C6D6/THF-d8, 25 °C): δ = 155.9 
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(Ph2N), 128.9 (Ph2N), 124.6 (Ph2N), 122.9 (Ph2N), 95.2 (CMe), 93.9 (CMe), 93.2 (CMe), 

92.1 (C), 9.2 (BCH2), 8.6 (CMe), 8.2 (C5Me5), 7.7 (CMe). The signal-to-noise ratio was too 

low for properly identifying any C6F5 13C resonances. 51V NMR (105 MHz, THF-d8, 25 °C): 

δ = -155.0 (br). 11B NMR (128 MHz, THF-d8, 25 °C): δ = -2.0 (br). 19F NMR (376 MHz, 

THF-d8, 25 °C): δ = -127.1 (m, 4F; o-C6F5), -164.2 (t, J = 18.8 Hz, 2F; p-C6F5), -167.0 (m, 

4F; m-C6F5).  Elemental analysis (%) calc. for C68H59BCoF10N4V (1242.9167 g·mol-1): C, 

65.71; H, 4.78; N, 4.51. Found: C, 65.35; H, 5.10; N, 4.51. 

Synthesis of 2.8.  

To a stirring solution of 2.6 (0.050 g, 0.0362 mmol) in DCM (2 mL) was added 2,4,6-

tBu3C6H2O• (0.0095 g, 0.0362 mmol) in DCM (1 mL) to induce an immediate color change 

to yellow. The solution was stirred for 1 h before all volatiles were removed in vacuo. The 

residue was washed with pentane (10 × 1 mL) to remove the 2,4,6-tBu3PhOH byproduct and 

residual 2,4,6-tBu3PhO•. The remaining solid was then washed with ether (1 mL), and the 

remaining yellow powder was dried in vacuo (0.031 g, 0.0224 mmol, 62 % yield). Single 

crystals suitable for XRD studies were grown by the slow vapor diffusion of iso-octane into 

a 1:1 DCM/ether mixture of the product. 1H NMR (400 MHz, CD2Cl2, 25 °C): δ = 3.65 (br, 

6H; CH2), 2.88 (br, 6H; CH2), 1.61 (br, 15H; C5Me5) 1.51 (br, 2H; BCH2) 1.34 (br, 6H; 

CMe) 0.81 (br, 6H; CMe). 13C NMR (100 MHz, CD2Cl2, 25 °C): δ = 120.7 (C5Me5), 93.5 

(CMe), 92.8 (CMe), 92.1 (CMe), 61.0 (CH2), 55.0 (CH2), 8.4 (BCH2), 8.1 (C5Me5), 8.0 

(CMe), 7.8 (CMe). The signal-to-noise ratio was too low for properly identifying any C6F5 

13C resonances. 51V NMR (105 MHz, CD2Cl2, 25 °C): δ = -235.7 (br). 11B NMR (128 MHz, 

CD2Cl2, 25 °C): δ = -5.5 (br). 19F NMR (376 MHz, CD2Cl2, 25 °C): δ = -127.8 (br, 4F; B o-

C6F5), -148.9 (br, 6F; tren o-C6F5), -162.8 (br, 2F; B p-C6F5), -167.5 (br, 4F; B m-C6F5), -

167.4 (br, 6F; tren m-C6F5), -168.6 (br, 3F; tren p-C6F5). Elemental analysis (%) calc. for 
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C56H41BCoF25N5V (1379.6238 g·mol-1): C, 48.75; H, 3.00; N, 5.08. Found: C, 48.41; H, 

3.12; N, 4.97. 

Synthesis of [(Ph2N)3V(µ-N)B(O(O)CPh)(C6F5)2][CoCp2
*] (2.9).  

The radical anion 2.5 was generated in situ and then reacted with dibenzoyl peroxide. A 

solution of 2.1 (0.091 g, 0.1 mmol) in THF (3 mL) was mixed with a solution of 

CoCp2
* (0.033 g, 0.1 mmol) in THF (1 mL), and the solution stood at ambient temperature 

for 5 min. Dibenzoyl peroxide (12.1 mg, 0.05 mmol) in THF (1 mL) was added to the above 

solution, and the resulting mixture stood at ambient temperature for 3 h. The volatiles were 

removed in vacuo to give a greasy red mixture, which was washed with ether (3 × 5 mL) to 

give a red powder (0.075 g, 0.055 mmol, 55 % yield). Single crystals suitable for XRD 

studies were obtained by the slow vapor diffusion of pentane into a concentrated 

difluorobenzene solution of 2.9 at room temperature. 1H NMR (400 MHz, THF-d8, 25 °C): 

δ = 7.71 (d, 3JHH = 7.2 Hz, 2H; o-ArH of PhCOO), 7.27 (t, 3JHH = 7.2 Hz, 1H; p-ArH of 

PhCOO), 7.71 (d, 3JHH = 7.2 Hz, 2H; m-ArH of PhCOO), 6.80 (d, 3JHH = 7.2 Hz, 12H; m-

ArH of Ph2N), 6.71 (d, 3JHH = 7.2 Hz, 12H; o-ArH of Ph2N), 6.63 (t, 3JHH = 7.2 Hz, 6H; p-

ArH of Ph2N), 1.70 (s, 30H; C5Me5). 13C NMR (100 MHz, THF-d8, 25 °C): δ = 166.9 

(PhCOO), 155.4 (Ph2N), 136.4 (PhCOO), 131.0 (PhCOO), 130.6 (PhCOO), 128.4 (Ph2N), 

127.7 (PhCOO), 124.7 (Ph2N), 122.7 (Ph2N), 95.0 (C5Me5), 7.9 (C5Me5). The signal-to-

noise ratio was too low for properly identifying any C6F5 13C resonances. 51V NMR (105 

MHz, THF-d8, 25 °C): δ = -166.4 (br). 11B NMR (128 MHz, THF-d8, 25 °C): δ = -1.3 (s). 

19F NMR (376 MHz, THF-d8, 25 °C): δ = -132.5 (m, 4F; o-C6F5), -164.8 (t, J = 18.8 Hz, 2F; 

p-C6F5), -168.3 (m, 4F; m-C6F5). Elemental analysis (%) calc. for C75H65BCoF10N4O2V 

(1365.0397 g·mol-1): C, 65.99; H, 4.80; N, 4.10. Found: C, 65.43; H, 4.68; N, 3.79. 

Synthesis of [N(CH2CH2N(C6F5))3V(µ-N)B(O(O)CPh)(C6F5)2][CoCp2] (2.10).  
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To a stirring solution of 2.6′ (0.040 g, 0.0322 mmol) in DCM (2 mL) was added dibenzoyl 

peroxide (0.004 g, 0.016 mmol) in DCM (1 mL) to give an immediate lightening of the 

solution to orange. The mixture was stirred for 15 min; then, all volatiles were removed in 

vacuo. The resulting yellow-orange powder was washed with pentane (3 × 1 mL) and ether 

(5 × 0.5 mL), and the volatiles were removed in vacuo (0.032 g, 0.0235 mmol, 73 % yield). 

Single crystals suitable for XRD studies were grown by the slow vapor diffusion of iso-

octane into a saturated solution of the product in DCM. 1H NMR (400 MHz, CD2Cl2, 25 

°C): δ = 7.96 (d, 3JHH = 8 Hz, 2H; o-ArH of PhCOO), 7.50 (br, 1H; p-ArH of PhCOO), 7.45 

(t, 3JHH = 8 Hz, 2H; m-ArH of PhCOO) 5.44 (s, 10H; CH) 3.69 (br, 6H; CH2) 3.00 (br, 6H; 

CH2). 13C NMR (100 MHz, CD2Cl2, 25 °C): δ = 167.7 (PhCOO), 131.4 (PhCOO), 130.1 

(PhCOO), 128.2 (PhCOO), 85.1 (C5H5), 60.2 (CH2), 53.7 (CH2). The signal-to-noise ratio 

was too low for properly identifying any C6F5 13C resonances. 51V NMR (105 MHz, 

CD2Cl2, 25 °C): δ = -310.7 (br). 11B NMR (128 MHz, CD2Cl2, 25 °C): δ = -4.2 (br). 19F 

NMR (376 MHz, CD2Cl2, 25 °C): δ = -134.0 (br, 4F; B o-C6F5), -148.8 (br, 6F; tren o-

C6F5), -162.6 (br, 2F; B p-C6F5), -168.0 (br, 4F; B m-C6F5), -168.0 (br, 6F; tren m-C6F5), -

169.0 (br, 3F; tren p-C6F5). Elemental analysis (%) calc. for C53H27BCoF25N5O2V 

(1361.4768 g·mol-1): C, 46.76; H, 2.00; N, 5.14. Found: C, 46.57; H, 1.93; N, 4.99.  

Synthesis of (C6H5)2NB(C6F5)2.  

Diphenylamine (0.0338 g, 0.2 mmol) in toluene (3 mL) was added to a solution of 

B(C6F5)3 (0.102 g, 0.2 mmol) in toluene (3 mL) to give a pale-yellow solution that was 

stirred overnight at 110 °C to give a colorless solution. The volatiles (including the C6F5H 

byproduct) were removed in vacuo to give a pale-yellow solid, which was recrystallized in 

pentane at −35 °C to give a white solid (0.047 g, 0.092 mmol, 46 % yield). 1H NMR (400 

MHz, C6D6, 25 °C): δ = 6.95 (d, 3JHH = 7.6 Hz, 4H; o-ArH), 6.80 (t, 3JHH = 7.2 Hz, 4H; m-
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ArH), 6.74 (t, 3JHH = 6.8 Hz, 2H; p-ArH). 13C NMR (100 MHz, C6D6, 25 °C): δ = 146.9 

(ipso C), 129.3 (o-CH), 127.4 (m-CH), 126.7 (p-CH). The signal-to-noise ratio was too low 

for properly identifying any C6F5 13C resonances. 11B NMR (128 MHz, C6D6, 25 °C): δ = 

36.7 (br). 19F NMR (376 MHz, C6D6, 25 °C): δ = -132.4 (m, 4F; o-C6F5), -151.2 (t, J = 18.8 

Hz, 2F; p-C6F5), -161.5 (m, 4F; m-C6F5). Elemental analysis (%) calc. for C24H10BF10N 

(513.1450 g·mol-1): C, 56.18; H, 1.96; N, 2.73. Found: C, 55.92; H, 1.80; N, 2.62. 
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Chapter 3 

Facile PCET enabled by coordination-induced E–H bond weakening to a 

redox-active boron center (E = N, O, S) 
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3.1 Introduction 

The field of main-group/metal cooperation has largely been defined by the advent of 

redox-active ligand frameworks like bis(imino)pyridine (PDI)1 or -extended macrocycles 

(porphyrins, phthalocyanines,2-4 corroles,5 etc.), that work in concert with base-metals, such 

as V or Fe, to perform bond activation and functionalization chemistry, emulating that of the 

heavier 4d and 5d metals. The nature of this cooperation varies from steric and electronic 

augmentation to active participation in the bond-making/breaking process.6 Of which, 

aromatization-dearomatization,7 1,2-addition across a metal-ligand bond,8 directing groups,9 

and secondary coordination sphere modifications10-15 are a few of the strategies that 

highlight these modes.  

Although the metal typically performs the bond activation and functionalization 

chemistry in these metal-ligand cooperation (MLC) systems, there has been a renewed 

interest in main-group-mediated transformations propelled forward by low-valent p-block 

(ex. B,16-20 Al,21-25 C,26 and Si27, 28). In their reduced states, these main-group elements 

engage in “metallomimetic” processes18 like oxidative addition, reductive elimination, and 

transmetallation.29 At the forefront, low-valent boron has unlocked unique reactivity patterns 

like Umpolung nucleophilic addition chemistry20, 30 and reductive fixation and catenation of 

dinitrogen.17, 19 The insight from these studies aided the development of complementary 

transformations at neighboring main-group sites. Despite these advances, coordination-

induced bond weakening (CIBW) of small molecules, which is another standard feat for 

transition metals, has been mostly absent for s- and p-block compounds, except in a select 

few examples (Scheme 3.1). Typically, the coordination of substrates onto a transition-metal 

can dramatically lower the bond-dissociation free energies (BDFEs) of neighboring (α) and 

even remote (β, ) E–H (E = C, N, O, S) bonds, enabling homolytic bond cleavage by 
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hydrogen-atom abstraction (HAA) agents. The extension of this chemistry to the main-

group, however, has lagged and may be attributed to the relative paucity of main-group 

compounds capable of both: 1) maintaining Lewis acidity in a low-valent state; and 2) 

engaging in formal oxidation state changes to accommodate bond formation after HAA of 

the small molecule. The latter point prevents a corresponding decrease in BDFE.  

 

Scheme 3.1. Coordination-induced bond weakening (CIBW) chemistry at metal sites (left) 

and main-group sites (a-c). This work highlighting spontaneous H• ejection via CIBW at a 

low-valent B center through a cooperative main-group/metal interaction (right). 

A recent trend to combine main-group Lewis/Brønsted functionalities with added 

molecular oxidants or photocatalysts has emerged to circumvent these challenges, enabling 

CIBW-like chemistry.31 Using this approach, MacMillan and coworkers demonstrated the 

weakening and catalytic activation of alcohol α C–H bonds through hydrogen-bonding to 

molecular phosphates (Scheme 3.1c).32 In addition, the coordination of RO–H (R = H, alkyl) 

to boranes33 or spirosilanes,34 respectively, similarly prompted a reduction of α O–H or β C–

H BDFE values (Scheme 3.1a-b). In part, this avoids the steep energetic penalties associated 

with one-electron redox events at a main-group site. However, in contrast to their transition-
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metal counterparts, these systems require added oxidants/photocatalysts to juggle the 

electron since the main-group active-site remains in a fixed oxidation state.  

Our group has been inspired by this renewed emergence of main-group-mediated 

transformations and “metallomimetic” chemistry. Accordingly, we have focused on p-block 

systems appended to redox-active metals to explore new avenues in cooperative reactivity. 

In Chapter 2, we described vanadium-tethered boranes that display redox-switchable 

reactivity at B, depending on the oxidation state of the appended V center. Whereas the VV 

complex is Lewis acidic, the VIV congener behaves as a “hidden” boron radical. The contrast 

in reactivity enabled by this redox switch highlights the communication between main-group 

and metal, complementing earlier MLC systems where the loci of reactivity typically reside 

on the metal. Importantly, the electron delocalization within this V–N–B bonding motif 

permitted boron radical-based reactivity associated with the VV/BII formal oxidation state. 

Analogously, we wondered if we could access properties unique to the VIV/BIII resonance 

form and leverage the redox-active V-tether and coordinatively-unsaturated B-center to 

participate in CIBW chemistry at a formally low-valent (BII) main-group site.35 

Herein, we exploit this cooperative interaction to access the VIV/BIII formalism and apply 

it towards CIBW chemistry to activate small molecules containing N–H (ammonia, aniline), 

O–H (phenols), and S–H (thiophenol) bonds, generating VV complexes featuring new B–N, 

B–O, or B–S connections, respectively (Scheme 3.1, right). Incredibly, this chemistry 

proceeds even in the absence of an external hydrogen-abstraction (HAA) agent, highlighting 

the power of the cooperative effect between the redox-active VIV/V tether and nominally 

Lewis-acidic B center to activate strong bonds through BDFE lowering to affect 

spontaneous H• ejection. Significantly, the electronic communication between this main-
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group/metal pair enables homolytic bond activation reactions at a boron radical, emulating 

CIBW reactivity like that of their transition-metal counterparts.  

3.2 Results 

3.2.1 Lewis Acidity Measurements 

The synthesis of the starting radical anion, [CoCp2
*][(N(CH2CH2N(C6F5))3)V(µ-

N)B(C6F5)2] (2.6), was accomplished as described in Chapter 2.36 We first investigated if 2.6 

maintains its Lewis acidity, given that there is non-negligible radical character on B. While 

we do not expect an unstabilized boron radical to behave as a Lewis-acid, tethering it to a 

redox-active vanadium center may divert enough spin-density away from B to accommodate 

an electron pair from incoming small molecules.37 To probe this, we added 

triethylphosphine oxide (Et3PO) (1 equiv.) to a solution of 2.6 in bromobenzene-d5 and 

obtained a Guttman-Beckett acceptor number (AN) of 13.9 (P = 0.5) from the 31P NMR 

spectrum (Figure 3.1, middle), indicative of diminished Lewis acidity compared with that of 

the neutral parent compound, 2.2, (AN = 77.1, P = 29.1) (Figure 3.1, bottom) likely due to 

the non-negligible spin density (13%) on B, hindering classical Lewis acid–base adduct 

formation.  
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Figure 3.1. Stacked 31P NMR spectra (162 MHz, C6D5Br, 25 °C) of free Et3PO (top), 2.6 

and Et3PO (middle), and isolated adduct from the reaction between 2.2 and Et3PO (bottom), 

yielding AN values of 13.9 (2.6) and 77.1 (2.2). 

3.2.2 Reactivity of 2.6 with PhNH2 

We next combined 2.6 with various small molecules, starting with aniline (PhNH2). 

Upon addition of these reagents in bromobenzene-d5, we observed the return of diamagnetic 

resonances in the NMR (1H, 51V, 11B, 19F) spectra, including a sharp resonance in the 11B 

NMR, indicative of four-coordinate boron. In addition, we observe the formation of C6F5H. 

To test whether the putative H• in this transformation may be causing the appearance of 

C6F5H, we repeated this reaction in the presence of half an equivalent of Gomberg’s dimer 

(Ph2C(C6H5)CPh3 ⇌ 2 Ph3C•) as an external hydrogen-atom abstraction (HAA) agent.38 

Upon addition of these reagents in bromobenzene-d5, we noticed a gradual decoloration of 
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the dark-red solution to pale-yellow within one hour at room temperature. Inspection of the 

resulting 1H NMR spectrum revealed the emergence of two triplets at 3.89 and 3.00 ppm, 

associated with an oxidation process leading to a diamagnetic tren-based V–N–B 

framework. In addition, the diagnostic olefinic (6.63 ppm, 2H; 6.21 ppm, 2H) and aliphatic 

(5.31 ppm, 1H) resonances for Gomberg’s dimer were completely consumed with the 

concomitant growth of a singlet (5.78 ppm, 1H) attributed to triphenylmethane (Ph3CH), 

suggesting a hydrogen-atom abstraction process had occurred. Further, a sharp resonance in 

the 11B NMR spectrum (-5.7 ppm) points to a four-coordinate B center, while a lone singlet 

in the 51V NMR spectrum (-312 ppm) in conjunction with six major resonances in the 19F 

NMR indicate a clean transformation (Figure 3.3). Notably, the reaction is significantly 

cleaner and faster, with no formation of C6F5H. 

The reaction was repeated on a preparative scale, and 2.6-NHPh was isolated as a 

yellow solid in 77.8 % yield. Single-crystals suitable for X-ray diffraction (XRD) studies 

were grown by slow evaporation of a chloroform solution of the product after several days. 

The solid-state molecular structure of 2.6-NHPh revealed the expected N–H activation 

product, as evidenced by an intact V–N–B backbone featuring a new B–N(H)Ph bond 

(Figure 1). The metrical parameters surrounding the V–N (1.660(4) Å) and N–B (1.556(7) 

Å) bonds are consistent with related oxidized VV complexes in this geometry. Further, the 

B–N(H)Ph bond length (1.521(6) Å) is comparable to a reported structure bearing a similar 

anilide bond connection to a highly electrophilic B center.39 We note here that there is no 

reaction between 2.6 and Ph3C•, as judged by NMR spectroscopy. 
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a)

b)

N(1)

    N(2)

H(1)

F(1)

V(1)

C(1)

 

Figure 3.2. a) The reaction of 2.6 and PhNH2 in the absence of HAA and with HAA (Ph3C• 

or TEMPO) to give the N–H activation product 2.6-NHPh. b) Solid-state molecular 

structure of 2.6-NHPh (C6F5 groups (except ipso carbons), all hydrogen atoms (except NH), 

[CoCp2
*]+ cation, and co-crystallized solvent molecules are omitted for clarity). 

We hypothesized that coordination of aniline to 2.6 weakened the α-N–H bond (BDFEN–

H = 87.4 kcal/mol (C6H6)),40 enabling either spontaneous H• ejection or hydrogen-atom 

abstraction in the presence of a HAA (Ph3C•), forming 2.6-NHPh and Ph3CH, in the latter 
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case (BDFEC–H = 78.8 kcal/mol (DMSO)).40 Lastly, we found that the weaker HAA, 

TEMPO•, similarly resulted in the formation of 2.6-NHPh and TEMPO–H (BDFEO–H = 

65.2 kcal/mol (C6H6)), which suggested a substantial degree of aniline α-N–H bond 

weakening (> 20 kcal/mol) upon coordination to 2.6. 

^

^

^
^
^̂

# # #

 

Figure 3.3. Crude 1H NMR spectra (400 MHz, C6D5Br, 25°C) resulting from the reaction 

between 2.6 and PhNH2 in the absence of HAA agent (bottom), with half an equivalent of 

Gomberg’s dimer (second from bottom), with one equivalent of TEMPO (third from 

bottom) revealing common resonances attributed to 2.6-NHPh   and the Ph3C–H (#) and 

TEMPO–H (%) byproducts expected from HAA. The 1H NMR spectrum of isolated 2.6-

NHPh (^) (top) is provided for reference.  

3.2.3 Reactivity of 2.6 with NH3 
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We next explored this chemistry with ammonia (BDFEN–H = 99.4 kcal/mol (gas 

phase))40 due to our group’s continued interest in utilizing this molecule as an energy 

storage vector, and this type of reactivity would represent a new avenue towards ammonia 

activation complementing reports on oxidative addition at main-group sites.23, 41-44 Under 

analogous conditions described above, we exposed a thawing bromobenzene-d5 solution of 

2.6 to stoichiometric NH3 (0.4 M in THF). We observed a complex mixture of diamagnetic 

products, as evidenced by the crude NMR spectra (Figure 3.4b). We hypothesize that the 

high BDFE of NH3 relative to PhNH2 may likely render the activation of its N–H bonds 

more difficult. 
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a)

b)

 

Figure 3.4. a) Significant CIBW of the N–H bond in NH3 results in spontaneous H• ejection 

to afford the proposed intermediate compound, [2.6-NH2]*, that undergoes intramolecular 

SNAr to form 2.6-NH and HF. b) Crude 19F NMR spectrum resulting from the reaction 

between 2.6 and NH3 (0.4 M in THF) in the absence of HAA (bottom), 19F NMR spectrum 

of isolated 2.6-NH (second from bottom), 19F NMR spectrum of isolated 2.2-NH3 (third 

from bottom), 19F NMR spectrum of isolated 3.1 (fourth from bottom), and 19F NMR 
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spectrum of C6F5H (top). The crude reaction contains a mixture of 2.6-NH, 3.1, C6F5H, but 

no 2.2-NH3 (376 MHz, C6D5Br, 25°C).   

Nevertheless, we were able to identify a major product by single-crystal XRD studies 

upon layering pentane on top of the crude reaction mixture in bromobenzene. The solid-state 

molecular structure of these crystals revealed an unexpected ammonia activation product, 

2.6-NH, which features an “NH” unit sourced from NH3 that is bound to B and to an aryl 

tren ligand, forming a 7-membered heterocycle. We propose that this product forms via an 

intramolecular nucleophilic aromatic substitution (SNAr) reaction involving the terminal B–

NH2 moiety and the neighboring tren aryl o-F in the intermediate [2.6-NH2]*, resulting in 

the net loss of HF. The 19F NMR of the isolated product displays broadened resonances most 

likely due to lack of symmetry and observed - stacking in the solid-state. 

V(1)
N(2)

B(1)

C(1)

H(1)

N(1)

V(1)

N(1)

B(1)

F(1)

C(1)

H(1) N(2)

a) b)

 

Figure 3.5. a) Solid-state structure of the anion of 2.6-NH (all C6F5 groups (except ipso 

carbons and except the one undergoing SNAr, hydrogen atoms (except NH), [CoCp2
*]+ 

cation, and co-crystallized solvent molecules are omitted for clarity ). b) Solid-state structure 

of the anion of 2.6-NH showing intramolecular - stacking (all hydrogen atoms (except 

NH), [CoCp2
*]+ cation, and co-crystallized solvent molecules are omitted for clarity). 
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The crude reaction mixture also contained the vanadium imine, 

N(CH2CH2N(C6F5))3V(µ-N)H (3.1), which we confirmed through independent synthesis via 

a metathesis reaction between N(CH2CH2N(C6F5))3V(µ-N)Li(THF)3 and HCl (2.0 M in 

Et2O). A comparison of the spectroscopic signatures of an authentic sample of 3.1 prepared 

in this manner and that of the crude reaction mixture confirmed that it is generated in this 

reaction (vide infra). We propose that the B-containing byproduct could be [(C6F5)2BNH2]x 

(x = 1, 2, 3, or higher oligomer),45 although we have not observed this by NMR or by mass 

spectrometry.  
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V(1)

N(1)

C(1)

H(1)

b)

a)

 

Figure 3.6. a) The reaction of trenVNLi and HCl (2.0 M in Et2O) to give the vanadium 

imine, 3.1. b) Solid-state structure of 3.1 (all hydrogen atoms (except NH), and co-

crystallized solvent molecules are omitted for clarity). 
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3.2.4 Probing the Intermediacy of the Product after HAA  

To probe this, an analogous compound to the proposed [2.6-NH2]* intermediate, termed 

2.6-NH2K, is synthesized through a two-step procedure. First, we layered an atmosphere of 

NH3 on top of a thawing benzene solution of the neutral vanadium-tethered borane, 

(N(CH2CH2N(C6F5))3)V(µ-N)B(C6F5)2, which resulted in an immediate color change from 

dark green to yellow. We observe significantly shifted resonances in the 51V, 11B, and 19F 

NMR spectra, indicative of successful coordination of NH3 onto the acidic borane. After 

workup, single crystals suitable for XRD studies were grown from slow vapor diffusion of 

iso-octane into a saturated benzene:DCM mixtiure of the product, revealing the expected 

Werner complex, 2.2-NH3, possessing a B–NH3 bond length of 1.611(3) Å.  
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Figure 3.7. a) The reaction of 2.2 and NH3 (excess) to give the 2.2-NH3. b) Solid-state 

structure of 2.2-NH3 (all hydrogen atoms (except NH), and co-crystallized solvent 

molecules are omitted for clarity). 

Next, stoichiometric acid–base reactions between 2.2-NH3 and benzyl potassium (KBn) 

in benzene-d6 afforded the expected toluene byproduct and downfield tren CH2 resonances, 

as observed by 1H NMR spectroscopy. In addition, the presence of an upfield singlet (-0.34 

ppm)45 integrating to two protons concomitant with the disappearance of the NH3 resonance 
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(3.80 ppm) suggests near quantitative conversion to 2.6-NH2K. The 51V, 11B, and 19F NMR 

spectra similarly support a clean reaction. Orange single crystals suitable for XRD studies 

were grown by slow vapor diffusion of pentane into a 2:1 benzene:bromobenzene mixture of 

the product at room temperature. 2.6-NH2K grows in the rhombohedral space group R-3 and 

features an extended network of 2.6-NH2K units held together through close-contact ion-

pair interactions between o-F, the NH2 on the borane, and K+.  
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N(1)

B(1)
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Figure 3.8. a) The acid-base reaction of 2.2-NH3 and KBn to give the 2.6-NH2K. b) Solid-

state structure of 2.6-NH2K (all hydrogen atoms (except NH), and co-crystallized solvent 

molecules are omitted for clarity). 



 

 
83 

 

With the isolated analog of [2.6-NH2]* in hand, we next investigated whether 2.6-NH2K 

can undergo intramolecular SNAr to give 2.6-NH, which would support our proposed 

mechanism for the formation of 2.6-NH from [2.6-NH2]*. We dissolved the pure compound 

in benzene-d6 and periodically monitored it by multinuclear NMR spectroscopy and ESI-MS 

in negative-ion mode to see if 2.6-NH was formed. As evidenced by the NMR data, no SNAr 

reaction was observed; however, we noticed that 2.6-NH2K did cleanly convert into a 

different species after several hours at room temperature due to its thermal instability. In 

contrast, the ESI-MS spectrum of the pure compound in THF revealed a m/z peak at 1047, 

supporting a possible SNAr pathway during either the dissolution or the ionization process. 

In non-coordinating solvents, however, we posit that the nucleophilicity of the NH2 unit may 

be tempered by the close-contact K+, inhibiting potential SNAr, as could be the case with a 

terminal B–NH2 moiety like that in [2.6-NH2]*. To test this, we sequestered the K+ by 

treating 2.6-NH2K with 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane 

(Kryptofix-222) (1 equiv.) in bromobenzene-d5, which led to diagnostic NMR resonances 

indicative of 2.6-NH.  

 

Scheme 3.2. Encapsulation of K+ in 2.6-NH2K by 4,7,13,16,21,24-hexaoxa-1,10-

diazabicyclo[8.8.8]hexacosane (Kryptofix-222 = krypt) yields a mixture of the SNAr product 
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and the vanadium imine, 3.1. The latter may arise from protonolysis of V-containing species 

with the in situ generated HF. 

Furthermore, the crude 51V NMR spectrum revealed a substantial resonance at -400 

ppm, indicative of the formation of 3.1. This is likely due to protonolysis of [2.6-NH2]* or 

other vanadium-containing compounds in the reaction mixture with the HF formed in situ 

from the intramolecular SNAr reaction. With the combined data, we suggest that NH3 

activation can be achieved through spontaneous H• ejection to initially yield [2.6-NH2]*, 

which we note is unstable, and subsequently undergoes an intramolecular SNAr to generate 

2.6-NH. Similar to the PhNH2 reaction, the addition of HAA (Ph3C• or TEMPO) results in 

the formation of 2.6-NH and the byproducts from HAA, Ph3C–H or TEMPO–H, 

respectively. The latter reaction suggests substantial CIBW and N–H bond weakening of 

NH3 by >30 kcal/mol. 

 

Scheme 3.3. (a) Reactivity of 2.6 with NH3 generating (2.6-NH) as the major product via 

the proposed intermediates, [2.6-NH3]* and [2.6-NH2]*. The reactions of (2.2-NH3) with 

 or (2.6-NH2K) with Kryptofix-222 (krypt) similar yield (2.6-NH) as the major 

product. 
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3.2.5 Quantification of the N–H BDFE using the Bordwell Equation  

The Bordwell equation (eq. 1) is commonly used to experimentally determine E–H 

BDFEs of substrate undergoing PCET reactions (stepwise or concerted).40  

 

(1)  BDFEsol(E–H) = 1.37pKa + 23.06E° + CG,sol 

 

To estimate the magnitude of the BDFEN–H lowering, we constructed a stepwise 

thermochemical square scheme by determining the E1/2 and pKaN–H values through a 

combination of cyclic voltammetry experiments and stoichiometric reactions of 2.2-NH3 and 

bases of known pKa’s. First, we explored the electrochemistry of 2.2-NH3 (1.5 mM) and 

found an irreversible reduction at -1.87 V vs. Fc/Fc+ in acetonitrile at a scan rate of 250 

mV/s. The lack of an oxidative return wave, even at fast (5 V/s) scan rates, is consistent with 

a fast EC mechanism upon electrochemical formation of [2.6-NH2]* intermediate. While a 

reversible E1/2 value could not be extracted, even at fast scan rates, it is nonetheless 

appropriate to use the  value as an approximate value of E° in Eq. 1.40  
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Figure 3.9. Cyclic voltammogram of 2.2-NH3 in CH3CN (1.5 mM) with 0.1 M [Bu4N][PF6] 

electrolyte (glassy carbon working electrode, Ag wire pseudoreference, platinum wire 

counter, scan rate 250 mV/s, referenced to Fc/Fc+). An irreversible reduction event is   

observed at -1.87 V vs. Fc/Fc+ supporting an EC mechanism and the intermediacy of [2.6-

NH3]*. 

Interestingly, while the chemical reduction of 2.2-NH3 using CoCp2
* did initially result 

in a paramagnetic VIV species, as judged by the appearance of a dark red coloration similar 

to that of the radical anion, 2.6, the color subsequently faded to orange over several minutes, 

and we observed diamagnetic resonances attributable to 2.6-NH and C6F5H.  
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Scheme 3.4. Reduction of 2.2-NH3 by decamethylcobalocene yields a mixture of 2.6-NH 

and C6F5H, suggesting a transient VIV state where the N–H bond in NH3 is weakened 

substantially. 

This result suggests that the reduction of 2.2-NH3 leads to a substantial lowering of the 

BDFEN–H, in the regime for spontaneous H• ejection, generating [2.6-NH2]* and 

subsequently 2.6-NH after SNAr. We note here that we do not observe a resonance for H2 

post-reduction, in contrast to Mo-based systems. In our case, the ejected H• may react 

intramolecularly with the neighboring B–C6F5 group, liberating C6F5H. To the best of our 

knowledge, this is the first example of such an exceedingly weak ammonia N–H bond upon 

coordination to a main-group site.46 

Next, we determined the lower and upper pKa bounds of 2.2-NH3 to be between 19.35 

and 24.31 through stoichiometric reactions with piperidine and 1,8-

Diazabicyclo[5.4.0]undec-7-ene (DBU) in acetonitrile. The weaker piperidine base was 

unable to deprotonate 2.2-NH3, leading to a conservative bracketed lower pKa value of 

19.35. The more basic DBU base did result in acid–base chemistry, yielding a bracketed 

upper pKa value of 24.31. Upon deprotonation of this compound, the in situ generated [2.6-

NH2]* derivative undergoes SNAr to yield 2.6-NH as previously described above, which we 

observe by NMR spectroscopy. Thus, combining these experimental data (pKa, E°, CG), we 
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conservatively estimate a bracketed N–H BDFE in [2.6-NH3]* to be 38.3 kcal/mol < 

BDFEN–H < 45.1 kcal/mol. 

3.2.6 Reactivity of 2.6 with C6F5OH and PhSH 

We then attempted to broaden the breadth of this reaction to encompass small molecules 

containing polar O–H and S–H bonds. Again, bond activation proceeded even in the absence 

of HAA (Ph3C• or TEMPO) similarly generating VV products featuring new B–O and B–S 

bonds, respectively. As a representative example, the treatment of 2.6 with 

pentafluorophenol (C6F5OH) (1 equiv.) in dichloromethane-d2 led to a gradual decoloration 

of the red solution to a yellow-orange hue after 1 hour. We observe diamagnetic signals in 

1H, 51V, 11B, and 19F NMR spectra consistent with the oxidation of VIV to VV and four-

coordinate boron, analogously to the amines. After workup, the solid-state molecular 

structure was obtained from slow vapor diffusion of iso-octane into a DCM solution of the 

product and revealed the VV B–O-coupling product 2.6-OC6F5 (Figure 3.10) that is nearly 

isostructural to 2.6-NHPh.  
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Figure 3.10. a) The reaction between 2.6 and C6F5OH yields 2.6-OC6F5. b) Solid-state 

structure of the anion of 2.6-OC6F5 (C6F5 groups on tren (except ipso carbons), hydrogen 

atoms, [CoCp2
*]+ cation, and co-crystallized solvent molecules are omitted for clarity). 

Unlike the reactions involving 2.6 and the amines, where a substantial amount of C6F5H 

was observed (Figures 3.3, 3.4b), the fate of the putative hydrogen-atom in this case is 

different (vide infra). The 19F NMR revealed an expected set of 9 resonances attributed to 
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the product in addition to 3 other resonances in a 2:2:1 ratio. These resonances were 

assigned as the free tren ligand through comparison of its resonances with that of an 

authentic sample (Figure 3.11b). To further corroborate these results, we repeated the 

experiment using the isotopologue C6F5OD and observed a singlet at 4.24 ppm in the 2H 

NMR spectrum. Over time, this resonance decayed concomitant with the growth of an 

upfield singlet at 3.98 ppm, very close to where the NH proton of the free tren ligand lies. A 

nearly identical reaction sequence occurred using bromobenzene as the solvent (Figure 

3.11a). With these results, we posit the putative H• undergoes an unknown reaction 

sequence to form the free tren ligand. The addition of the stable aminoxyl radical, TEMPO• 

or Ph3C• lead to the formation of 2.6-OC6F5, but minimal resonances attributable to 

TEMPO–H (BDFEO–H = 65.2 kcal/mol (C6H6))40 or Ph3C–H. The 19F NMR similarly 

revealed the free tren byproduct, which may suggest that this intramolecular reaction 

involving the putative H-atom may be significantly faster than intermolecular HAA using 

TEMPO• or Ph3C•. 
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Figure 3.11. a) 2H NMR spectrum (77 MHz, C6H5Br, 25°C) resulting from the reaction 

between 2.6 and the C6F5OD isotopologue immediately after addition (bottom), after four 

hours (second from bottom), and after 24 hours (third from bottom). The broad resonance at 

~4 ppm in conjunction with the 19F NMR suggests the formation of free tren ligand. The 1H 

NMR spectrum of free tren ligand (top) is provided for reference. b) Crude 19F NMR 

spectrum (376 MHz, C6D5Br, 25°C) resulting from the reaction between 2.6 and C6F5OH 

revealing a mixture of 2.6-OC6F5 and free tren ligand (bottom). The 19F NMR spectra of 

isolated 2.6-OC6F5 (second from bottom), free tren ligand (third from bottom), and C6F5H 

(top) are provided for reference. 

The corresponding reaction with thiophenol (BDFES–H = 81.6 kcal/mol (C6H6))40 also 

yielded the VV product, 2.6-SPh. Similar to the other reactions, diamagnetic signals are 

observed in the crude NMR spectra indicative of an oxidative HAA process. Unlike the 

other reactions, however, we could not identify any stoichiometric byproducts via NMR or 

GC-TCD experiments.  
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Figure 3.12. a) Crude 1H NMR spectrum (400 MHz, C6D5Br, 25°C) resulting from the 

reaction between 2.6 and PhSH revealing 2.6-SPh. The fate of the putative H• in this 

transformation remains unclear. (* = ether, ^ = pentane, % = unidentified resonances). b) 

Crude 19F NMR spectrum (376 MHz, C6D5Br, 25°C) of the reaction between 2.6 and PhSH 

revealing resonances for 2.6-SPh, a very small amount of free tren ligand, and no C6F5H 

(bottom). The 19F NMR spectra of isolated 2.6-SPh (second from bottom), free tren ligand 

(third from bottom), and C6F5H (top) are provided for reference. 

The solid-state molecular structure reveals bond lengths that are consistent with other VV 

species with an average B1–S1 bond length of 1.960(17) Å. We speculate that the HAA is 

not needed here since these substrates are strongly activated through the cooperative 

vanadium/boron interaction following coordination to the nominally Lewis acid B center. 

This cooperative substrate binding may trigger the dissociation of a hydrogen-atom, 

subsequently generating oxidative coupled products. 
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Figure 3.13. a) The reaction between 2.6 and PhSH to give the 2.6-SPh. b) Solid-state 

structure of the anion of 2.6-SPh (C6F5 groups on tren (except ipso carbons), hydrogen 

atoms, [CoCp2
*]+ cation, and co-crystallized solvent molecules are omitted for clarity). 
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Figure 3.14. a) GC-TCD trace of the sampled headspace (100 µL) following the reaction 

between 2.6 and C6F5OH in a sealed crimp top vial revealing no H2 gas formation.  B) GC-

TCD trace of the sampled headspace (100 µL) following the reaction between 2.6 and PhSH 

in a sealed crimp top vial revealing no H2 gas formation. 

3.2.7 Proposed Unifying Mechanism for N–H, O–H, and S–H Bond Activation 

Combining the above data, we propose a unifying mechanism relating the N–H, O–H, 

and S–H bond activation pathways, which highlight the cooperative reactivity of the 

vanadium-boron pair in 2.6. Due to the electronic delocalization within the V–N–B  

framework, this system exists between the VV/BII and the VIV/BIII redox formalisms. While 

we have previously demonstrated reactivity consistent with the former VV/BII resonance 

structure, the redox-active V-tether enabled the latter VIV/BIII state, a masked Lewis-acidic 

borane, to be operative and participate in CIBW-like chemistry. In all cases, we posit initial 

coordination of the substrates to boron through a VIV/BIII state, allowing for CIBW and 

subsequent spontaneous H• ejection without the aid of HAA (Scheme 3.5, bottom). The 

addition of HAA (Ph3C• or TEMPO•) typically led to cleaner, faster reactions to form the 

VV B–E coupled products, suggesting a separated PCET mechanism (Scheme 3.5, diagonal). 

Relatedly, we find a correlation between the BDFE of the substrates and how “clean” the 

reactions are with an apparent order of PhSH ~ C6F5OH > PhNH2 > NH3. 
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Scheme 3.5. Unifying mechansim describing the E–H (E = N, O, S) bond activation 

pathways with a HAA (diagonal) and without a HAA (bottom). 

3.3 Summary 

In summary, we report the bond-weakening and subsequent activation of N–H, O–H, 

and S–H bonds using a vanadium-tethered boron complex. The key to this was the electron 

delocalization within the V–N–B  framework, allowing this system to traverse the VV/BII 

and VIV/BIII regimes, facilitating CIBW chemistry at a low-valent p-block site through main-

group/metal cooperation. We demonstrated that these polar E–H bonds reacted in this 

manner without the aid of a HAA, producing VV products featuring new B–E bond 

connections. The addition of HAA produces the same products and likely undergo a 

separated PCET mechanism rather than spontaneous H• ejection, indicated by the generally 

“cleaner” reactions observed. This main-group/metal pair complements traditional MLC 

systems, leading to fundamentally new reactivity towards polar element-hydrogen bond 

activation like that of the transition metals. 
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3.4 Experimental Section 

3.4.1 General Considerations. All manipulations were performed under an atmosphere of 

dry, oxygen-free N2 or Ar through standard Schlenk or glovebox techniques (MBraun 

UNIlab Pro SP Eco equipped with a -38 °C freezer). Pentane, diethyl ether, benzene, 

toluene, tetrahydrofuran (THF), and dichloromethane (DCM) were dried using an Mbraun 

solvent purification system. 2,2,4-trimethylpentane (iso-octane), acetonitrile, acetonitrile-d3, 

benzene-d6, bromobenzene, bromobenzene-d5, chloroform, chloroform-d, and 

dichloromethane-d2 were purchased from Aldrich or Cambridge Isotope Laboratories, 

degassed by freeze-pump-thaw, and stored on activated 4 Å molecular sieves prior to use. 

Anhydrous NH3, NH3 (0.4 M in THF), HCl (2.0 M in Et2O), PhNH2, C6F5OH, PhSH, 

4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane (Kryptofix-222 = krypt), and 

TEMPO were purchased from Aldrich, Strem, or other commercial vendors and used as 

received. Co(C5Me5)2 was purchased from Aldrich and filtered through celite using pentane 

and then freshly crystallized from pentane prior to use. 

[CoCp2
*][(N(CH2CH2N(C6F5))3)V(µ-N)B(C6F5)2] (2.6),36 N(CH2CH2N(C6F5))3V(µ-

N)Li(THF)3 (trenVNLi),36 Gomberg’s dimer,38 and benzyl potassium (KBn)47 were 

prepared according to literature procedure. Elemental analyses (C, N, H) were performed at 

the University of California, Berkeley, using a PerkinElmer 2400 Series II combustion 

analyzer. 

Spectroscopic Analyses. NMR spectra were obtained on a Varian Unity Inova 600 MHz, 

Varian Unity Inova 500 MHz, Bruker Avance NEO 500 MHz, Bruker Avance III HD 400 

MHz, or Agilent Technologies 400 MHz spectrometers, and referenced to the residual 

solvent of acetonitrile-d3 (1.94 ppm), benzene-d6 (7.16 ppm), bromobenzene-d5 (7.28 ppm 

for m-CH), chloroform-d (7.26 ppm), dichloromethane-d2 (5.32 ppm), or externally (11B: 
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BF3·Et2O; 19F: CFCl3; 51V: VOCl3; 31P: 85% H3PO4). Chemical shifts (δ) are recorded in 

ppm, and the coupling constants are in Hz. 

X-ray crystallography. Data were collected on a Bruker KAPPA APEX II diffractometer 

equipped with an APEX II CCD detector using a TRIUMPH monochromator with a Mo Kα 

X-ray source (α = 0.71073 Å). The crystals were mounted on a cryoloop with Paratone-N 

oil, and all data were collected at 100(2) K using an Oxford nitrogen gas cryostream system. 

A hemisphere of data was collected using ω scans with 0.5° frame widths. Data collection 

and cell parameter determination were conducted using the SMART program. Integration of 

the data frames and final cell parameter refinement were performed using SAINT software. 

Absorption correction of the data was carried out using SADABS. Structure determination 

was done using direct or Patterson methods and difference Fourier techniques. All hydrogen 

atom positions were idealized and rode on the atom of attachment. Structure solution, 

refinement, graphics, and creation of publication materials were performed using SHELXTL 

or OLEX2. All POV-Ray depictions of the solid-state molecular structures are shown at the 

50 % probability ellipsoid level unless otherwise noted. 

Electrochemical Analyses. Cyclic voltammetry was performed on a CH Instruments 630E 

electrochemical analysis potentiostat, equipped with a 3 mm diameter glassy carbon 

working electrode, a Ag wire pseudoreference electrode, and a Pt counter electrode with 

[Bu4N][PF6] (0.1 M) supporting electrolyte solution in acetonitrile (CH3CN). The glassy 

carbon working electrode was cleaned prior to each experiment by polishing with 1, 0.3, and 

0.05 mm alumina (CH Instruments) in descending order, followed by sonication in distilled 

water for 2 min. All voltammograms were referenced to the Fc/Fc+ redox couple. 

GC-TCD. The headspace from the reactions of 2.6 and PhSH or 2.6 and C6F5OH were 

sampled with a gas-tight syringe and analyzed using an Agilent 6890N GC with a CP 
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Molsieve 5Å column (50 m long, 0.53 mm OD) equipped with a TCD detector to 

qualitatively test for H2 formation from these reactions. High purity argon (99.998%) from 

Praxair was used as the eluent.  

Method parameters used for the GC-TCD runs are below. 

• Parameter • Value 

• Inlet mode • Splitless 

• Inlet pressure • 0.387 bar 

• Inlet temperature • 225°C 

• Inlet flow rate • 31.6 mL/min 

• Inlet purge flow • 20 mL/min@0.5 
min 

• Column mode • Constant flow 

• Column flow rate • 9.5 mL/min 

• Oven temperature • 35°C 

• Detector temperature • 225°C 

• Makeup flow • 0.5 mL/min 

• Column + Makeup 
flow 

• 10 mL/min 

• Reference flow • 26.4 mL/min 

• Detector sampling 
rate 

• 20 Hz 

• Computer interfacing 
software 

• ChemStation 
Version N.05.04 

100 µL of gas samples were analyzed on the GC-TCD unless otherwise mentioned. All 

injections were performed manually at ~ 20 µL/s to minimize carrier gas laminar flow at the 

inlet. 

The elution times for O2 (~12.3 minutes) and N2 (~25.7 minutes) were determined by 

injecting 20 µL samples of air into the GC-TCD. To determine the elution time of H2, we 

trapped 5 µmol H2 gas generated by electrolyzing 1 mM aqueous H2SO4 using two Pt wire 

electrodes in a sealed vial with a septum. We sampled the headspace (~10 mL) of this vial 

and analyzed it to establish the elution time of H2 to be ~7.3 minutes. 

The reactions for headspace analysis were performed in crimp top vials with an approximate 

total volume of 4 mL and headspace volume of ~ 1 mL. To a frozen bromobenzene solution 
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of 2.6 in a crimp top vial was added either PhSH or C6F5OH in bromobenzene. The crimp 

top vial was sealed and the reactions were allowed to warm up to room temperature and 

react for a designated period. Before analyzing the reaction headspace, we ran samples of 

the glovebox atmosphere on the GC-TCD to confirm the absence of any 

extraneous/adventitious H2 sources. For these samples, we observe N2 from the glovebox 

atmosphere as well as a small signal for O2 from air in the syringe needle and gas lock valve 

assembly. 

Mass Spectrometry. HRMS data was collected on a Waters LCT Premier ESI-MS. The 

data was worked up using MassLynx software and then plotted. 

3.4.2 Synthesis of Compounds 

Synthesis of [CoCp2
*][(N(CH2CH2N(C6F5))3)V(µ-N)B(SC6H5)(C6F5)2] (2.6-SPh).  

To a frozen solution of 2.6 (0.050 g, 0.0362 mmol) in bromobenzene (2 mL) was added 

PhSH (0.004 g, 0.0362 mmol) in bromobenzene (0.5 mL) to give an orange solution upon 

warming up to room temperature. The solution was stirred at room temperature for 1 hour at 

which point the solution color turned to dark-yellow. The reaction mixture was then treated 

with pentane (5 mL) to precipitate out an orange oily residue that was washed with more 

pentane (3 × 1 mL). The residue was treated with ether after which 2.6-SPh precipitated 

from solution upon standing at room temperature (0.0264 g, 0.0177 mmol, 48.9 % yield). 

Single crystals suitable for XRD studies were grown from a solution of 1-SPh in ether at 

room temperature. 1H NMR (400 MHz, CD3CN, 25 oC): δ = 6.68 (m, 3H; overlapping m-

C6H5 and p-C6H5), 6.40 (d, 3JHH = 7.1 Hz, 2H; S o-C6H5), 3.68 (t, 3JHH = 5.6 Hz, 6H; CH2), 

2.98 (t, 3JHH = 5.6 Hz, 6H; CH2), 1.69 (s, 30H; C10Me10). 13C NMR (126 MHz, CD3CN, 25 

oC): δ = 131.9 (S m-CH), 128.0 (S p-CH), 123.4 (S o-CH), 95.1 (C10Me10), 60.8 (tren CH2), 

54.5 (tren CH2), 8.3 (C10Me10). The signal-to-noise ratio was too low for properly 
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identifying the ispo C or any C6F5 13C resonance. 51V NMR (132 MHz, CD3CN, 25 oC): δ = 

-272.1 (br). 11B NMR (128 MHz, CD3CN, 25 oC): δ = -4.3 (br). 19F NMR (376 MHz, CDCl3, 

25 oC): δ = -130.3 (d, 3JFF = 24.1 Hz, 4F; B o-C6F5), -148.3 (br, 6F; tren o-C6F5), -162.7 (t, 

3JFF = 20.4 Hz, 2F; B p-C6F5), -167.5 (m, 10F; overlapping B m-C6F5 and tren m-C6F5), -

168.1 (t, 3JFF = 22.2 Hz, 3F; tren p-C6F5). HRMS (ESI-TOF) m/z Calcd for 

C42H17BF25N5SV- [M]-: 1160.0345. Found: 1160.0319. 

Synthesis of [CoCp2
*][(N(CH2CH2N(C6F5))3)V(µ-N)B(OC6F5)(C6F5)2] (2.6-OC6F5).  

To a stirring solution of 2.6 (0.030 g, 0.0217 mmol) in DCM (2 mL) was added C6F5OH 

(0.004 g, 0.0217 mmol) in DCM (1 mL) to give an immediate lightening of the solution to 

orange. The solution was allowed to stir for 2 hours before all volatiles were removed in 

vacuo. The residue was then washed with pentane (5 × 1 mL) and ether (5 × 0.5 mL) to give 

a yellow-orange powder upon removal of the remaining wash solvent in vacuo (0.019 g, 

0.0122 mmol, 55.9 % yield). Single crystals suitable for XRD studies were grown from slow 

vapor diffusion of iso-octane into a saturated solution of 2.6-OC6F5 in DCM. 1H NMR (400 

MHz, CD2Cl2, 25 oC): δ = 3.68 (t, 3JHH = 5.2 Hz, 6H; CH2), 2.99 (t, 6H; 3JHH = 5.4 Hz, 6H; 

CH2), 1.69 (s, 30H; C10Me10). 13C NMR (100 MHz, CD2Cl2, 25 oC): δ = 94.6 (C10Me10), 

60.3 (CH2), 53.7 (CH2), 8.3 (C10Me10). The signal-to-noise ratio was too low for properly 

identifying any C6F5 13C resonance. 51V NMR (105 MHz, CD2Cl2, 25 oC): δ = -302.5 (br). 

11B NMR (128 MHz, CD2Cl2, 25 oC): δ = -2.2 (br). 19F NMR (376 MHz, CD3CN, 25 oC): δ 

= -133.4 (d, 3JFF = 23.7 Hz, 4F; B o-C6F5), -148.7 (br, 6F; tren o-C6F5), -158.9 (d, 3JFF = 20.6 

Hz, 2F; O o-C6F5), -162.5 (t, 3JFF = 19.8 Hz, 2F; B p-C6F5), -168.5 (t, 3JFF = 20.0 Hz, 4F; B 

m-C6F5), -169.6 (br, 6F; tren m-C6F5), -169.8 (t, 3JFF = 20.2 Hz, 2F; O m-C6F5), -170.7 (t, 

3JFF = 21.1 Hz, 3F; O tren p-C6F5), -175.5 (m, 1F; O p-C6F5). Elemental analysis (%) calc. 

for C62H42BCoF30N5OV: C, 47.62; H, 2.71; N, 4.48. Found: C, 48.00; H, 2.90; N, 5.54. 
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Synthesis of [CoCp2
*][(N(CH2CH2N(C6F5))3)V(µ-N)B(NHC6H5)(C6F5)2] (2.6-NHPh). 

Method 1: To a thawing solution of 2.6 (0.010 g, 0.00724 mmol) in bromobenzene-d5 (0.4 

mL) was added a solution of PhNH2 (0.0007 g, 0.00724 mmol) in bromobenzene-d5 (0.2 

mL). The resulting solution became dark yellow and analysis of the resulting crude product 

by NMR spectroscopy revealed a mixture of 2.6-NHPh, 3.1, and C6F5H. 

Method 2: To a thawing solution of 1- (0.010 g, 0.00724 mmol) and TEMPO (0.0012 g, 

0.00724 mmol) in bromobenzene-d5 (0.4 mL) was added a solution of PhNH2 (0.0007 g, 

0.00724 mmol) in bromobenzene-d5 (0.2 mL). The mixture was allowed to stand at room 

temperature for 1 hour and analysis of the resulting crude NMR spectra revealed the 

formation of TEMPO–H and 2.6-NHPh. 

Method 3: To a stirring solution of 2.6 (0.050 g, 0.0362 mmol) and Gomberg’s dimer 

(0.0088 g, 0.0181 mmol) in bromobenzene (1.5 mL) was added PhNH2 (0.0034 g, 0.0362 

mmol) in bromobenzene (0.5 mL) to give a gradual lightening of the dark-red solution to 

pale orange over the course of 1 hour. The solution was then treated with pentane (10 mL) to 

precipitate out an oily solid that was subsequently washed with more pentane (5 × 0.5 mL), 

ether (2 × 0.5 mL), benzene (2 × 0.5 mL), and cold chloroform (1 × 0.25 mL) to remove 

residual starting material and the triphenylmethane (Ph3CH) byproduct. The remaining 

yellow solid was extracted into DCM and filtered through a celite plug before being dried in 

vacuo to afford the product as a light-yellow solid (0.0418 g, 0.0282 mmol, 77.8 % yield). 

Single crystals suitable for XRD studies were grown from slow evaporation of a chloroform 

solution of the product after several days. 1H NMR (600 MHz, CD2Cl2, 25 oC): δ = 6.62 (td, 

JHH = 7.9, 7.0 Hz, 2H; m-C6H5), 6.06 (t, 3JHH = 7.0 Hz, 1H; p-C6H5), 5.71 (d, 3JHH = 8.0 Hz, 

2H; o-C6H5), 3.67 (t, 3JHH = 6.0 Hz, 6H; tren CH2), 3.65 (s, 1H; NHPh), 2.98 (t, 3JHH = 6.0 

Hz, 6H; tren CH2), 1.68 (s, 30H; C10Me10). 13C NMR (126 MHz, CD2Cl2, 25 oC): δ = 151.9 
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(ipso C), 128.2 (o-CH), 113.9 (m-CH), 111.9(p-CH), 94.6 (C10Me10), 60.2 (CH2), 53.2 

(CH2), 8.4 (C10Me10). The signal-to-noise ratio was too low for properly identifying any 

C6F5 13C resonance. 51V NMR (132 MHz, CD2Cl2, 25 oC): δ = -312.2 (br). 11B NMR (160 

MHz, CD2Cl2, 25 oC): δ = -6.0 (br). 19F NMR (376 MHz, CD2Cl2, 25 oC): δ = -133.8 (br, 4F; 

B o-C6F5), -149.5 (br, 6F; tren o-C6F5), -163.3 (t, 3JFF = 20.3 Hz, 2F; B p-C6F5), -167.8 (br, 

6F; tren m-C6F5), -168.1 (t, 3JFF = 22.4 Hz, 4F; B m-C6F5), -168.5 (t, 3JFF = 21.6 Hz, 3F; tren 

p-C6F5). HRMS (ESI-TOF) m/z Calcd for C42H18BF25N6V- [M]-: 1143.0734. Found: 

1143.0734. 

Synthesis of 2.6-NH.  

Method 1: To a thawing solution of 2.6 (0.020 g, 0.0145 mmol) in bromobenzene-d5 (0.5 

mL) was added NH3 (0.4 M in THF) (40.0 µL, 0.0160 mmol) via syringe to give an orange-

red solution. The crude NMR spectra revealed a complex mixture of diamagnetic resonances 

consistent with VV tren-based products (2.6-NH and 3.1) and some C6F5H. The reaction 

mixture was layered with pentane and left to stand at room temperature for several days at 

which point the title compound precipitated as orange single crystals suitable for XRD 

studies. 

Method 2: Method 2 was carried out in an identical manner to that of Method 1 except 

TEMPO was added to 2.6 prior to the addition of NH3. TEMPO–H was observed in the 1H 

NMR spectrum. 

Method 3: Method 3 was carried out in an identical manner to that of Method 1 except 

Ph3C• was added to 2.6 prior to the addition of NH3. Ph3C–H was observed in the 1H NMR 

spectrum. 

Method 4: To a thawing suspension of 2.2-NH3 (0.025 g, 0.0234 mmol) in bromobenzene 

(1.0 mL) was added CoCp2
* (0.0077 g, 0.0234 mmol) in bromobenzene (0.3 mL) to initially 



 

 
106 

give a dark-red solution that faded to orange over the course of 30 minutes. The crude NMR 

spectra revealed the presence of 2.6-NH and C6F5H as the main diamagnetic products. The 

solution was then treated with pentane (10 mL) to precipitate out an oily solid that was 

subsequently washed with more pentane (5 × 0.5 mL), ether (2 × 0.5 mL), and benzene (2 × 

0.5 mL). After removal of all volatile components in vacuo, 2.6-NH was obtained as a light 

orange solid (0.011 g, 0.0105 mmol, 44.9 % yield). 1H NMR (600 MHz, C6D5Br, 25 oC): δ 

= 4.23 (br), 3.82 (br), 3.57 (br), 2.83 (br), 2.67 (br), 1.15 (s, 30H; C10Me10). 13C NMR (126 

MHz, C6D5Br, 25 oC): δ = 93.5 (C10Me10), 60.6, 57.1 (br), 54.6, 7.3 (C10Me10). The signal-

to-noise ratio was too low for properly identifying any C6F5 13C resonance. 51V NMR (105 

MHz, C6D5Br, 25 oC): δ = -274.3. 11B NMR (128 MHz, C6D5Br, 25 oC): δ = -4.2. 19F NMR 

(376 MHz, C6D5Br, 25 oC): δ = -132.8 (br), -148.2 (br), -149.1 (d, 3JFF = 23.4 Hz, 1F; SNAr 

tren C6F4), -158.8 (d, 3JFF = 26.3 Hz, 1F; SNAr tren C6F4), -161.7 (br), -165.8 (br), -167.0 

(br), -171.8 (t, 3JFF = 24.6 Hz, 1F; SNAr tren C6F4), -173.3 (t, 3JFF = 23.0 Hz, 1F; SNAr tren 

C6F4). Elemental analysis (%) Calcd for C56H43BCoF24N6V: C, 48.86; H, 3.15; N, 6.10. 

Found: C, 48.49; H, 3.44; N, 5.73. 

Synthesis of (N(CH2CH2N(C6F5))3)V(µ-N)B(NH3)(C6F5)2 (2.2-NH3).  

In a J. Young NMR tube, a solution of 2.2 (0.015 g, 0.0143 mmol) in benzene was degassed 

using three freeze-pump-thaw cycles. Afterwards, the solution was frozen and layered with 

an atmosphere of NH3 (excess), and the reaction vessel was subsequently sealed. The 

solution was allowed to warm to room temperature where the initially dark-green solution 

lightened to yellow. The reaction stood at room temperature for 15 minutes before being 

filtered through a celite plug under an inert N2 atmosphere. The filtrate was collected, all 

volatiles were removed in vacuo, and the residue was washed with pentane (3 × 1 mL) and 

ether (1 × 0.5 mL) to give a bright-yellow powder (0.0128 g, 0.0120 mmol, 84.2 % yield). 
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Single crystals suitable for XRD studies were grown from slow vapor diffusion of iso-octane 

into a saturated solution of the product in a 1:1 mixture of DCM and benzene. 1H NMR 

(400 MHz, C6D5Br, 25 oC): δ = 3.61 (bs, 3H; NH3), 3.46 (m, 6H; tren CH2), 2.64 (t, 3JHH = 

5.7 Hz, 6H; tren CH2). 13C NMR (126 MHz, CDCl3, 25 oC): δ = 60.0 (CH2), 53.2 (CH2). 

The signal-to-noise ratio was too low for properly identifying any C6F5 13C resonance. 51V 

NMR (105 MHz, C6D6, 25 oC): δ = -303.5 (br). 11B NMR (128 MHz, C6D6, 25 oC): δ = -8.0 

(br).  19F NMR (376 MHz, C6D5Br, 25 oC): δ = -134.3 (d, 3JFF = 23.1 Hz, 4F; B o-C6F5), -

148.3 (br, 6F; tren o-C6F5), -154.2 (t, 3JFF = 20.6 Hz, 2F; B p-C6F5), -161.6 (m, 4F; B m-

C6F5), -163.6 (br, 9F; overlapping tren m-C6F5 and p-C6F5). Elemental analysis (%) Calcd 

for C36H15BF25N6V: C, 40.48; H, 1.42; N, 7.87. Found: C, 39.10; H, 1.11; N, 7.48. 

Synthesis of [K][(N(CH2CH2N(C6F5))3)V(µ-N)B(NH2)(C6F5)2] (2.6-NH2K).  

A suspension of benzyl potassium (KBn) (0.0061 g, 0.0468 mmol) in benzene (0.5 mL) was 

added to a stirring solution of 2.2-NH3 (0.050 g, 0.0468 mmol) in benzene (2 mL) to give a 

yellow solution and an orange precipitate. The reaction is complete within 15 minutes, as 

judged by 1H and 19F NMR spectroscopy. The mixture was filtered through a plug of celite 

and the filter was subsequently washed with benzene (5 × 0.5 mL) and the filtrate was 

collected. After removal of all volatiles, the orange powder was washed with benzene (2 × 

0.25 mL) and then cold pentane (5 × 1 mL). The title compound was isolated as a thermally 

sensitive light-orange powder (0.034 g, 0.0307 mmol, 65.7 % yield). Orange single crystals 

suitable for XRD studies were grown by slow vapor diffusion of pentane into a solution of 

2.6-NH2K in a 2:1 benzene:bromobenzene mixture at room temperature. 1H NMR (600 

MHz, C6D6, 25 oC): δ = 3.39 (t, 3JHH = 5.6 Hz, 6H; tren CH2), 2.31 (t, 3JHH = 5.6 Hz, 6H; 

tren CH2), -0.34 (s, 2H; NH2). 13C NMR (100 MHz, C6D6, 25 oC): δ = 59.4 (tren CH2), 53.2 

(tren CH2). The signal-to-noise ratio was too low for properly identifying any C6F5 13C 
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resonance. 51V NMR (105 MHz, C6D6, 25 oC): δ = -287.7 (br). 11B NMR (128 MHz, C6D6, 

25 oC): δ = -4.9 (s). 19F NMR (376 MHz, CD2Cl2, 25 oC): δ = -135.5 (d, 3JFF = 24.6 Hz, 4F; 

B o-C6F5), -149.5 (br, 6F; tren o-C6F5), -161.3 (t, 3JFF = 20.1 Hz, 2F; B p-C6F5), -165.6 (t, 

3JFF = 20.0 Hz, 4F; B m-C6F5), -167.8 (br, 6F; tren m-C6F5), -168.1 (t, 3JFF = 21.3 Hz, 3F; 

tren p-C6F5). Elemental analysis (%) Calcd for C36H14BF25KN6V: C, 39.08; H, 1.28; N, 

7.60. Elemental analysis was not attempted due to the thermal sensitivity of the 2.6-NH2K 

compound. 

Synthesis of (N(CH2CH2N(C6F5))3)V(µ-N)H (3.1).  

To a stirring solution of trenVNLi (0.050 g, 0.0537 mmol) in benzene (4 mL) was added 

HCl (2.0 M in Et2O) (26.9 µL, 0.0537 mmol) via a microsyringe resulting in an immediate 

darkening of the solution to orange. The solution was allowed to stir for 30 minutes before 

all volatiles were removed in vacuo. The residue was then washed with pentane (5 × 1 mL) 

and ether (1 × 1 mL) before being extracted into DCM and filtered through a celite plug to 

remove LiCl. Upon removal of the solvent, a light-yellow powder was obtained (0.016 g, 

0.0226 mmol, 42.1 % yield). Single crystals suitable for XRD studies were grown from slow 

vapor diffusion of iso-octane into a saturated solution of 3.1 in DCM. 1H NMR (400 MHz, 

C6D6, 25 oC): δ = 3.29 (bs, 6H; CH2), 2.18 (bs, 6H; CH2). The signal for V=NH was not 

observed. 13C NMR (126 MHz, CDCl3, 25 oC): δ = 57.8 (CH2), 53.8 (CH2). The signal-to-

noise ratio was too low for properly identifying any C6F5 13C resonance. 51V NMR (105 

MHz, C6D6, 25 oC): δ = -407.3 (br). 19F NMR (376 MHz, CDCl3, 25 oC): δ = -149.8 (d, 6F; 

o-C6F5), -165.2 (m, 9F; overlapping tren m-C6F5 and p-C6F5). Elemental analysis (%) Calcd 

for C24H13F15N5V: C, 40.75; H, 1.85; N, 9.90. Found: C, 40.41; H, 1.86; N, 9.56. 
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Chapter 4 

Synthesis, Characterization, and Reactivity of Mono-, Di-, and Tri-

Vanadium Complexes Tethered to Aluminum
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4.1 Introduction 

The flow of electrons to and from a reactive site are fundamental to the bond-making 

and breaking process. Thus, controlling both the directionality and the amount of electrons 

are pertinent to optimizing catalytic transformations. This sequence often necessitates a 4d 

or 5d transition metal to be the locus of reactivity since they possess stable two-electron 

redox couples and have the necessary orbital symmetries to interact with small molecules to 

engage in reactivity. While transition metals are synonymous with these dual roles, recent 

reports on their main-group counterparts have sprung up detailing similar involvement in 

multi-electron processes. This began with the isolation of exotic oxidation states in the s- 

and p-block.1-18 Stabilization of these oxidation states through careful ligand modification 

has proven fruitful in applying these concepts to the main-group. Therefore, careful design 

of ligand, steric, and electronic environments can lead to an expansion of these 

metallomimetic processes to the rest of the s- and p-block (Scheme 4.1). 

 

Scheme 4.1. (top) Previous work describing a PII radical stabilized by two VIV/V centers as 

inspiration for designing new metal-ligand platforms. (bottom) Traditional flow of electrons 
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from a redox-active ligand to a reactive metal site (left), inverse flow of a single (middle) 

and multiple electrons (right) from a metal site to a reactive main-group reactive node. 

In this vein, the previous two chapters highlighted how vanadium-metalloligands could 

stabilize a “hidden” BII radical through electron delocalization within the redox-active 

framework.19 We note that these complexes contain a 1 M: 1 E ratio (M = redox-active 

metal, E = main-group site) and, thus, participate in single-electron processes like homolytic 

bond activation reactivity of small molecules. We wondered if increasing the number of 

metal electron reservoirs connected to a single main-group reaction center would enable 

multi-electron bond activation chemistry that is relevant to catalytic cycles involving the 

4d/5d metals. Circling this point, Cummins and co-workers synthesized a PII radical 

stabilized by two flanking vanadium metalloligands, where the reduction event is 

delocalized within the V=N–P–N=V motif (Scheme 4.1, top).20 Although there are two 

redox-active V centers here, a second reduction event was not observed. We seek to tune the 

electronics of the main-group and ligand environment to facilitate the storage of two or more 

electrons that may be used for controlled multi-electron processes. Towards this goal, we 

highlight the synthesis of related mono-, di-, and tri-vanadium systems tethered to a single 

aluminum center to explore their resulting electronic structures and how this may engender 

multi-electron bond activation chemistry (Scheme 4.2). 
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Scheme 4.2. General scheme illustrating the synthesis of di- or tri-vanadium platforms using 

a salt metathesis pathway between sterically a unencumbered VV imido with main-group 

halides (EX3; E = B, Al; X = Cl, Br, I) in either a 2:1 or 3:1 ratio. Upon reduction, new 

electronic structures will be probed and used to guide subsequent reactivity studies. 

4.2 Results 

4.2.1 Synthesis and Reactivity of Mono-Vanadium Complexes 

First, we explored whether a salt metathesis strategy previously used in the synthesis of 

the lighter boron systems would be amenable to the more acidic aluminum derivatives. To 

probe this, we prepared analogous mono-vanadium mono-aluminum complexes featuring 

the same electron-withdrawing C6F5 aryl groups.  

 

Scheme 4.3. Reaction between VV imido complexes and (C6F5)2AlCl, affording the 

vanadium-tehtered aluminum systems, analogous to the boron systems. 

The addition of the vanadium fragment, N(CH2CH2N(C6F5))3V(-N)Li(THF)3 or 

(Ph2N)3V(-N)Li(THF)3, with (C6F5)2AlCl21
  in benzene yielded instantaneous orange or 
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wine red solutions, respectively (Scheme 4.3). Inspection of the resulting crude NMR 

spectra confirmed complete conversion to new diamagnetic species with significantly 

shifted 1H, 51V, and 19F resonances in both cases. After workup, single crystals suitable for 

XRD studies were grown for both products, confirming their formulations as (Ph2N)3V(-

N)Al(C6F5)2(THF) (4.1a) or N(CH2CH2N(C6F5))3V(-N)Al(C6F5)2(THF) (4.1b), 

respectively (Figure 4.1). Due to the increased Lewis acidity of Al compared to B, a THF 

molecule from the starting vanadium imido is retained on Al and could not be readily 

removed. The V=N (1.623(5) Å (4.1a); 1.673(8) Å (4.1b)) and V–Al (1.835(5) Å (4.1a); 

1.850(9) Å (4.1b)) bond lengths are unsurprisingly elongated compared to the boron 

derivatives likely due to the larger Al center. 
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Figure 4.1. a) Solid-state molecular structure of 4.1a (all C6H5 groups (except ipso carbons), 

hydrogen atoms, and co-crystallized solvent molecules are omitted for clarity). b) Solid-state 

molecular structure of 4.1b (C6F5 groups on tren (except ipso carbons), hydrogen atoms, and 

co-crystallized solvent molecules are omitted for clarity). 

We note that using E(C6F5)3 (E = B, Al) as the electrophilic partners results in adduct 

formation in high yield. Although the main-group site is fully saturated and is not expected 

to participate in reactivity, these complexes can serve as model compounds for probing 

changes in the core V=N–Al bond lengths upon reduction and formation of the putative 

radical anions. 

 

Scheme 4.4. Reaction between VV imido complex and B(C6F5)3 or Al(C6F5)3, yielding the 

adducts, 4.2a and 4.2b, in both cases. 

We next targeted reduction chemistry to probe the consequences of substituting B for a 

more Lewis acidic Al, and how the enhanced Lewis acidity may affect where the electron 

resides. Combining 4.1a and CoCp2
* in thawing THF led to brown-orange solution from 

which a beige-colored solid was obtained after removal of all volatiles and subsequent 

pentane washes (Figure 4.2a). Orange plate-shaped crystals deposited after slow vapor 

diffusion of HMDSO into a solution of the product in ether, revealing the di-nuclear Al-only 

complex, 4.3. The solid-state molecular structure features a product resulting from multiple 

C–H bond activations (Figure 4.2b). Here, the imido N inserts into the Al–C(THF) bond and 

one diphenyl amide ligand is attached at the same carbon. Although not isolated, we propose 
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that the V-containing byproduct may be [VIII(NPh2)4][CoCp2
*]. Gambarotta and co-workers 

similarly observed this VIII species (with a Li cation) as a result of reduction and ligand 

scrambling.22

F(1)

N(1)C(1)

O(1)

Al(1)

a)

  

 

Figure 4.2. a) The reaction between 4.1a and CoCp2
*, yielding an unstable putative radical 

anion that undergoes a subsequent ligand scrambling decomposition pathway to afford the 
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Al-only complex, 4.3. b) Isotropic solid-state molecular structure of 4.3 (C6H5 groups 

(except ipso carbons) and co-crystallized solvent molecules are omitted for clarity). 

While the mechanism for this transformation remains unknown, the observed reactivity 

highlights the lability of the scaffold upon reduction and may also hint at the highly reactive 

nature of the putative Al radical anion. While reduction of the tren-based Al complex (4.1b) 

was not attempted, we anticipate this chemistry will lead to the targeted delocalized 

framework by eliminating the ligand scrambling decomposition pathways associated with 

the diphenylamide framework, as seen in the boron analogs. Importantly, this may lead to 

stable radical anions with appreciable radical character at Al and provide a direct electronic 

structure comparison between the near isostructural vanadium-Group 13 complexes.19 

4.2.2 Synthesis and Reactivity of Di- and Tri-vanadium Complexes 

The preparation of the di-vanadium, mono-aluminum systems follows an analogous salt 

metathesis strategy used in the preparation of the mono-vanadium systems. Upon the 

combination of (Ph2N)3V(µ-N)Li(THF)3 (2 equiv.) and AlCl3 (1 equiv.) in benzene, we 

observe immediate dissolution of AlCl3 concomitant with the development of a purple-red 

solution (Scheme 4.5). The reaction is complete within several minutes, as judged by 

multinuclear NMR spectroscopy (1H, 51V). Compared to the 51V NMR of starting material 

(-220 ppm), the product displays a downfield resonance (-124 ppm), which we attribute to 

the successful attachment of a strongly Lewis acidic Al center.  
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Scheme 4.5. (a) The reaction of (Ph2N)3V(µ-N)Li(THF)3 and AlX3 (X = Cl, Br, I) results in 

di-vanadium systems 4.4a-c. (b) The subsequent addition of IMes leads to zwitterions 

(4.5a,b) formed via nucleophilic ring-opening of the THF molecule. 

After workup, dark-red single crystals suitable for XRD studies were grown from slow 

vapor diffusion of HMDSO into a saturated solution of the product in ether. The solid-state 

molecular structure revealed a product with increased metal nuclearity with the expected 2 

V: 1 Al stoichiometry, [(Ph2N)3V(µ-N)]2AlCl(THF) (4.4a). The V=N(Al) (1.643 Å), N–Al 

(1.845 Å), and Al–Cl (2.085 Å) bond lengths are as expected and are consistent with a 

simplified V=N–Al–N=V bonding structure (Figure 4.3a). Unsurprisingly, in addition to the 

bound chloride ligand, a molecule of THF from the starting material is bound to the Al 

center, indicative of the main-group site’s high Lewis acidity. This contrasts with the boron 

analogs, where THF binding is completely reversible. We attribute this to both the greater 

acidity of Al and the longer N–Al bond, leading to an exposed Al center beyond the 

sterically-encumbered ligand pocket. We note that the aluminum center, and consequently, 

chloride and THF ligands are positionally disordered over two positions. Notwithstanding, 

the crystals are of sufficient quality to be modeled and refined for metric parameter 

discussion. The corresponding [(Ph2N)3V(µ-N)]2AlX(THF) (4.4b = Br; 4.4c = I) complexes 

are synthesized in an analogous procedure using AlBr3 and AlI3 as the salt metathesis 

partners, respectively. Comparison of their 51V NMR spectra reveals a sequential downfield 

shift of ~ 4 ppm, which we attribute to the increase in Al acidity (I > Br > Cl) upon descent 

down Group 17. While single crystals have not yet been obtained from the AlI3 reaction, 

they were obtained for the AlBr3 one using similar workup and crystal-growth conditions to 

that of the AlCl3 reaction. [(Ph2N)3V(µ-N)]2AlBr(THF) (4.4b) is isostructural to its lighter 

congener (Figure 4.3b). Similarly, the four-coordinate Al center is positionally disordered 
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over two positions. As expected, the Al–Br bond (2.229 Å) is elongated compared to the 

AlCl3 case (2.085 Å). We next attempted to combine three equivalents of V-precursor with 

either AlCl3 or AlBr3 to yield the tri-vanadium complexes, but this was not observed. 

Instead, due to steric factors, the reaction halted at the di-vanadium complexes, as evidenced 

by a mixture of vanadium starting material and either 4.4a or 4.4b using 51V NMR 

spectroscopy. 

Br(1)

N(1)

V(1)

C(1)

O(1)

Al(1)

Cl(1)

N(1)

V(1)

C(1)

O(1)

Al(1)

a) b)

 

Figure 4.3. a) Isotropic solid-state molecular structure of 4.4a (all C6H5 groups (except ipso 

carbons), hydrogen atoms, and co-crystallized solvent molecules are omitted for clarity ). b) 

Isotropic solid-state molecular structure of 4.4b (C6H5 groups (except ipso carbons), 

hydrogen atoms, and co-crystallized solvent molecules are omitted for clarity. In both cases, 

one of two positionally disordered orientations are shown for clarity. 

With our di-vanadium complexes in hand, we embarked down two avenues: 1) reduction 

our systems to access aluminum radicals stabilized by two flanking VV/IV redox couples in 

analogy to Cummins’ PII radical (Scheme 4.1, top), and; 2) removal of halide or THF to 
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yield a coordinatively unsaturated Al center for new main-group/metal cooperative bond 

activation chemistry. First, we attempted the reduction of 4.4a with KC8 in the presence of 

18-crown-6 in thawing THF. Upon workup, we isolated a mixed valent VV/VIV complex, 

[((Ph2N)2Vµ-N)2][K(18c6)(THF)2], (4.6). Using a milder reductant, CoCp2
*, similarly 

resulted in the same V-containing core with a [CoCp2
*]+ cation instead of K(18c6)(THF)2. 

The fate of the aluminum-containing species remains unknown. Again, this may point to the 

formation of a highly reactive putative radical anion that may undergo subsequent ligand 

scrambling pathways. 

C(1)

V(1)

N(1)

O(1)K(1)

 

Figure 4.4. Solid-state molecular structure of 4.6 (all hydrogen atoms are omitted for 

clarity). 

In parallel, we attempted to abstract the halide or THF ligand using halide abstraction 

agents or strong Lewis acids, respectively. Sonication of a mixture of LiBArF and 4.4a 

unexpectedly results in multiple inequivalent aromatic signals in the 1H NMR, suggesting 
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the formation of a complex with reduced symmetry. We obtained single crystals from this 

reaction which revealed a product of ligand scrambling, 4.7 (Figure 4.6). A diphenylamide 

ligand now resides on Al and the chloride ligand migrated onto one of the V centers. The 

steric congestion may play a role in this “ligand dance.” The LiBArF reagent likely does not 

play a role in this chemistry as NMR monitoring of the pure di-vanadium complex also 

results in a congested aromatic region with multiple inequivalent environments (Figure 4.5).  

 

Figure 4.5. Crude 1H NMR spectrum (400 MHz, C6D6, 25 °C) monitoring the thermal 

decomposition of 4.4a to a species containing multiple inequivalent resonances in the 

aromatic region. 

A possible interpretation of this result points towards the thermal sensitivity of this 

compound due to this facile ligand scrambling pathway. This chemistry draws significant 



 

 
125 

parallels to the thermal decomposition of (Ph2N)3V(µ-N)B(C6F5)2, where the diphenylamide 

ligand migrates from V to B.19 

Cl(1)

N(1)

Al(1)

    
V(1)

O(1)

a)

b)

 

Figure 4.6. Isotropic solid-state molecular structure of 4.7, which results from the thermally 

induced ligand scrambling of the parent 4.4a complex (all hydrogen atoms are omitted for 

clarity). 

Using a complementary strategy, we attempted to substitute one of the ligands with a 

potent donor molecule. As evidenced by 1H NMR, the addition of one equivalent of IMes to 

either di-vanadium complex (4.4a,b) results in the disappearance of the THF resonances 
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concomitant with the appearance of four correlated multiplets that integrate to eight, 

indicative of the formation of a butyl chain (Figures 4.6a, 4.7).  

CD2Cl2 ^ ^

 

Figure 4.7. 1H NMR spectrum (600 MHz, CD2Cl2, 25 °C) of 4.5a revealing the THF 

resonances were replaced with a series of four multiplets indicative of the IMes-induced 

ring-opening of THF. 

The crude 51V NMR spectra feature upfield singlets at ~ -157 ppm and ~ -150 ppm for 

Cl- and Br- derivatives, respectively. We left the reaction mixtures standing in benzene at 

room temperature, after which dark red single crystals suitable for XRD studies precipitated. 

The solid-state molecular structures revealed zwitterions formed via the IMes-induced ring-

opening of the Al-appended THF molecule, consistent with the 1H NMR resonances.23 

While the V=N and Al–N bond metrics and angles remain relatively unchanged compared to 

that of the parent complexes, there are notable elongations in both Al–O (1.701 Å (Cl-); 
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1.733 Å (Br-)) and Al–X (2.153 Å (Cl-); 2.312 Å (Br-)) bond lengths. Unlike the parent 

complexes, however, we observe no positional disorder between the two substituents on the 

Al centers (Figure 4.8). 
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Figure 4.8. a) Solid-state moleculare structure of 4.5a (all hydrogen atoms and co-

crystallized solvent molecules are omitted for clarity). b) Solid-state molecular structure of 

4.5b (all hydrogen atoms and co-crystallized solvent molecules are omitted for clarity. 

We hope that the IMes-containing zwitterions will provide enough steric stabilization for 

the isolation of products related to reduction and halide abstraction. To investigate the 

effects of halide substitution on spectroscopic and solid-state metric parameters, electronic 

communication within the main-group/metal framework, and subsequent reactivity, we are 

attempting to crystallize [(Ph2N)3V(µ-N)]2AlI(THF) (4.5c).  

4.2.2.1 Stabilizing Di- and Tri-vanadium Complexes with Chelating Ligands 

As observed for the mono-vanadium B complex, and now mono- and di-vanadium Al 

derivatives, the diphenylamide ligands are susceptible to facile decomposition pathways that 

contribute to the lack of success in isolating intact products from our attempted reduction 
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and abstraction chemistry. Even more, we suspect that a combination of the high Lewis 

acidity of the Al center coupled with the labile diphenylamide ligands limits the type of 

chemistry that can be performed on these systems. In this vein, we pursued chelating ligands 

to support multi-metallic frameworks immune to similar decomposition pathways. 

 To this end, we combined trenVNLi19 (2 equiv.) and AlCl3 (1 equiv.) in benzene, 

analogous to the synthesis of 4.4a-c, which resulted in a significant shift in the 51V NMR 

spectrum from -143 ppm to -253 ppm, but with a substantial amount (ca. 50 %) of unreacted 

starting material present (Figure 4.9a).19 In addition, the 19F NMR provided similar insight, 

revealing a set of aryl tren resonances attributable to the starting material along with a new 

set of three aryl tren resonances that integrate in a 1:1 ratio compared to that of the starting 

material. Single-crystals suitable for XRD studies were grown out of slow vapor diffusion of 

iso-octane into a saturated solution of the product in ether. In line with the NMR data, the 

solid-state molecular structure revealed simple adduct formation between the starting 

components with the Li cation becoming outer sphere (Figure 4.9b). 
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Figure 4.9. a) The reaction between trenVNLi (2 equiv.) and AlCl3 (1 equiv.) results in the 

formation of the adduct, 4.8, rather than the expected salt metathesis reaction. b) Isotropic 

solid-state molecular structure of 4.8 (C6F5 groups on tren (except ipso carbons), all 

hydrogen atoms, and co-crystallized solvent molecules are omitted for clarity). 

We posit the bulkiness of the flanking aryl tren groups prevents a second vanadium 

imido from being able to reach the Al center, precluding its participation in a salt metathesis 

reaction. We sought to remedy this by replacing aryl for methyl, thereby reducing the steric 

bulk around the tren ligand.  

4.2.2.2 Preparation of Chelating Ligands with Minimal Steric Bulk 
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Scheme 4.6. Alternative synthesis to the known N(CH2CH2N(CH3))3V(µ-N)TMS 

compound and proposed pathway to N(CH2CH2N(CH3))3V(µ-N)Li(solv)3 (top). Oxidative 

C–H bond activation pathway of the ligand backbone in the presence of excess TMSN3 

reagent, generating 4.9 (bottom). 

We prepared the known N(CH2CH2N(CH3))3V(μ-N)TMS compound via a modified 

procedure involving an acid–base metalation of the N(CH2CH2NH(CH3))3 ligand with 

V(NTMS2)3.24, 25 Subsequent oxidative imido formation was accomplished by the addition 

of TMSN3 (Scheme 4.6, top). In parallel, we obtained a vanadium azido imido complex 

(4.9) from the result of an oxidative C–H bond activation process if using an excess of 

TMSN3 (Scheme 4.6, bottom). 
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Figure 4.10. Solid-state molecular structure of C–H bond activation product 4.9 featuring an 

azido and imido ligand (all hydrogen atoms and co-crystallized solvent molecules are 

omitted for clarity). 

We were not successful with obtaining definitive crystallographic evidence of 

desilylation to N(CH2CH2N(CH3))3V(µ-N)Li(solv)3 here, although we observe clean 

conversion in the crude 51V NMR spectrum from the starting material (-274 ppm) to a new 

product (-427 ppm) that appears to be a 1:1:1 triplet, the nature of which remains unknown. 
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Figure 4.11. Crude 51V NMR spectrum (105 MHz, C6D6, 25 °C) resulting from the reaction 

between N(CH2CH2N(CH3))3V(μ-N)TMS and iPrNHLi revealing complete conversion to a 

product containing a 1:1:1 triplet. The 51V NNMR spectrum of N(CH2CH2N(CH3))3V(μ-

N)TMS is provided for reference (bottom). 

The donating properties of methyl versus aryl may be partly responsible for the stronger 

N–TMS bond, yielding a product that is most likely different from the targeted complex. To 

counteract this, we next explored o-substituted triarylamine ligands that would still enforce a 

tetradentate binding mode like the tren-based frameworks, but with a less donating aryl 

backbone. Deprotonation of the known triarylamines using KH or KBn, respectively, 

followed by the addition of MeI afforded the new N-methylated ligands with minimal 

formation of asymmetric products arising from overmethylation.26, 27 The products were 

characterized by NMR spectroscopy and X-ray diffraction studies.  
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Figure 4.12. a) Isotropic solid-state molecular structure of 4.10a (all hydrogen atoms and 

co-crystallized solvent molecules are omitted for clarity). b) Isotropic solid-state molecular 

structure of 4.10b (all hydrogen atoms and co-crystallized solvent molecules are omitted for 

clarity). 

The N-methylated ligands (4.10a,b) were metallated using a one-pot protocol involving 

initial deprotonation of all three N–H bonds using nBuLi (2.5 M in hexanes) followed by the 

addition of VCl3(THF)3. After stirring the resulting orange-red colored solutions for 2 hours, 

TMSN3 was subsequently added, which led to the diamagnetic VV TMS-substituted imidos 

(4.11a,b) in good yield (Scheme 4.7).  

 

Scheme 4.7. Formation of new triarylamine-based ligands (4.10a,b) featuring minimal steric 

bulk at N. Subsequent oxidative metalation affords 4.11a,b and desilylation using iPrNHLi 

furnishes the targeted VV imidos, 4.12a,b.19 
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Single crystals of 4.11a suitable for XRD studies were grown out of a saturated solution 

of the product in DCM. The solid-state molecular structure confirmed the oxidative 

metalation of the ligand, yielding a triarylamine-supported VV imido (Figure 4.13a). 

V(1)

N(1)

Si(1)

C(1)

V(1)

N(1)

Li(1)

C(1)

O(1)

a) b)

 

Figure 4.13. a) Solid-state molecular structure of 4.11a (all hydrogen atoms and co-

crystallized solvent molecules are omitted for clarity). b) Solid-state molecular structure of 

4.12a (all hydrogen atoms and co-crystallized solvent molecules are omitted for clarity). 

Desilylation of these compounds was achieved using the iPrNHLi reagent, affording 

instantaneous conversions to the lithium-substituted imidos, as observed by multinuclear 

NMR spectroscopy. Single crystals suitable for XRD studies were grown from slow vapor 

diffusion of iso-octane into a solution of 4.12a in THF (Figure 4.13b). The solid-state 

molecular structure confirmed the bond attachments and, importantly, the space-filling 

model revealed that the sterics imparted by the methyl groups are minimal compared to that 

of the aryl tren derivatives (Figure 4.14).19  
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Figure 4.14. Space-filling model of 4.12a minimal steric crowding at Li in contrast to the 

aryl tren derivative. (V = purple, N = blue, C = black, H = white). 

Encouraged by this, we next probed the utility of this complex to be used as a partner in 

salt metathesis reactions with main-group halides. While reactivity is observed in several 

combinations, the cleanest reaction is obtained in the reaction of 4.12a (3 equiv.) with AlCl3 

(1 equiv.), affording a putative tri-vanadium mono-aluminum complex (4.13). Despite 

numerous solvent combinations, we have so far been unsuccessful in growing single crystals 

of this complex. 
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Scheme 4.8. Reaction of 4.12a (3 equiv.) with AlCl3 (1 equiv.) to afford the tri-vanadium 

complex mono-aluminum complex (4.13). 

We turned to ESI-(-)-MS, which revealed a peak at 1244.3 for [M+Cl]- supporting our 

formulation of 4.13. In addition, a downfield N–Me peak in the 1H NMR spectrum supports 

the attachment of an acidic Al center.  
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Figure 4.15. 1H NMR spectrum (400 MHz, C6D6, 25 °C) of isolated 4.13 showing 

downfield N–Me resonance, supporting the attachmet of an acidic Al center (top). The 1H 

NMR spectrum of the starting 4.12a complex is provided for reference (bottom). 

The Lewis acidity was next quantified by the Guttman-Beckett method. The addition of 

Et3PO to a solution of 4.13 in benzene leads to a sharp resonance in the 31P NMR at 72.8, 

yielding an acceptor number (AN) of 70.3. This value places the Lewis acidity of this 

putative tri-vanadium, mono-aluminum compound between B(C6F5)3 (AN = 82) and TiCl4 

(AN = 70). 

We next probed the electrochemistry of 4.13 by cyclic voltammetry to test if the 

increased metal nuclearity provides accessible oxidation states. We observe an irreversible 

feature at -1.61 V vs. Fc*/Fc*+ couple in DME. As this is an irreversible reduction event, we 

could not quantify the number of electrons transferred during this process. 
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Figure 4.16. Cyclic voltammogram of 4.13 in DME (2 mM) with 0.1 M [Bu4N][PF6] 

electrolyte (glassy carbon working electrode, Ag wire pseudoreference, platinum wire 
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counter, scan rate 10 mV/s, referenced to Fc*/Fc*+). An irreversible reduction event 

is observed at -1.61 V vs. Fc*/Fc*+. 

To help determine the loci of reduction, X-band EPR spectroscopy was performed on the 

chemically reduced tri-vanadium complex, 4.14. An anisotropic 8-line hyperfine splitting 

pattern was observed like in the case of the vanadium-tethered borane platforms. In addition, 

the lower field lines are further split into broad doublets, suggestive of potential electron 

delocalization within the framework. 

250 300 350 400 450

Magnetic Field (mT)

a) b)

 

Figure 4.17. a) Reduction of 4.13 with KC8, affording the putative radical anion, 4.14. b) X-

band EPR spectrum of 4.14 at 100 K revealing a 51V-centered reduction with possible 

electron delocalization, as evidenced by the lower field lines being further split. 

 Future work in this area may be dedicated towards obtaining the solid-state molecular 

structure and probing the chemistry of the reduced species both electrochemically and 

chemically in the presence of small molecules. 

4.3 Summary 

In summary, we have introduced a series of mono-, di-, and tri-vanadium systems 

tethered to a single aluminum site. We demonstrate that prudent choice of ligand and main-

group/metal pairing are key design principles to consider in building up multi-metallic 
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frameworks. Our mono-vanadium systems mirror the lighter boron congeners in their 

synthesis; however, the analogous reduction products were not yet obtained in part due to 

the greater Lewis acidity, and hence reactivity of the Al systems. While we were likewise 

successful in synthesizing the di-vanadium systems, subsequent attempts at reduction 

chemistry or removing either the halide or THF solvent molecule resulted in decomposition 

or, in the case of the IMes reaction, ring-opening of THF to give zwitterionic compounds. 

Finally, the use of a sterically unencumbered chelating triarylamine ligand results in tri-

vanadium mono-aluminum complexes, which may hold promise in future reductive 

functionalization chemistry at the main-group loci. 

4.4 Experimental  

4.4.1 General Considerations. All manipulations were performed under an atmosphere of 

dry, oxygen-free N2 or Ar through standard Schlenk or glovebox techniques (MBraun 

UNIlab Pro SP Eco equipped with a -38 °C freezer). Pentane, diethyl ether, benzene, 

toluene, tetrahydrofuran (THF), and dichloromethane (DCM) were dried using an Mbraun 

solvent purification system. 2,2,4-trimethylpentane (iso-octane), hexamethyldisiloxane 

(HMDSO), acetonitrile, acetonitrile-d3, benzene-d6, chloroform-d, dichloromethane-d2, and 

tetrahydrofuran-d8 were purchased from Aldrich or Cambridge Isotope Laboratories, 

degassed by freeze-pump-thaw, and stored on activated 4 Å molecular sieves prior to use. 

AlCl3, AlBr3, AlI3, Ph2NH, nBuLi (1.6 M in hexanes), VCl3(THF)3, Me3SiN3, iPr2NH, MeI, 

18-crown-6, KH, and N(CH2CH2NH2)3 were purchased from Aldrich, Strem, or other 

commercial vendors and used as received. Co(C5Me5)2 and Co(C5H5)2 were purchased from 

Aldrich and sublimed prior to use. (Ph2N)3V(µ-N)Li(THF)3,22 trenVNLi,19 

N(CH2CH2NH(C6F5))3,28 V(NTMS2)3,29 and iPrNHLi22, KC8,30 KBn,31 IMes,32 B(C6F5)3,33 

Al(C6F5)2Cl21 were prepared according to literature procedure. Elemental analyses (C, N, H) 
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were performed at the University of California, Berkeley, using a PerkinElmer 2400 Series 

II combustion analyzer. 

Spectroscopic Analyses. NMR spectra were obtained on a Varian Unity Inova 600 MHz, 

Varian Unity Inova 500 MHz, or Agilent Technologies 400 MHz spectrometers, and 

referenced to the residual solvent of acetonitrile-d3 (1.94 ppm), benzene-d6 (7.16 ppm), D2O 

(4.79 ppm), dichloromethane-d2 (5.32 ppm), methanol-d4 (3.31 ppm), tetrahydrofuran-d8 

(1.73 ppm) or externally (11B: BF3·Et2O; 19F: CFCl3; 51V: VOCl3; 31P: 85 % H3PO4; 119Sn: 

Me4Sn; 7Li: 9.7 M LiCl in D2O). Chemical shifts (δ) are recorded in ppm, and the coupling 

constants are in Hz. X-band EPR spectra were collected on a Bruker EMX EPR 

spectrometer equipped with an Oxford ESR 900 liquid helium cryostat. A modulation 

frequency of 100 kHz was used for all EPR spectra, and the data were plotted using Origin. 

EPR simulations used the program QPOWA by Belford and co-workers, as modified by J. 

Telser.34 

X-ray crystallography. Data were collected on a Bruker KAPPA APEX II diffractometer 

equipped with an APEX II CCD detector using a TRIUMPH monochromator with a Mo Kα 

X-ray source (α = 0.71073 Å). The crystals were mounted on a cryoloop with Paratone-N 

oil, and all data were collected at 100(2) K using an Oxford nitrogen gas cryostream system. 

A hemisphere of data was collected using ω scans with 0.5° frame widths. Data collection 

and cell parameter determination were conducted using the SMART program. Integration of 

the data frames and final cell parameter refinement were performed using SAINT software. 

Absorption correction of the data was carried out using SADABS. Structure determination 

was done using direct or Patterson methods and difference Fourier techniques. All hydrogen 

atom positions were idealized and rode on the atom of attachment. Structure solution, 

refinement, graphics, and creation of publication materials were performed using SHELXTL 
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or OLEX2. All POV-Ray depictions of the solid-state molecular structures are shown at the 

50 % probability ellipsoid level unless otherwise noted. 

Electrochemical Analyses. Cyclic voltammetry was performed on a CH Instruments 630E 

electrochemical analysis potentiostat, equipped with a 3 mm diameter glassy carbon 

working electrode, a Ag wire pseudoreference electrode, and a Pt counter electrode with 

[Bu4N][PF6] (0.1 M) supporting electrolyte solution in DME. The glassy carbon working 

electrode was cleaned prior to each experiment by polishing with 1, 0.3, and 0.05 mm 

alumina (CH Instruments) in descending order, followed by sonication in distilled water for 

2 min. All voltammograms were referenced to the Fc*/Fc*+ redox couple. 

Mass Spectrometry. MS data was collected on either a Waters LCT Premier ESI-MS. The 

data was worked up using MassLynx software and then plotted. 

4.4.2 Synthesis of Compounds 

Synthesis of [(Ph2N)3V(µ-N)B(C6F5)3][Li(THF)2(Et2O)2] (4.2a).  

(Ph2N)3V(µ-N)Li(THF)3 (0.015 g, 0.018 mmol) dissolved in benzene (0.4 mL) was added 

dropwise to a stirring solution of B(C6F5)3 (0.0093 g, 0.018 mmol) in benzene (0.2 mL) to 

give a dark red solution. THF (0.1 mL, excess) was added and then the volatiles were 

removed in vacuo to give the product as a red powder in quantitative yield. Ruby red single 

crystals suitable for XRD studies were grown from slow vapor diffusion of HMDSO into a 

saturated solution of the product in ether. 1H NMR (500 MHz, C6D6, 25 oC): δ = 7.02 (br, 

12H; o Ph2N), 6.93 (br, 12H; m Ph2N), 6.79 (br, 6H; p Ph2N), 3.10 (m, 8H; THF CH2), 3.07 

(m, 8H; Et2O CH2), 1.35 (h, J = 3.8 Hz, 8H; THF CH2), 0.86 (td, J = 7.1, 3.7 Hz, 12H; Et2O 

CH3). 13C NMR (126 MHz, C6D6, 25 oC): δ = 155.1 (ipso Ph2N), 127.9 (o Ph2N), 124.7(m 

Ph2N), 122.8 (p Ph2N), 68.5 (THF CH2), 65.7 (Et2O CH2), 25.2 (THF CH2), 14.5 (Et2O 

CH3). The signal-to-noise ratio was too low for properly identifying any C6F5 13C resonance. 
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51V NMR (105 MHz, C6D6, 25 oC): δ = -131.0 (br). 11B NMR (128 MHz, C6D6, 25 oC): δ = 

-5.9 (br).  19F NMR (376 MHz, C6D6, 25 oC): δ = -131.2 (br, 6F; o-C6F5), -162.3 (q, 3JFF = 

20.6 Hz, 6F; m-C6F5), -166.9 (br, 3F; p-C6F5). 

Synthesis of [(Ph2N)3V(µ-N)Al(C6F5)3][Li(THF)4] (4.2b). 

(Ph2N)3V(µ-N)Li(THF)3 (0.015 g, 0.018 mmol) dissolved in benzene (0.4 mL) was added a 

solution of Al(C6F5)3(tol) (0.0112 g, 0.018 mmol) in benzene (0.2 mL) to give a red 

solution. THF (0.1 mL, excess) was added and then the volatiles were removed in vacuo to 

give the product as a red powder in quantitative yield. Single crystals suitable for XRD 

studies were grown from slow vapor diffusion of pentane into a saturated solution of the 

product in benzene. 1H NMR (400 MHz, C6D6, 25 oC): δ = 7.19 (d, 3JHH = 7.9 Hz, 12H; o 

Ph2N), 6.95 (t, 3JHH = 7.7 Hz, 12H; m Ph2N), 6.72 (t, 3JHH = 7.4 Hz, 6H; p Ph2N), 3.10 (m, 

16H; THF CH2), 1.36 (m, 16H; THF CH2). 13C NMR (100 MHz, C6D6, 25 oC): δ = 155.5 

(ipso Ph2N), 124.3 (overlapping o and m Ph2N), 122.7 (p Ph2N), 68.3 (THF CH2), 25.3 (THF 

CH2). The signal-to-noise ratio was too low for properly identifying any C6F5 13C resonance. 

51V NMR (105 MHz, C6D6, 25 oC): δ = -167.9 (br). 27Al NMR (130 MHz, C6D6, 25 oC): δ = 

90.3 (br).  19F NMR (376 MHz, C6D6, 25 oC): δ = -121.1 (br, 6F; o-C6F5), -158.9 (t, 3JFF = 

20.0 Hz, 3F; p-C6F5), -164.5 (br, 6F; m-C6F5). Elemental analysis (%) calc. for 

C70H62AlF15LiN4O4V (1393.1921 g·mol-1): C, 60.35; H, 4.49; N, 4.02. Found: C, 59.96; H, 

4.41; N, 4.26. 

Synthesis of (Ph2N)3V(µ-N)Al(C6F5)2(THF) (4.1a). 

(Ph2N)3V(µ-N)Li(THF)3 (0.144 g, 0.174 mmol) dissolved in benzene (2 mL) was added 

dropwise to a stirring solution of Al(C6F5)2Cl (0.0689 g, 0.174 mmol) in benzene (1 mL) to 

immediately afford a purple-red solution that was stirred for 15 minutes. The volatiles were 

removed in vacuo and re-dissolved in a mixture of benzene/pentane and filtered through a 
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celite plug to remove LiCl. The filtrate was collected and the volatiles were removed in 

vacuo. The red residue was washed with cold pentane (3 × 1 mL) and dried in vacuo to give 

the product (0.140 g, 0.139 mmol) as a dark red powder in 80.2 % yield. Single crystals 

suitable for XRD studies were grown from slow vapor diffusion of HMDSO into a saturated 

solution of the product in pentane. 1H NMR (400 MHz, CDCl3, 25 oC): δ = 6.86 (t, 3JHH = 

7.28 Hz, 12H; p-Ph2N), 6.70 (m, 18H; overlapping o and m Ph2N), 3.81 (br, 4H; THF CH2), 

1.77 (br, 4H; THF CH2). 13C NMR (100 MHz, CDCl3, 25 oC): δ = 154.9 (ipso Ph2N), 128.3 

(o-Ph2N), 123.4 (m-Ph2N), 123.3 (p-Ph2N), 73.5 (THF CH2), 25.3 (THF CH2). The signal-

to-noise ratio was too low for properly identifying any C6F5 13C resonance. 51V NMR (105 

MHz, C6D6, 25 oC): δ = -139.2 (br). 19F NMR (376 MHz, CDCl3, 25 oC): δ = -122.8 (dd, 

3JFF = 26.9, 11.2 Hz, 4F; o-C6F5), -153.3 (t, 3JFF = 19.6 Hz, 2F; p-C6F5), -161.4 (m, 4F; m-

C6F5). 

Synthesis of (N(CH2CH2N(C6F5))3)V(µ-N)Al(C6F5)2(THF) (4.1b).  

trenVNLi (0.200 g, 0.215 mmol) in benzene (4 mL) was added to Al(C6F5)2Cl (0.0853 g, 

0.215 mmol) in benzene (2 mL) to give a yellow-orange solution that was stirred for 15 

minutes. The volatiles were removed in vacuo and the residue was extracted into DCM and 

filtered through a celite plug to remove LiCl. The filtrate was collected, and the solvent was 

removed in vacuo to give a yellow-orange sticky residue that washed with pentane (5 × 1 

mL) and ether (3 × 1 mL) and dried in vacuo to afford the product as a bright yellow powder 

(0.211 g, 0.160 mmol) in 86.1 % yield. Single crystals suitable for XRD studies were grown 

from slow vapor diffusion of iso-octane into a saturated solution of the product in a 1:1 

DCM:benzene mixture at room temperature. 1H NMR (500 MHz, CDCl3, 25 oC): δ = 3.76 

(m, 10H; overlapping tren CH2 and THF CH2), 3.04 (t, 3JHH = 5.6 Hz, 6H; tren CH2), 2.00 

(br, 4H; THF CH2). 13C NMR (126 MHz, CDCl3, 25 oC): δ = 73.2 (THF CH2), 59.5 (tren 



 

 
144 

CH2), 53.7 (tren CH2), 25.3 (THF CH2). The signal-to-noise ratio was too low for properly 

identifying any C6F5 13C resonance. 51V NMR (132 MHz, CDCl3, 25 oC): δ = -211.5 (br). 

19F NMR (376 MHz, C6D6, 25 °C): δ = -124.0 (d, 3JFF = 19.8 Hz, 4F; Al o-C6F5), -148.9 (br, 

6F; tren o-C6F5), -152.8 (t, 3JFF = 19.0 Hz, 2F; Al p-C6F5), -162.0 (m, 4F; Al m-C6F5), -166.7 

(br, 6F; tren m-C6F5), -167.1 (t, 3JFF = 21.3 Hz, 3F; tren p-C6F5). 

Synthesis of [(Ph2N)3V(µ-N)]2Al(THF)Cl (4.4a).  

(Ph2N)3V(µ-N)Li(THF)3 (0.300 g, 0.378 mmol) in benzene (4 mL) was added to a stirring 

suspension of AlCl3 (0.0252 g, 0.189 mmol) in benzene (1 mL) to give a purple-red solution 

that was stirred for 15 minutes. The volatiles were removed in vacuo and the product was re-

dissolved in benzene and filtered through a celite plug to remove LiCl. The filtrate was 

collected and the volatiles were removed in vacuo giving a dark solid. The solid was washed 

with cold pentane (10 × 1 mL) to give the product (0.213 g, 0.167 mmol) as a dark powder 

in 88.3 % yield. Single crystals suitable for XRD studies were grown from slow vapor 

diffusion of HMDSO into a saturated solution of the product in ether. 1H NMR (400 MHz, 

C6D6, 25 oC): δ = 7.01 (m, 48H; overlapping o and m Ph2N), 6.82 (t, 3JHH = 7.04 Hz, 12H; p 

Ph2N), 3.26 (q, 3JHH = 7.0 Hz, 4H; THF CH2), 1.12 (t, 3JHH = 7.0 Hz, 4H; THF CH2). 13C 

NMR (126 MHz, CDCl3, 25 oC): δ = 154.6 (ipso Ph2N), 128.7 (o Ph2N), 123.5 (m Ph2N), 

123.5 (p Ph2N), 72.7 (THF CH2), 24.8 (THF CH2). 51V NMR (105 MHz, C6D6, 25 oC): δ = -

123.2 (br). Elemental analysis (%) calc. for C76H68AlClN8OV2 (1273.7495 g·mol-1): C, 

71.67; H, 5.38; N, 8.80. Elemental analysis was not attempted due to the thermal sensitivity 

of the compound. 

Synthesis of [(Ph2N)3V(µ-N)]2Al(THF)Br (4.4b).  

(Ph2N)3V(µ-N)Li(THF)3 (0.100 g, 0.126 mmol) in benzene (2 mL) was added to a stirring 

solution of AlBr3 (0.0168 g, 0.063 mmol) in benzene (1 mL) to give a wine-red solution that 
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was stirred for 15 minutes. The volatiles were removed in vacuo and the product was re-

dissolved in benzene and filtered through a celite plug to remove LiBr. The filtrate was 

collected and the volatiles were removed in vacuo giving a dark solid. The solid was washed 

with cold pentane (5 × 1 mL) to give the product (0.0726 g, 0.055 mmol) as a dark powder 

in 87.4 % yield. Single crystals suitable for XRD studies were grown from slow vapor 

diffusion of HMDSO into a saturated solution of the product in ether. 1H NMR (600 MHz, 

C6D6, 25 oC): δ = 7.04 (d, 3JHH = 8.2 Hz, 24H; o Ph2N), 6.99 (t, 3JHH = 7.56 Hz, 24H; m 

Ph2N), 6.82 (t, 3JHH = 7.3 Hz, 12H; p Ph2N), 3.27 (br, 4H; THF CH2), 1.12 (t, 3JHH = 7.0 Hz, 

4H; THF CH2). 13C NMR (126 MHz, C6D6, 25 oC): δ = 155.1 (ipso Ph2N), 129.1 (o Ph2N), 

124.1 (m Ph2N), 123.9 (p Ph2N), 73.1 (THF CH2), 24.8 (THF CH2). 51V NMR (105 MHz, 

C6D6, 25 oC): δ = -121.3 (br). Elemental analysis (%) calc. for C76H68AlBrN8OV2 

(1318.2035 g·mol-1): C, 69.25; H, 5.20; N, 8.50. Elemental analysis was not attempted due 

to the thermal sensitivity of the compound. 

Synthesis of [(Ph2N)3V(µ-N)]2Al(O(CH2)4-IMes)Cl (4.5a).  

IMes (0.012 g, 0.039 mmol) in benzene (0.25 mL) was added to a concentrated solution of 

[(Ph2N)3V(µ-N)]2Al(THF)Cl (4.4a) (0.050 g, 0.039 mmol) in benzene (0.5 mL) and the 

reaction mixture was allowed to remain undisturbed overnight where large red crystals 

suitable for XRD studies developed. The mother liquor was decanted off and the crystals 

were subsequently crushed with a spatula and washed with pentane (3 × 1 mL) to give the 

product (0.053 g, 0.0336 mmol) as dark red powder in 85.6 % yield. The mother liquor and 

combined organic washes were concentrated, which afforded more material. Alternatively, 

single crystals suitable for XRD studies can also be obtained from slow vapor diffusion of 

pentane into a saturated solution of the product in DCM. 1H NMR (500 MHz, CD2Cl2, 25 

oC): δ = 7.25 (s, 2H; IMes CH), 7.11 (s, 4H; IMes CH), 6.89 (t, 3JHH = 7.7 Hz, 24H; m-
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Ph2N), 6.78 (t, 3JHH = 7.4 Hz, 12H; p-Ph2N), 6.56 (d, 3JHH = 7.9 Hz, 24H; o-Ph2N), 3.13 (t, 

3JHH = 6.7 Hz, 2H; THF CH2), 2.38 (s, 6H; IMes p-CH3), 2.31 (m, 2H; THF CH2), 2.02 (s, 

12H; IMes o-CH3), 0.93 (br, 2H; THF CH2), 0.67 (p, J = 6.9 Hz, 2H; THF CH2). 13C NMR 

(126 MHz, CD2Cl2, 25 oC): δ = 155.0 (ipso Ph2N), 150.9 (IMes C), 142.9 (IMes ipso C), 

134.7 (IMes CH), 131.1 (IMes m-CH), 130.2 (IMes o-CMe), 128.8 (o-Ph2N), 124.2 (m-

Ph2N), 123.7 (IMes p-CMe), 122.8 (p-Ph2N), 61.6 (THF CH2), 34.6 (THF CH2), 25.1 (THF 

CH2), 23.5 (THF CH2), 21.6 (IMes p-CH3), 18.0 (IMes o-CH3). 51V NMR (105 MHz, C-

D2Cl2, 25 oC): δ = -162.2 (br).  

Synthesis of [(Ph2N)3V(µ-N)]2Al(O(CH2)4-IMes)Br (4.5b).  

IMes (0.0023 g, 0.0075 mmol) in benzene (0.25 mL) was added to a concentrated solution 

of [(Ph2N)3V(µ-N)]2Al(THF)Br (4.4b) (0.010 g, 0.0075 mmol) in benzene (0.5 mL) and the 

reaction mixture was allowed to remain undisturbed overnight where large red crystals 

suitable for XRD studies developed. The resulting product was characterized 

crystallographically. 

Synthesis of (Ph2N)3V(µ-N)Al(NPh2)(THF)(µ-N)V(NPh2)2Cl (4.7). 

[(Ph2N)3V(µ-N)]2Al(THF)Cl (4.4a) (0.050 g, 0.0393 mmol) and LiBArF24 (0.0342 g, 0.0393 

mmol) were combined in benzene and sonicated for 16 hours. The volatiles were removed in 

vacuo and the residue was washed with pentane (5 × 1 mL). The resulting product was 

characterized crystallographically. Single crystals suitable for XRD studies were grown 

from a saturated ether solution at -38 ºC. 

Synthesis of [Al(C6F5)2(µ-O)(CH2)3C(N)(NPh2)]2 (4.3). 

CoCp2
* (0.0049 g, 0.0149 mmol) in cold THF (0.5 mL) was added to a frozen THF solution 

(1 mL) of (Ph2N)3V(µ-N)Al(C6F5)2(THF) (4.1a) (0.015 g, 0.0149 mmol). The thawing 

mixture was allowed to warm up to room temperature and the volatiles were removed in 
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vacuo to give a foamy beige solid. The solid was washed with cold pentane (3 × 1 mL) and 

the powder was dried in vacuo. The resulting product was characterized crystallographically. 

Single crystals suitable for XRD studies were grown from slow vapor diffusion of HMDSO 

into a saturated ether solution of the product. 

Synthesis of [(N(CH2CH2N(C6F5))3)V(µ-N)AlCl3][Li(solv)4] (4.8).  

trenVNLi (0.030 g, 0.032 mmol) in benzene (0.5 mL) was added to AlCl3 (0.0022 g, 0.032 

mmol) in benzene (0.5 mL) to give a yellow-orange solution that was allowed to stand at 

room temperature for 15 minutes before the volatiles were removed in vacuo. The residue 

was washed with pentane (2 × 1 mL) and ether (2 × 1 mL) to give an orange powder. The 

resulting product was characterized crystallographically. Single crystals suitable for XRD 

studies were grown from slow vapor diffusion of iso-octane into a saturated solution of the 

product in DCM. 

Synthesis of (N(CH2CH2N(CH3))2)(CH2CHN(CH3))V(µ-N)TMS(N3) (4.9). 

V(NTMS2)3 (0.500 g, 0.940 mmol) and N(CH2CH2NH(CH3))3 (0.177 g, 0.940 mmol) are 

combined in benzene (5 mL) and heated at 70 ºC for 2 hours. The resulting red-brown 

solution was then treated with TMSN3 (0.216 g, 1.879 mmol) and heated at 70 ºC overnight 

to give a dark red solution. The volatiles were removed in vacuo and extracted into pentane, 

where the product was isolated as a red microcrystalline solid upon concentrating the 

solution in vacuo (0.160 g, 0.439 mmol, 46.7 %). The resulting product was characterized 

crystallographically. Single crystals suitable for XRD studies were grown upon 

concentrating a solution of the product in pentane. 

Synthesis of N(C6H4-2-NH(CH3))3 (4.10a). 

To a stirring suspension of N(C6H4-2-NH2)3 (1.50 g, 5.165 mmol) in THF (5 mL) was added 

KH (0.746 g, 18.597 mmol) suspended in THF (1 mL). The mixture was allowed to stir at 



 

 
148 

room temperature for 5 hours during which time slow effervesence of H2 was observed 

concomittant with the darkening of the solution to red. After bubbling ceased, the mixture 

was frozen and MeI (2.64 g, 18.597 mmol) dissolved in THF (2 mL) was added to the 

thawing mixture to give an immediate precipitation of a white precipitate (KI). The mixture 

was allowed to warm up to room temperature and stir for an additional 10 minutes after 

which time the mixture was filtered through a fine porosity frit covered with celite. The 

filtercake was washed with THF (5 × 2 mL) and the filtrate was collected and the volatiles 

removed in vacuo to give a light yellow powder. The solid was washed with pentane (10 × 1 

mL) and ether (3 × 1 mL), giving the title compound as an off-white powder (1.10 g, 3.32 

mmol, 64.3 % yield). Single crystals suitable for XRD studies were grown from slow vapor 

diffusion of iso-octane into a solution of the product in a mixture of ether and DCM. 1H 

NMR (400 MHz, CDCl3, 25 oC): δ = 7.08 (t, 3JHH = 7.6 Hz, 3H; CH), 6.87 (d, 3JHH = 7.8 Hz, 

3H; CH), 6.67-6.58 (m, 6H; overlapping CH), 3.97 (s, 9H; CH3). 13C NMR (126 MHz, 

CDCl3, 25 oC): δ = 144.0, 132.5, 126.0, 125.3, 117.0, 110.9, 30.9 (N CH3). 

Synthesis of N(C6H4-2-NH(CH3)-4-CH3)3 (4.10b) 

To a stirring suspension of N(C6H4-2-NH2-4-CH3)3 (0.500 g, 1.50 mmol) in THF (5 mL) 

was added a suspension of KBn (0.646 g, 4.96 mmol) in pentane (0.5 mL). After 15 minutes 

of stirring, the solution was frozen and MeI (0.704 g, 4.96 mmol) dissolved in THF (1 mL) 

was  added. The resulting white suspension was stirred for an additional 15 minutes before 

being fitlered over a frit covered with celite to remove the KI. The filtercake was washed 

with THF (5 × 1 mL) and the filtrate was collected and the volatiles removed in vacuo to 

give a light yellow powder. The solid was washed with pentane (10 × 1 mL) and ether (3 × 1 

mL), giving the title compound as an off-white powder (0.320 g, 0.854 mmol, 56.8 % yield). 

Single crystals suitable for XRD studies were grown from slow vapor diffusion of iso-octane 
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into a solution of the product in ether. 1H NMR (500 MHz, CDCl3, 25 oC): δ = 6.75 (d, 3JHH 

= 7.9 Hz, 3H; CH), 6.43 (s, 1H; CH), 6.40 (d, 3JHH = 7.7 Hz, 3H; CH), 3.92 (q, 3JHH = 5.2 

Hz, 3H; NH), 2.72 (d, 3JHH = 5.3 Hz, 9H; N CH3), 2.29 (s, 9H; Ar CH3). 13C NMR (126 

MHz, CDCl3, 25 oC): δ = 143.8, 135.3, 130.6 (CMe), 125.0 (CH), 117.6 (CH), 111.7 (CH), 

30.9 (N CH3), 21.7 (Ar CH3). 

Synthesis of (N(C6H4-2-N(CH3))3)V(µ-N)TMS (4.11a) 

To a thawing solution of N(C6H4-2-NH(CH3))3 (4.10a) (0.228 g, 0.687 mmol) in THF (3 

mL) was added nBuLi (2.5 M in hexanes, 0.824 mL) via syringe, and the reaction was 

allowed to warm up to room temperature with rapid stirring. After 30 minutes, VCl3(THF)3 

(0.257 g, 0.687 mmol) suspended in THF (2  mL) was added, immediately affording a red 

solution that was allowed to stir for 1 hour. The volatiles were removed in vacuo and 

washed with pentane to remove residual nBuLi. The dark solid was redissolved in THF (2 

mL) and TMSN3 (0.0871 g, 0.756 mmol) was added and the resulting mixture was allowed 

to stir for 2 hours. The volatile components were removed in vacuo and the greasy solid was 

washed with pentane (5 × 1 mL) and ether (5 × 0.5 mL). The dark solid was extracted into 

DCM and filtered through a celite plug to remove LiCl. After removal of all volatiles, the 

title compound was isolated as a microcrystalline powder (0.276 g, 0.576 mmol, 84.3 % 

yield). Single crystals suitable for XRD studies were grown from slow vapor diffusion of 

iso-octane into a solution of the product in DCM. 1H NMR (400 MHz, CDCl3, 25 oC): δ = 

7.22 (d, 3JHH = 7.8 Hz, 3H; CH), 7.08 (t, 3JHH = 7.7 Hz, 3H; CH), 6.59 (t, 3JHH = 7.6 Hz, 3H; 

CH), 6.29 (d, 3JHH = 8.1 Hz, 3H; CH), 3.97 (s, 9H; N CH3), 0.34 (s, 9H; TMS CH3). 13C 

NMR (100 MHz, CDCl3, 25 oC): δ = 157.6, 140.0, 128.7, 126.2, 117.9, 108.5, 66.0 (Et2O 

CH2), 51.3 (N CH3), 15.4 (Et2O CH3), 1.4 (Si CH3). 51V NMR (105 MHz, C6D6, 25 oC): δ = 

-110.0. 
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Synthesis of (N(C6H4-2-N(CH3)-4-CH3))3V(µ-N)TMS (4.11b). 

To a thawing solution of N(C6H4-2-NH(CH3)-4-CH3)3 (4.10b) (0.460 g, 1.228 mmol) in 

THF (3 mL) was added nBuLi (2.5 M in hexanes, 1.47 mL) via syringe, and the reaction was 

allowed to warm up to room temperature with rapid stirring. After 30 minutes, VCl3(THF)3 

(0.459 g, 0.1.228 mmol) suspended in THF (2  mL) was added, immediately affording a red 

solution that was allowed to stir for 1 hour. The volatiles were removed in vacuo and 

washed with pentane to remove residual nBuLi. The dark solid was redissolved in THF (2 

mL) and TMSN3 (0.157 g, 1.350 mmol) was added and the resulting mixture was allowed to 

stir for 2 hours. The volatile components were removed in vacuo and the greasy solid was 

washed with pentane (5 × 1 mL) and ether (5 × 0.5 mL). The dark solid was extracted into 

DCM and filtered through a celite plug to remove LiCl. After removal of all volatiles, the 

title compound was isolated as a microcrystalline powder (0.462 g, 0.906 mmol, 73.8 % 

yield. 1H NMR (500 MHz, CDCl3, 25 oC): δ = 7.09 (d, 3JHH = 7.9 Hz, 3H; CH), 6.38 (d, 3JHH 

= 7.9 Hz, 3H; CH), 6.08 (s, 3H; CH), 3.95 (s, 9H; N CH3), 2.21 (s, 9H; Ar CH3), 0.33 (s, 

9H; TMS CH3). 13C NMR (126 MHz, CDCl3, 25 oC): δ = 157.2, 138.3, 138.0, 125.7 (CH), 

118.4 (CH), 109.2 (CH), 51.3 (N CH3), 21.6 (Ar CH3), 1.4 (Si CH3). 51V NMR (105 MHz, 

C6D6, 25 oC): δ = -110.2. 

Synthesis of (N(C6H4-2-N(CH3))3)V(µ-N)Li(THF)3•(THF)2 (4.12a). 

To a stirring solution of (N(C6H4-2-N(CH3))3)V(µ-N)TMS (4.11a) (0.653 g, 1.396 mmol) in 

THF (4 mL) was added iPrNHLi (0.0907 g, 1.396 mmol) portion-wise as a solid to induce 

an immediate color change of the solution to yellow-orange. The reaction was monitored 

by 51V NMR, and (if needed) additional aliquots of iPrNHLi reagent were added to ensure 

the complete consumption of the starting material. The reaction was stirred for 30 min 

before the volatiles were removed in vacuo. The residue was washed with pentane (10 × 0.5 
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mL) and ether (2 × 0.5 mL) to give a brown microcrystalline powder (0.772 g, 1.013 mmol, 

72.6 % yield). Single crystals suitable for XRD studies were grown by the slow vapor 

diffusion of iso-octane into a saturated solution of the product in THF. 1H NMR (500 MHz, 

C6D6, 25 oC): δ = 7.33 (d, 3JHH = 7.6 Hz, 3H; CH), 7.10 (t, 3JHH = 7.7 Hz, 3H; CH), 6.52 (d, 

3JHH = 7.4 Hz, 3H; CH), 6.46 (d, 3JHH = 8.0 Hz, 3H; CH), 4.14 (s, 9H; N CH3), 3.56 (br, 

20H; THF CH2), 1.37 (br, 20H; THF CH2). 13C NMR (126 MHz, C6D6, 25 oC): δ = 158.2, 

140.5, 128.3, 127.7, 117.1, 108.3, 68.5 (THF CH2), 51.3 (N CH3), 34.4 (pentane), 25.8 (THF 

CH2), 22.7 (pentane), 14.3 (pentane). 51V NMR (105 MHz, C6D6, 25 oC): δ = -23.8. 7Li 

NMR (156 MHz, C6D6, 25 oC): δ = -2.0 (s). 

Synthesis of (N(CH3C6H4-2-N(CH3)-4-CH3)3V(µ-N)Li(THF)3• (THF)2 (4.12b). 

To a stirring solution of (N(C6H4-2-N(CH3)-4-CH3)3V(µ-N)TMS (4.11b) (0.080 g, 0.157 

mmol) in THF (2 mL) was added iPrNHLi (0.0102 g, 0.157 mmol) portion-wise as a solid to 

induce an immediate color change of the solution to yellow-orange. The reaction was 

monitored by 51V NMR, and (if needed) additional aliquots of iPrNHLi reagent were added 

to ensure the complete consumption of the starting material. The reaction was stirred for 30 

min before the volatiles were removed in vacuo. The residue was washed with pentane (10 × 

0.5 mL) to give a brown microcrystalline powder (0.0730 g, 0.0908 mmol, 57.8 % yield. 1H 

NMR (500 MHz, C6D6, 25 oC): δ = 7.29 (d, 3JHH = 7.8 Hz, 3H; CH), 6.37 (d, 3JHH = 7.7 Hz, 

3H; CH), 6.32 (s, 9H; CH), 4.21 (s, 9H; N CH3), 3.64 (bs, 12H; THF CH2), 2.21 (s, 9H; Ar 

CH3), 1.36 (br, 12H; THF CH2). 13C NMR (126 MHz, C6D6, 25 oC): δ = 157.9, 138.6, 

137.3, 127.3 (CH), 117.6 (CH), 109.1 (CH), 68.6 (THF CH2), 51.6 (N CH3), 25.7 (THF 

CH2), 21.9 (Ar CH3). 51V NMR (105 MHz, C6D6, 25 oC): δ = -19.9. 7Li NMR (156 MHz, 

C6D6, 25 oC): δ = -1.8 (s). 

Synthesis of [N(C6H4-2-N(CH3))3V(µ-N)]3Al(Et2O) (4.13). 
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To a stiring solution of (N(C6H4-2-N(CH3))3)V(µ-N)Li(THF)3•(THF)2 (4.12a) (0.386 g, 

0.507 mmol) in benzene (2 mL) was added AlCl3 (0.0225 g, 0.169 mmol) suspended in 

benzene (1 mL) to give an immediate dark purple-red solution that was stirred for 5 minutes. 

The volatiles were removed in vacuo to remove excess THF and the residue was redissolved 

in benzene and filtered through a celite plug to remove LiCl. After removal of all volatiles, 

the residue was washed with pentane (5 × 0.5 mL) and ether (5 × 0.5 mL) until the filtrate 

was very slightly colored, affording a red-purple microcrystalline solid (0.143 g, 0.355 

mmol, 69.9 %). 1H NMR (500 MHz, C6D6, 25 oC): δ = 7.26 (d, 3JHH = 7.8 Hz, 9H; CH), 

7.04 (t, 3JHH = 7.8 Hz, 9H; CH), 6.52 (t, 3JHH = 7.6 Hz, 9H; CH), 6.29 (d, 3JHH = 7.6 Hz, 9H; 

CH), 4.27 (s, 27H; N CH3), 4.22 (m, 4H; Et2O CH2), 1.23 (m, 6H; Et2O CH3). 13C NMR 

(126 MHz, C6D6, 25 oC): δ = 158.2, 140.7, 137.3, 128.8 (CH), 126.9 (CH), 118.5 (CH), 73.3 

(Et2O CH2), 52.9 (N CH3), 25.1 (Et2O CH3). 51V NMR (105 MHz, C6D6, 25 oC): δ = -77.4. 

ESI-TOF m/z Calcd for C42H18BF25N6V- [M-Cl]-: 1244.3. Found: 1244.3. 
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Chapter 5 

Unusual C–H Bond Activation and C(sp3)–C(sp3) Bond Formation at an 

Fe(II) Bis(amide) Carbene Complex 
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5.1 Introduction 

C–H bond activation is an attractive avenue for the transformation of inexpensive and 

abundant feedstocks into value-added commodity chemicals. At the industrial level, for 

example, the DuPont “butox” process catalyzes the partial oxidation of n-butane to maleic 

anhydride via a heterogeneous vanadium phosphorus oxide (VPO) catalyst.1-3 While most 

research assigned the vanadyl (V═O) centers as the reactive sites for butane C–H bond 

activation, recent DFT studies suggest that the catalyst support P═O bonds, tethered to 

neighboring vanadyls, may instead be responsible, reacting by a cooperative proton-coupled 

electron transfer (PCET) mechanism with neighboring high-valent V centers (Scheme 5.1).4-

6 In order to probe this possible new main-group mediated C–H bond functionalization 

chemistry, our group has recently reported a suite of molecular mono- or multimetallic VPO 

model complexes of the general formula, (RxVn–L)yP(O)Ar(3–y) (Rx = Cp2, n = +3, L = O, y = 

1, 2, and 3, Ar = Ph; Rx = Cp2, n = +3, L = O(O)C(C6H4), y = 1 and 3, Ar = Ph; Rx = 

(Ph2N)3, n = +5, L = N, y = 1, Ar = Ph, C6F5) (Cp = η5-C5H5),7-10 some of which were briefly 

described in Chapter 1. All of these molecules bear a central M–L–E═O framework where 

M is the metal redox reservoir (e.g., V), L is a resonance linker atom (e.g., O and N) or 

fragment (e.g., aryl), and E is the main-group center (e.g., P). Using the high-valent 

(Ph2N)3V═N–P(O)Ar2 (Ar = Ph or C6F5) complexes, we found convincing evidence 

supporting this proposed PCET pathway using an H atom donor, as well as an H atom 

surrogate in the form of a TMS• donor (TMS = Me3Si) (Scheme 5.1).10 In this report, we 

outline our attempted expansion into new M–L–E═O frameworks, in particular using a 

transition-metal N-heterocyclic carbene (TM–NHC). 
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Scheme 5.1. a) Previous DFT/experimental reports on main-group mediated C–H 

functionalization (pyz = pyrazine; TMS = SiMe3). 

TM–NHCs are a broad class of compounds that have applications in catalytic C–H 

activation, cross-coupling, atom-transfer radical polymerization, olefin metathesis, and 

hydrosilylation chemistry.11, 12 Since the seminal report by Wanzlick describing the first 

TM–NHC, this group now spans the entirety of the d-block.13, 14 In part, this is due to the 

potent - and modest -back- donation ability of the NHC, allowing it to stabilize a wide 

range of oxidation states across the periodic table.15, 16 Due to this fact, these ligands have 

supplanted phosphines and other conventional two-electron donors in homogeneous 

catalysts. The resulting M–NHC bond is robust and less susceptible to decomposition 

pathways, leading to highly-active catalysts.17 Shortly after Arduengo isolated the first 

persistent NHC, access to TM–NHCs increased, and the field blossomed.18 However, Fe–

NHC systems and their catalytic applications matured more slowly; that is until 2000 when 

Grubbs spearheaded a report on Fe–NHC mediated ARTP chemistry.19 Presently, there is a 

diverse reactivity profile spanning coupling reactions, polymerization, and other 

functionalization chemistry.20 However, there are still ample opportunities to develop the 

field. In this vein, the continued exploration of Fe–NHC-based systems are attractive for two 

reasons: 1) Fe is the most abundant transition metal in the Earth’s crust and 2) NHCs 

provide the steric and electronic stabilization required to support metal oxidation state 

changes during a catalytic cycle in industrial settings.19-22 With this in mind, we thought it 
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prudent to expand the M–L–E═O framework to include Fe–NHCs.20, 22-33 Initially, we 

hypothesized that a favorable FeIII/II couple tethered to a remarkably basic NHC would 

leverage similar H• and TMS• group transfer reactivity to that of the VPO-model systems 

(vide supra).  

What we unexpectedly discovered was a reaction sequence involving the spontaneous 

C(sp3)–H bond activation and C(sp3)–C(sp3) bond formation chemistry. Detailed 

mechanistic studies were performed in an attempt to probe this unusual reaction mechanism 

involving this previously unknown and potentially new avenue to C(sp3)–C(sp3) bond 

formation. We tangentially discuss related Fe model compounds we hypothesize are relevant 

to the mechanism, including a rare FeIII–NHC intermediate. This is consistent with the 

observation that a judicious choice of metal oxidant and main-group base combination can 

initiate C–H bond activation, further supporting the need to study new electronic structure in 

these hybrid MLC systems. 

5.2 Results 

5.2.1 Attempted Synthesis of M–L–E=O Model Compound 

In attempting to synthesize our target compound (Scheme 5.2), we began by treating the 

previously reported compound, (IMes)Fe(NTMS2)2 (IMes = 1,3-bis(2,4,6-trimethylphenyl)-

imidazole-2-ylidene),26 with 4 equiv of methanesulfonyl chloride (MsCl = MeSO2Cl).  

 

Scheme 5.2. Attempted formation of target compound starting from the known 

(IMes)Fe(NTMS2)2 compound and MsCl through TMSCl elimination pathway (left). 
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Isolated bimetallic Fe-based product featuring new C(sp3)–C(sp3) bonds via a proposed 

C(sp3)–H bond activation pathway (right). 

We originally envisioned that TMSCl elimination would furnish our target compound. 

Mixing these reagents in toluene at room temperature led to darkening of the red solution 

and subsequent precipitation of a yellow powder after 3 hours of stirring. Isolation of the 

yellow powder and slow crystallization by diffusion of toluene into a saturated 

dichloromethane (DCM) solution of the product yielded bright-yellow single-crystals 

suitable for X-ray diffraction (XRD) studies. The solid-state molecular structure revealed the 

unexpected C(sp3)–C(sp3) coupled product, 

[IMesH]2[Cl2Fe(N(TMS)SO2(CH2)2SO2N(TMS))2FeCl2] (5.1) (Scheme 5.2; Figure 5.1), 

instead of our target compound. The complex featured standard bond metrics, including a 

C(1)–C(2) bond length of 1.516(9) Å consistent with a C–C single bond.34 The local 

geometry around each Fe is distorted octahedral with ligand contributions from two chloride 

anions and two sulfonamides adopting a 2 binding mode through the N and an O atom.  
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O(1)

 

Figure 5.1. Solid-state molecular structure of 5.1 revealing C(sp3)−C(sp3) bond formation 

(two [IMesH]+, hydrogen atoms, and all solvent molecules are omitted for clarity). 

Spectroscopic analysis of 5.1 by zero-field 57Fe Mössbauer spectroscopy (90 K) revealed 

the presence of a single Fe-containing species with a quadrupole doublet bearing an isomer 

shift () value of 0.37 mm/s and a quadrupole splitting (|EQ|) value of 0.53 mm/s (Figure 

5.2). The low isomer shift and narrow quadrupole splitting values are consistent with the 

pseudo-octahedral, high-spin FeIII complex 5.1.35 
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Figure 5.2. Zero-field 57Fe Mössbauer spectrum (90 K) of 5.1 showing a single quadrupole 

doublet with an isomer shift (δ) value of 0.37 mm/s and a quadrupole splitting (|ΔEQ|) value 

of 0.53 mm/s. 

The paramagnetic nature of 5.1 is further evidenced by a set of four broadened, 

paramagnetically shifted resonances in the 1H NMR spectrum. Analysis of 5.1 by UV-Vis 

spectroscopy revealed two absorptions centered at 316 nm ( = 1.1×104 M-1cm-1) and 362 

nm ( = 1.0×104 M-1cm-1) which we assign as ligand-to-metal charge transfer (LMCT) bands 

on the basis of their high extinction coefficients (). We next probed if the organic C–C 

coupled fragment could be extracted from Fe in 5.1. We observed clean protonolysis of the 

Fe–N bonds in 5.1 upon dissolving it in MeOH. Analysis of the MeOH solution by electron-

spray ionization mass spectrometry (ESI-MS) in negative-ion mode revealed major peaks 

for the free ligand, (TMS)NHSO2(CH2)2SO2NH(TMS) (5.2) in its deprotonated form 

[5.2-H]-, and desilylated derivatives, [5.2-TMS]- and [5.2-2TMS+H]- (Figure 5.3).  
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Scheme 5.3. Extraction of the organic C(sp3)−C(sp3) linker from 5.1 through protonolysis 

and TMSCl elimination. 

Isolation of the fully desilylated bis(sulfonamide) product H2NSO2(CH2)2SO2NH2 (5.3a; 

Scheme 5.3) was accomplished by addition of 8 equiv HCl (2.0 M in ether), removal of the 

[FeCl4][IMesH] byproduct, and isolation of the solid precipitate. Analysis of this product by 

ESI-MS revealed the conversion to 5.3a.  

150 200 250 300 350
m/z

[2-TMS]-

[2-H]-
[2-2TMS+H]-

 

Figure 5.3. Protonolysis of 5.1 in MeOH and analysis by negative-ion mode ESI-MS 

showing the C−C coupled fragment 5.2 in its deprotonated ([5.2-H]−) and desilylated 

derivatives ([5.2-TMS]− and [5.2-2TMS + H]−). 

Furthermore, the 1H NMR spectrum of the residue in D2O confirmed the formation of a 

single product with a singlet at 3.70 ppm correlating to a triplet in the 13C NMR spectrum at 

48.7 ppm as confirmed by 2D 1H–13C HSQC experiments (Figure 5.4).  
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D2O

 

Figure 5.4. 1H−13C HSQC NMR spectrum of 5.3a in D2O highlighting the CH2−CH2 

fragment. 

Finally, colorless crystals of 5.3a were grown by slow evaporation of an aqueous 

solution of the precipitate and unambiguously revealed the intact C–C linkage with C(1)–

C(2) bond metrics identical to those of 5.1 (Figure 5.5). Together, these experiments 

demonstrate the clean formation of a C(sp3)–C(sp3) coupled fragment as the major product 

(∼90%). 
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Figure 5.5. Solid-state molecular structure of 5.3a (all hydrogen atoms have been omitted 

for clarity). 

5.2.2 Extension of C–C Bond Forming Chemistry to Longer Sulfonyl Chains 

We next probed if this C–H activation/C–C bond forming chemistry could be extended 

to longer chains, such as ethyl and butyl. First, treatment of the starting material, 

(IMes)Fe(NTMS2)2, to 4 equivalents of ethylsulfonyl chloride (EsCl) in toluene – analogous 

to the synthesis of 5.1 – again led to darkening of the red solution, as well as the subsequent 

formation of an oil. Multiple attempts to obtain single crystals suitable for XRD experiments 

failed; however, analysis of the crude product by zero-field 57Fe Mössbauer spectroscopy 

(90 K) revealed the presence of a single monopole with  and |EQ| values of 0.32 and 0.00 

mm/s, respectively, suggesting the presence of a highly symmetric FeIII  species dissimilar to 

5.1. Furthermore, analysis of this crude reaction mixture by positive and negative-ion mode 

ESI-MS again revealed the formation of the C(sp3)–C(sp3) coupled product, 5.3b; however, 
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this was in addition to two new, more prominent peaks. Using an acidic workup like the one 

used in the MsCl reaction resulted in only the iron-containing species, [FeCl4][IMesH], 

being isolated. In order to further characterize the product(s) formed, the crude mixture was 

instead treated to a basic aqueous solution (NaOH) in air in order to hydrolyze the organic 

fragments and precipitate the iron oxides (rust). These two new products were selectively 

isolated, yet we were initially unable to interpret their 1H NMR spectra. Fortunately, both 

were unambiguously identified by single-crystal XRD studies as the products, 5.4b and 5.5b 

(Scheme 5.4, Figures 5.6, 5.7). 

 

Scheme 5.4. Extension of C(sp3)–C(sp3) bond formation to larger alkylsulfonyl chlorides 

leads to shift in product distribution to the alpha-chlorinated product, revealing a steric role 

in determining the chemoselectivity. 

Compound 5.4b appears to be the result of a double substitution of both TMS groups at 

N with two EsCl, in addition to a C–Cl bond formation  to the S center.  
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Figure 5.6. Solid-state molecular structure of 5.4b (all hydrogen atoms (except carbenic 

CH) have been omitted for clarity). 

In contrast, we believe 5.5b is the product of a side reaction involving a proposed 

sulfene intermediate (vide infra).  
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Figure 5.7. Solid-state molecular structure of 5.5b (all hydrogen atoms have been omitted 

for clarity). 

The ratio of 5.4b:5.5b was approximately 2.5:1 based on 1H NMR integration. The 

proposed formation of all these compounds will be described in the mechanistic section 

below. Together, however, we estimate a total yield of approximately 60 % for 5.4b and 

5.5b combined based on NMR assignments and integrations, and trace amounts of 5.3b 

based on ESI-MS. Similar products and distributions were obtained with the use of 

butylsulfonyl chloride to produce the corresponding products, 5.3c-5.5c (Scheme 5.4). In 

contrast to 5.3b and 5.3c, we reiterate the yield of 5.3a was much higher (~ 90 %), likely 

suggesting an important steric contribution to the fate of these reactions. Lastly, we note that 

the analogous compounds 5.4a and 5.5a (Scheme 5.4) were observed only by ESI-MS and 

were not isolated. 
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In order to gain a better mechanistic picture, we focused on the MsCl reaction and 

synthesized a series of complexes (5.6–5.8) which we initially hypothesized may be relevant 

to the reaction mechanism (Scheme 5.5). 

 

Scheme 5.5. C−C Bond-Forming Reaction (top) and Model Complexes 5.6−5.8 for 

Mechanistic Studies (bottom). 

5.2.3 Synthesis of Model Compounds Relevant to Mechanistic Studies 

Compound 5.6 can be seen as either an FeIII variant of the starting material, 

(IMes)Fe(NTMS2)2, or as a half-fragment of 5.1 lacking the Ms appendages. The compound 

was synthesized by addition of [IMesH][Cl] to the known FeIII precursor, 

Fe(NTMS2)2Cl(THF),36 in benzene.  
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Figure 5.8. a) The reaction between Fe(NTMS2)2Cl(THF) and [IMesH][Cl] displaces THF, 

forming the ion-pair, 5.6. b) Solid-state molecular structure of 5.6 (all hydrogen atoms 

(except carbenic CH), and co-crystallized solvent molecules are omitted for clarity). 
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Upon purification, a brick-red powder was isolated in 87 % yield. Single-crystals 

suitable for XRD studies were grown by vapor diffusion of pentane into a saturated benzene 

solution of 5.6 and revealed the expected structure, with the anionic portion isostructural to a 

previous report (Figure 5.8b).36 The zero-field 57Fe Mӧssbauer spectrum of 5.6 revealed a 

broad quadrupole doublet with   and |EQ| values of 0.35 and 1.16 mm/s. The UV-Vis 

spectrum of 5.6 revealed a prominent band at 420 nm – similar to the starting material 

Fe(NTMS2)2Cl(THF)36 at 433 nm – which will be relevant to the mechanistic study below.  

Our original target species, compound 5.7 (Schemes 5.5, 5.6), was next synthesized in a 

two-step, one-pot protocol involving the addition of Fe(NTMS2)2 to two equivalents of N-

(trimethylsilyl)methanesulfonamide (MsNH(TMS))37 resulting in the deprotonation of 

MsNH(TMS) and formation of TMS2NH. One equivalent of IMes was subsequently added 

directly to this reaction mixture. Following isolation and purification, the product was 

analyzed by zero-field 57Fe Mössbauer spectroscopy (90 K) and revealed the presence of a 

quadrupole doublet with  and |EQ| values of 0.55 and 0.97 mm/s, respectively.  

 

Scheme 5.6. Two-step, one-pot procedure involving acid–base metalation and addition of 

IMes to yield 5.7 (left). Acid–base metalation in the absence of IMes yields a pentameric Fe 

species, 5.11. Subsequent addition of IMes to this complex induces ligand scrambling to 

generate 5.7 (right). 
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Single crystals suitable for XRD studies were grown out of a saturated ether solution at -

38 °C. The complex displays distorted trigonal bipyramidal symmetry around Fe. The ligand 

adopts a 2 binding mode through the N and an O atom like in compound 5.1 (Figure 5.9). 

The UV-Vis spectrum of 5.7 features a broad absorbance at 298 nm ( = 7.5×102 M-1cm-1). 

Fe(1)

N(1)

Si(1)

C(1)

S(1)

O(1)

 

Figure 5.9. Solid-state molecular structure of 5.7 (all hydrogen atoms have been omitted for 

clarity). 

A stepwise protocol can also be used. The product after the initial protonolysis can be 

isolated and features a pentameric all-ferrous species. The Fe to ligand stoichiometry is 1:2, 

but with significant ligand scrambling, as evidenced by the lack of any Fe–N bonds in the 

central Fe(1) moiety. The addition of IMes to this pentamer, 5.11, induces subsequent ligand 

scrambling to again form compound 5.7 just like in the one-pot procedure. 
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Figure 5.10. Solid-state molecular structure of 5.11 (all hydrogen atoms have been omitted 

for clarity). 

The last model compound synthesized (5.8, Scheme 5.5, Figure 5.11), represents the 

“half-piece” of 5.1 and was obtained by a similar acid–base approach to the synthesis of 5.7. 

Two equivalents of MsNH(TMS) were added to Fe(NTMS2)2Cl(THF) in benzene.36 

Subsequent addition of [IMesH][Cl], and isolation/purification of the product afforded 5.8 in 

89 % isolated yield. Single crystals suitable for XRD studies were grown by layering 

hexamethyldisiloxane (HMDSO) to a saturated THF solution of 5.8 (Figure 5.11b). 
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Figure 5.11. a) The reaction between Fe(NTMS2)2Cl(THF) and MeSO2NH(TMS) (2 equiv.) 

and [IMesH][Cl] (1 equiv.) affords 5.8. b) Solid-state molecular structure of 5.8 representing 

the “half-fragment” of 5.1 with identical Fe environments ([IMesH]+ and all hydrogen atoms 

are omitted for clarity). 

Interestingly, all relevant bond metrics and angles in 5.8 are nearly identical to those in 

5.1. (We would like to note that 5.8 and 5.1 crystallize in separate space groups, Pbca and 
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P1(bar), respectively, and that 5.1 does not lie on a center of symmetry and is thus not a 

product of crystallographic symmetry). The identical Fe environments in 5.8 and 5.1 were 

further confirmed spectroscopically. First, the zero-field 57Fe Mӧssbauer spectrum of 5.8 

revealed a single quadrupole doublet with  and |EQ| values of 0.35 and 0.50 mm/s, 

respectively, virtually identical to the doublet assigned to 5.1 (0.37 and 0.53 mm/s, 

respectively; Figure 5.2). Second, the UV-Vis spectrum of 5.8 revealed LMCT bands at 316 

and 362 nm, identical to those of 5.1, but with  values half as intense, consistent with the 

reduced metal nuclearity in 5.8. Lastly, protonolysis of 5.8 with MeOH and subsequent 

analysis by ESI-MS in negative-ion mode revealed a prominent peak at m/z = 166.04, 

consistent with the ligand fragment [MsN(TMS)]-. No C(sp3)–C(sp3) products, such as in the 

protonolysis of 5.1 (Figure 5.3), were observed here. 

5.2.4 Control Reactions  

With model compounds 5.6-5.8 in hand, we next attempted to establish a unifying 

mechanism for the C–H activation/C–C bond forming chemistry (5.3) which would 

incorporate competing pathways to generate compounds 5.4 and 5.5 (Scheme 5.4). A series 

of control reactions were first performed. The first involved the reaction of IMes with MsCl 

in the absence of Fe(NTMS2)2. Clean conversion to the [IMes][Cl] salt was observed by 1H 

NMR spectroscopy. The formation of the known cyclic, 4-membered sulfene dimer 

compound, (–S(O)2CH2–)2, is proposed, but was not observed spectroscopically.38 A second 

control experiment was performed to determine whether IMes was needed in this chemistry. 

Two equivalents of MsCl was slowly added to a toluene solution of Fe(NTMS2)2 in the 

absence of IMes.  
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Figure 5.12. a) The reaction between Fe(NTMS2)2 and MeSO2Cl (2 equiv.) affords the FeIII 

siloxide. b) Solid-state molecular structure of 5.9 (all hydrogen atoms and solvent molecules 

have been omitted for clarity). 

A dark red product was isolated, purified, and crystallized by slow-cooling a saturated 

HMDSO solution. The solid-state structure revealed the formation of a bridging, bimetallic, 

all-ferric siloxide complex of the formula, ((TMS2N)ClFe)2(-OTMS)2 (5.9) (Figure 5.12), 

analogous in many respects to a structure obtained by Holland and co-workers involving the 

reaction of XFe(NTMS2) with CO2 to produce (XFe)2(-OTMS)2 and the isocyanate, 
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TMSN=C=O (X = formazanate(1-) ligand).39 Following an analogous mechanism to theirs, 

we propose that O extrusion from MsCl leads to siloxide formation and production of the 

unstable N-silylmethylsulfonimidoyl chloride (TMSN=S(O)MeCl) by-product.40 Two 

important observations can be made from this control reaction: 1) One of the four 

equivalents of MsCl oxidatively delivers chlorine to Fe, and; 2) IMes clearly has an 

important impact on the reaction outcome (vide infra). 

 

Scheme 5.7. Formation of 5.9 through a mechanism analogous to the one reported by 

Holland and co-workers.39 

5.2.5 Mechanistic Studies using UV-Vis Spectroscopy  

We next turned to UV-Vis spectroscopy in order to garner further mechanistic 

information on the formation of 5.1. First, we note that the starting material, 

(IMes)Fe(NTMS2)2, is featureless in the visible range, but possesses a broad absorbance in 

the near-UV region, starting at 350 nm and extending to the detector limit (275 nm) (Figure 

5.13, green band). In comparison, as described above, the isolated product 5.1 exhibits two 

resonances centered at 316 nm and 362 nm that we assigned as LMCT bands (Figure 5.13, 

black band). With this in mind, we monitored the growth and decay of absorption bands 

from the reaction of (IMes)Fe(NTMS2)2 under saturation kinetics with MsCl (100 eq.) in 
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DCM over time. An initial absorption at 420 nm rapidly grows in within 10 minutes before 

gradually decaying to two new bands at 316 and 362 nm over the course of 3 hours, 

consistent with the formation of 5.1 or 5.8; however, these experimental conditions should 

favor the former and not the latter. 
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Figure 5.13. (a) UV−vis reaction of (IMes)Fe(NTMS2)2 (green) with MsCl (100 equiv.) 

showing the initial rapid growth of an FeIII species (red), such as 5.6 (420 nm), followed by 

its decay to 5.1 (316 and 362 nm, black) over time (gray). Inset is the logarithmic plot of 

absorbance versus time for the decay of presumed 5.6 (420 nm) using MsCl (blue) and 

MsCl-d3 (gray) revealing a primary kinetic isotope effect of 5.51 ± 0.01. (b) UV−vis 

reaction of 5.6 with MsCl (100 equiv.) displaying the formation of 5.1 (black), but following 

a zero order kinetic profile in 5.6. 

 We note that the initial band at 420 nm is analogous to 5.6 (Figure 5.13), or the reported 

complex Fe(NTMS2)2Cl(THF),36 both of which are FeIII species. The lack of a clean 

isosbestic point in this reaction is consistent with an expected multi-step pathway involving 

numerous species.  While the growth of 5.1 revealed no apparent reaction-order dependence, 

the conversion of 5.6 (or related FeIII species) to 5.1 underwent pseudo-first order decay. 
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Furthermore, in monitoring the decay band at 420 nm, a primary kinetic isotope effect (KIE) 

of 5.51 ± 0.01 was found using deuterium-labelled MsCl-d3 (Figure 5.13, inset).41 

To further probe the possible intermediacy of 5.6, we separately subjected it to MsCl 

(100 eq.) in DCM and monitored its decay. While analogous decay features producing 5.1 

were again observed, zeroth order reaction kinetics were operational here (Figure 5.13b). 

However, we note that 5.6 contains protonated [IMesH]+ in contrast to (IMes)Fe(NTMS2)2 

which is known to contain free IMes in equilibrium.26 Thus, introducing three equivalents of 

IMes to the reaction mixture of 5.6 + MsCl (100 eq.) indeed reintroduced first-order kinetics 

throughout the reaction process. We were able to extract a pseudo-first order rate constant of 

k′ = 3.793•10-3 M-1s-1 by independently varying the concentration of MsCl (Figure 5.14). 
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Figure 5.14. a) The reaction of 5.6 (0.2097 mM) + 100 (black), 200 (red), and 400 (blue) 

equiv. of MsCl in DCM monitored at 420 nm in a J-Young cuvette. kobs = rate = 6.363x10-5 

s-1 (black), 1.516x10-4 s-1 (red), and 2.998x10-4 s-1 (blue). kobs is directly proportional to 

[MsCl], revealing first-order dependence on MsCl in the rate-determining step. b) The rate 

of reaction (kobs) at various concentrations of MsCl is plotted for the reaction of 5.6 (0.2097 

mM) + MsCl (100, 200, and 400 equiv.) in DCM, showing first-order dependence on MsCl 
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with extracted rate constant k′ = 3.793x10-3 M-1 s-1 (determined from the slope of the line of 

best fit). 

 To confirm that 5.1 – and not the “half-piece” 5.8 (Scheme 5.5) – is formed from the 

reaction of 5.6 with MsCl (2 eq.) (Scheme 5.9, h), protonolysis of the reaction mixture with 

MeOH and subsequent analysis by ESI-MS revealed major peaks corresponding to the free 

ligand 5.2, with no sign of the uncoupled fragment, MsNH(TMS). Lastly, we investigated 

the reaction outcome in the absence of any IMes by synthesizing the previously reported 

FeIII compound, [Et4N][Cl2Fe(NTMS2)2] (5.10).42 We found that treatment of this complex 

with two equivalents of MsCl resulted in a switch in product distribution, this time favouring 

the -chlorinated product, 5.4a (Scheme 5.8), and disfavouring the C(sp3)–C(sp3) coupled 

product (5.2), as observed by ESI-MS following protonolysis in MeOH.  Together, these 

results highlight the importance of IMes in both the rate-determining step (RDS) and in 

controlling the chemoselectivity of this reaction. 

 

Scheme 5.8. Reaction of 5.10 with MsCl (2 equiv.) leads to switch in product distribution 

with α-chlorination product 5.4a being favored over C(sp3)−C(sp3) product 5.3a. 

We note that the FeII compound (5.7) (Scheme 5.5) is an unlikely intermediate given that 

initial TMSCl elimination to produce 5.7 from (IMes)Fe(NTMS2)2, followed by its oxidation 

to 5.8 or 5.1 would preclude the appearance of 5.6 (or a similar FeIII species) in the UV-Vis 

spectra (Figure 5.13). Furthermore, we found that the reaction of 5.7 with MsCl (2 eq.) 

yields 5.8, not 5.1, as determined by single-crystal XRD studies (Scheme 5.9, i). In parallel, 

ESI-MS analysis in negative-ion mode of the crude reaction mixture does not yield peaks for 
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the free ligand 5.2. Lastly, we note that the “half-piece” 5.8 is an unlikely intermediate given 

our unsuccessful attempts at H-atom abstraction (HAA) to yield 5.1 following radical 

recombination (Scheme 5.9, j). Together, these data support a reaction pathway involving 

initial fast oxidation of FeII to FeIII, yielding intermediate 5.6 or a similar FeIII species, 

followed by a rate-determining C–H functionalization step dependent on IMes and MsCl. 

 

Scheme 5.9. Proposed general mechanism for the observed, sterically driven, C–C vs. C–Cl 

bond forming chemistry starting from (IMes)Fe(NTMS2)2 and alkylsulfonyl chlorides. A 

proposed RDS based on kinetic data and featuring a concerted or stepwise PCET reaction 

sequence is shown in the dashed box. Isolated compounds are drawn in teal and additional 

details are in gray. 

Combining the experimental data above – and focusing first on the MsCl reaction with 

(IMes)Fe(NTMS2)2 (R = H, Scheme 5.9) – we propose a general reaction mechanism 

involving the initial oxidation of (IMes)Fe(NTMS2)2 with MsCl resulting in the formation of 

an FeIII species consistent with the observed absorption at 420 nm in the UV-Vis spectrum 
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(Scheme 5.9, path a, Figure 5.13a). Following this, a proposed RDS (Scheme 5.9, paths b + 

c (box)) dependent on both MsCl and IMes, and consistent with the observed KIE (Figure 

5.13a), may involve a concerted or stepwise proton-coupled electron transfer (PCET) 

reaction resulting in C–H bond activation and the generation of the methylsulfonyl chloride 

radical which can rapidly dimerize to ClSO2CH2CH2SO2Cl through C(sp3)–C(sp3) bond 

formation (Scheme 5.9, path d). Finally, the reaction of this with either 5.6 or the proposed 

FeII intermediate [IMesH][ClFe(NTMS2)2] (Scheme 5.9, path e) through TMSCl elimination 

(followed by oxidation for the latter) would lead to the final major product, 5.1. Based on 

our experimental observations, this mechanism appears to be sterically driven. With the 

larger alkylsulfonyl chlorides, a competing reaction involving chlorination of the 

alkylsulfonyl chloride radical intermediate may result in the formation of products 5.4b-5.4c 

through a multistep pathway and following hydrolysis (Scheme 5.9, paths f & g). The 

reactions described previously for compounds 5.6-5.8 are also described in Scheme 5.9 

(paths h-j). Additionally, the formation of the minor product 5.5a-c may be attributed to 

competing deprotonation of the sulfonyl chloride by Fe(NTMS2)2 to generate the sulfene 

dimer that can be nucleophilically ring-opened by IMes. 

 

Scheme 5.10. Mechanism accounting for the formation of 5.5a-c through nucleophilic 

attack of the sulfene dimer by IMes. 

5.2.6 Attempts to Independently Synthesize the FeIII–NHC Intermediate 
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To bolster our spectroscopic evidence of FeIII–NHC in mediating C(sp3)–H bond 

activation and C(sp3)–C(sp3) bond formation in the RDS, we next attempted to 

independently synthesize this reactive species and subject it to MsCl to observe if the 

C(sp3)–H activation and C–C bond-forming reactions proceed. To date, Fe–NHC complexes 

have been prepared in various geometries, coordination modes, and oxidation states, and are 

involved in numerous synthetic applications.43-46 In most cases, the Fe center mediates all 

bond activation and functionalization while the NHC ligand optimizes the electronic and 

steric environment around the central metal. Unlike this underlying reactivity pattern that 

dominates the Fe–NHC space, the related Fe–carbenoid/alkylidene systems22, 44, 47-49 operate 

under the context of main-group/metal cooperation. A survey of some early TM–NHCs 

reveals that they react via initial dissociation of the LA/LB pair followed by concerted 

activation of a substrate molecule.50, 51  We posit that this reaction mode does not readily 

extend to Fe–NHCs due to the stronger middle-to-late-transition metal bonds formed with 

NHCs.12, 52 Nevertheless, we propose that middle-to-late TM–NHCs can access a 

complementary avenue by taking advantage of the TM’s redox-switchable nature rather than 

their Lewis acidity. Our inspiration originates from recent reports describing SET from LBs 

to LAs to generate FRPs capable of cooperative bond activation processes. In addition, SET 

has most recently been extended to NHCs and a redox-active LA (i.e. Ph3C+) (Scheme 

5.11).53  

Relatedly, the proposed intermediate compound features an NHC with a redox-active 

LA (i.e. FeIII/II) that engaged in new main-group/metal cooperative reactivity, so its 

preparation may yield valuable insight into which activation mode is operative. Herein, we 

discuss our attempts to independently prepare this complex that resulted in further C(sp3)–H 

bond activation and C(sp3)–C(sp3) bond formation, even in the absence of MsCl. While most 
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reports describe cooperative bond activation through a combination of TM LA and NHC 

basicity, this reactivity is indicative of a new mode of cooperative bond activation through 

the formation of transient FRPs through SET between an NHC and a TM LA. 

 

Scheme 5.11. (right) Previous work on SET from an NHC to an oxidizing Lewis acid (trityl 

cation), generating an NHC radical cation that can undergo radical recombination with 

Ph3C•. (left) This work addressing potential SET from an NHC to a transition metal Lewis 

acid towards new main-group/metal cooperative reactivity. 

To afford our target compound, we treated the known FeIII synthon, 

Fe(NTMS2)2Cl(THF), with an equivalent of IMes in benzene in an attempt to displace the 

more-labile THF molecule, analogous to the preparation of our other FeIII complexes (vide 

supra). The 1H NMR spectrum of the crude reaction mixture revealed several 

paramagnetically broadened resonances from 35 ppm to -10 ppm and two resonances in the 

diamagnetic region corresponding to free THF. Moreover, the UV-Vis displayed a broad 

feature at 420 nm in line with our other structurally related FeIII-bis(silyl)amides. In 

particular, this resonance matches very well with the proposed FeIII intermediate formed in 

the C–H bond activation process for the MsCl reaction (Figure 5.15). 
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Figure 5.15. UV−vis reaction of Fe(NTMS2)2Cl(THF) with IMes (1 equiv.) showing a band 

at 420 nm very similar to the proposed FeIII–NHC intermediate in the oxidative reaction 

between (IMes)Fe(NTMS2)2 and MsCl (100 equiv.). 

After workup, dark-red single crystals suitable for XRD studies were grown from slow 

vapor-diffusion of iso-octane into a saturated benzene solution of the product, resulting in a 

compound of unexpected composition (Scheme 5.12). The solid-state molecular structure 

featured a C(sp3)–H bond activation product, 5.12, where IMes replaced a TMS hydrogen 

(Figure 5.16). Furthermore, the Fe center is four-coordinate, bearing all X-type ligands in 

contrast to the mixed X- and L-type contributions we anticipated.  
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Figure 5.16. Solid-state molecular structure of 5.12 showing the C–H bond activation 

product (all hydrogen atoms have been omitted for clarity). 

Our attempts to replicate this result instead led to two related compounds, which may 

provide insight into the formation of the initial C–H activation product. The second product 

is a salt, 5.13, comprised of two IMes cations stitched together through a newly formed 

C(sp3)–C(sp3) linker, and is balanced by two Cl2Fe(NTMS2)2) counteranions (Figure 5.17). 

An authentic sample of the dicationic portion can be prepared via double nucleophilic 

substitution at dichloroethane by IMes.54 Meanwhile, the anionic portion is isostructural to 

both our and Lee’s previously reported FeIII compounds. However, we note that there is no 

C2 source (i.e. dichloroethane) present in either our reaction mixture or solvents; therefore, 

the C(sp3)–C(sp3) linker must be generated during the reaction.  
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Figure 5.17. Solid-state molecular structure of 5.13 showing the C(sp3)–C(sp3) bond 

formation product (all hydrogen atoms have been omitted for clarity). 

The second species that was isolated was the known FeII(NTMS2)Cl(IMes) complex, 

featuring a trigonal planar FeII center. We note here that we start at FeIII, so a reduction 

process must be occurring, which may support our hypothesis that an in situ generated NHC 

radical cation is formed via SET to the FeIII in solution. These three species are 

mechanistically related to each other, and their relationship will be discussed below. 
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Scheme 5.12. Attempted independent synthesis of the target FeIII–NHC intermediate that 

instead led to further C–H bond activation and C–C bond formation in the absence of MsCl. 

We also isolate an FeII byproduct, which suggests a SET pathway is operative, potentially 

supporting the generation and role of an a NHC radical cation in these transformations. 

We hypothesize that IMes initially displaces the THF ligand consistent with the 

observation of free THF resonances in the crude 1H NMR spectrum concomitant with the 

disappearance of signals for free IMes. Once generated, a combination of the FeIII oxidation 

potential and NHC basicity may lead to SET to form a FRP, which may be too reactive, 

precluding crystallographic isolation. Nevertheless, we infer its existence through the 

products generated downstream. The isolated products and UV-Vis data above strongly 

suggest that this FeIII–NHC intermediate is being formed, similar to what was observed 

during the oxidative generation of this FeIII–NHC intermediate during the MsCl reaction. 

Therefore, we reasoned that the subsequent C–H bond activation process could occur 

through one of two possible pathways. The first pathway involves abstraction of H• via 

concerted or stepwise PT-ET with two equivalents of FeIII–NHC starting material to 

generate a putative FeIII silylium radical with concomitant formation of an FeII byproduct 

that was crystallographically isolated. The FeIII silylium radical can undergo valence 

tautomerism to the FeII silylium cation that would be susceptible to intramolecular 

nucleophilic attack by IMes.55, 56 The final product may be generated after subsequent 

oxidative chlorination (Scheme 5.13, top). The second pathway involves SET from the NHC 
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to FeIII to generate an NHC radical cation that performs HAA to give an FeII silylium radical 

anion balanced by the NHC–H cation.57, 58 The silylium radical anion can be intercepted by 

an IMes radical cation generated from the introduction of another equivalent of starting 

material, leading to both pathways converging to intermediate 5.13′. The same FeII 

byproduct from pathway 1 is released following acid–base chemistry. Finally, oxidative 

chlorination of intermediate 5.13′ results in the product (Scheme 5.13, bottom). 

 

Scheme 5.13. Proposed mechanism for the formation of the C–H bond activation product 

involving either a stepwise or concerted PT-ET pathway (top) or SET process to generate an 

NHC radical cation that can initiate a HAA pathway (bottom). 

In the second pathway, we invoke the formation of a reactive IMes radical cation 

capable of performing C–H bond activation via HAA. To test this hypothesis, we sought to 

isolate and/or spectroscopically observe the putative radical cation. In this vein, we reacted 

IMes with [Fc][PF6] in benzene, which resulted in an immediate color change to dark red 

and subsequent deposition of a reddish oil. A crop of red and colorless crystals suitable for 

XRD studies were grown upon allowing the benzene solution to stand at room temperature. 

The solid-state structure of the red crystals revealed a C–H bond activation product, [Fc–

IMes][PF6]. Meanwhile, the colorless crystals revealed a protonated [IMes–H][PF6] salt, 

potentially revealing the fate of the putative hydrogen-atom. We note that using FcII resulted 
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in no reaction with IMes. A recent preprint published in ChemRxiv describes similar 

chemistry to this. One of their three pathways includes HAA via an NHC radical cation.59 

While their computations favored a different pathway, it may nevertheless be possible to 

oxidize IMes using this Fe(NTMS2)2Cl(THF) precursor, especially if an inner-sphere 

electron transfer pathway becomes available upon coordination of IMes. This would 

generate a IMes radical cation capable of subsequent HAA chemistry. 

F(1)

Fe(1)

P(1)

N(1)

    

a)

b)

 



 

 
191 

Figure 5.18. a) The reaction between IMes and Fc+ generates a C–H activation product, 

[NHC–H][PF6], and Fc. b) Solid-state molecular structure of 5.14 (all hydrogen atoms and 

co-crystallized solvent molecules are omitted for clarity). 

Next, we focused on the C(sp3)–C(sp3) bond-forming reaction. Again, we note that there 

is no C2 source in our reaction mixture, which led us to hypothesize that two C1 sources 

must come together during this reaction to form the C(sp3)–C(sp3) bond. Upon examination 

of the C–H bond activation product, we note the presence of a NHC–CH2 bond connection, 

which is also found in the dicationic salt. Therefore, we envisioned that homolytic 

dissociation of NHC–CH2• from the parent compound followed by irreversible 

homocoupling may generate the C(sp3)–C(sp3) linker. 

 

Scheme 5.14. Proposed mechanism for the formation of the C–C coupled product involving 

a homolytic dissociation pathway with the pre-formed NHC–CH2 fragment followed by 

radical recombination and an unknown pathway to reform the Cl2Fe(NTMS2)2 counteranion. 
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To summarize, oxidative C–H functionalization of MsCl using an iron-carbene complex 

results in a new C(sp3)–C(sp3) coupled product 5.1. Although heavier alkylsulfonyl chloride 

substrates similarly result in this type of coupling sequence, a reduction in chemoselectivity 

for C–C bond formation in favor of C–Cl and C–S bond formation is evidenced using the 

larger alkylsulfonyl chlorides. Our attempts to independently prepare the putative FeIII–NHC 

similarly resulted in unexpected C(sp3)–H bond activation and C(sp3)–C(sp3) bond 

formation. This work demonstrates a potentially new avenue to generating C(sp3)–C(sp3) 

bonds that may be used to build up complex molecular frameworks bearing 

bis(sulfonamide) functional groups. The rich reactivity associated with these different d-p 

pairings inspired us to generalize the methods available to tether Fe onto main-group 

frameworks. 

5.2.7 Other Attempts at Fe-Tethered Main-Group Frameworks 

Building on the results where M = Fe and E = S, we discuss three strategies for tethering 

Fe onto main-group frameworks. Namely, TMS–Cl elimination using Fe-bis(silyl)amides 

and E–Cl precursors, homolytic bond cleavage reactions with suitable FeII precursors and 

disulfides or peroxides, and acid–base metalations using basic Fe-bis(silyl)amides and protic 

sources. 
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C(1)

Si(1)

N(1)

     

Fe(1)

P(1)

a)

  

 

Figure 5.19. a) Attempted formation of target compound starting from the known 

(IMes)Fe(NTMS2)2 compound and Ph2P(O)Cl (2 equiv.) through a TMSCl elimination 

pathway (left). Isolated bimetallic Fe complex featuring an abnormal carbene capped at its 

C2 position with Ph2P(O). b) Isotropic solid-state molecular structure of the abnormal 

carbene, 5.15 (all hydrogen atoms are omitted for clarity). 
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First, we hypothesized that treatment with (IMes)Fe(NTMS2)2 with Ph2P(O)Cl would 

lead to TMS–Cl elimination to give an Fe–N–P=O backbone as an entry into potential 

cooperative reactivity between the Fe center and P=O multiple bond. Different from the 

MsCl case is that Ph2P(O)Cl is not a chorine atom donor, which disfavors SET pathways 

and may instead encourage a TMS–Cl elimination process. Mixing a 1:2 ratio of these 

reagents in benzene results in an orange solution from which a yellow-orange powder 

precipitates from solution after stirring overnight (Figure 5.19a). The crude mixture was 

analyzed by multinuclear NMR spectroscopy, and the 1H NMR spectrum revealed the 

presence of TMS2NH rather than the anticipated TMS–Cl byproduct along with several 

paramagnetically shifted resonances. The 31P NMR was silent, indicative of consumption of 

the starting Ph2P(O)Cl species and incorporation into a paramagnetic Fe center. Single 

crystals suitable for XRD studies were grown and revealed a dimeric FeII species (Figure 

5.19b). It features an abnormal carbene capped at its C2 position by Ph2P(O) and metallation 

at its C4 position with FeII. The FeII center is four-coordinate with ligand contributions from 

a silylamide, the abnormal carbene, and two bridging chloride ligands. The complex grows 

in the P21/c space group possessing an inversion center along the Fe–Cl bond vector, 

relating the two halves of the asymmetric unit. We note that the relevant motif we sought 

was not obtained in this reaction. Perhaps using the related Ph2P(O)F to eliminate TMS–F 

may be the thermodynamic driving force required to yield our target compound; however, 

this was not attempted. 

Next, we explored homolytic bond cleavage reactions at FeII using both disulfides and 

peroxides to generate FeIII tethered main-group frameworks. We hypothesized here that 

homolytic cleavage of the weak S–S or O–O bond followed by rebound onto the FeII center 
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will generate an FeIII compound with the appended S or O functionalized complex (Scheme 

5.15).  

 

Scheme 5.15. Synthesis of new main-group/metal frameworks through oxidative cleavage 

of weak S–S or O–O bonds. 

We began with a proof-of-principle test using Fe(NTMS2)2 and PhS–SPh. Upon mixing 

this disulfide (0.5 equiv.) with the Fe-based reagent (1 equiv.), an immediate darkening of 

the solution to red occurred. Single crystals suitable for XRD studies were grown and the 

solid-state molecular structure of 5.16 revealed a cleaved disulfide bond, forming a diamond 

(Fe-µS)2 core (Figure 5.20). 
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Si(1)
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Fe(1)

S(1)

C(1)

 

Figure 5.20. Solid-state molecular structure of 5.16 featuring an Fe2S2 diamond core due to 

an oxidative homolytic cleavage reaction involving Fe(NTMS2)2 and PhS–SPh (all hydrogen 

atoms are omitted for clarity). 

Encouraged by this result, we proceeded to utilize disulfonyl reagents, MePhS(O)O–

O(O)SPhMe, in an analogous procedure to the above homolytic cleavage reaction. We 
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rationalized that the presence of the additional donor oxygens would give a free multiple 

bond that could be used for VPO-like reactivity. After workup, single crystals suitable for 

XRD studies were grown. The solid-state molecular structure revealed that both sulfonyl 

oxygens coordinate to the Fe centers, forming another FeIII dimer (5.17, Figure 5.21).  

O(1)

C(1)

Si(1)

N(1)

S(1)

Fe(1)

 

Figure 5.21. Solid-state molecular structure of 5.17 featuring an 8-membered heterocycle 

due to an oxidative homolytic cleavage reaction involving Fe(NTMS2)2 and the disulfone 

PhSO2–SO2Ph (all hydrogen atoms are omitted for clarity). 
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We again increased the number of available oxygens using (m-NO2PhSO3)2 peroxide. 

The combination of Fe(NTMS2)2 (1 equiv.) with (m-NO2PhSO3)2 peroxide (0.5 equiv.) did 

generate a compound possessing a free S=O multiple bond (5.18, Figure 5.22). Using this 

strategy, we believe any combination of oxidizable metal (ex. FeII, VIV) with open-

coordination sites can be used as partners in this chemistry, which may quickly lead to a 

library of electronically-interesting molecules. 

O(1)
C(1)

Si(1)

N(1)

Fe(1)

S(1)

 

Figure 5.22. Solid-state molecular structure of 5.18 featuring an 8-membered heterocycle 

due to an oxidative homolytic cleavage reaction involving Fe(NTMS2)2 and the peroxide (m-

NO2PhSO3)2 (all hydrogen atoms are omitted for clarity). 
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Lastly, we employed acid–base metalation strategies using basic FeIII-bis(silyl)amides 

and acidic free ligands with pre-installed multiple bonds. Using Fe(NTMS2)2Cl(THF) and 

one or two equivalents of MeSO2NH(TMS) leads to displacement of one equivalent of 

TMS2NH in the first case to give the expected product as a dimer.  

 

Scheme 5.16. (left) Protonolysis of Fe(NTMS2)2Cl(THF) with MeSO2NH(TMS) (1 equiv.) 

to form the expected compound, 5.19, as a dimer. (right) Protonolysis of 

Fe(NTMS2)2Cl(THF) with MeSO2NH(TMS) (2 equiv.) resulting in an unexpected complex 

reaction sequence generating the interstitial µ3-N nitride bound to three Fe centers, 5.20. The 

Fe and µ3-N nitride core are highlighted for clarity. 

However, using two equivalents of free ligand did not result in the corresponding 

protonation and release of two equivalents of TMS2NH to give the expected substitution. 
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Figure 5.23. Solid-state molecular structure of 5.19 (all hydrogen atoms are omitted for 

clarity). 

 Instead, a dimer incorporating two Fe3-µ3-N units occurred. Notably, there is a presence 

of a nitride substituent bonded to three Fe centers. We propose that it originates from the 

free ligand through formal losses of MeSO2Cl, TMS–Cl, NTMS3, and TMS2NH in a 

complex reaction sequence involving the starting Fe precursor.  
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a) b)

 

Figure 5.23. a) Solid-state molecular structure of 5.20 showing the interstitial and µ3-N 

nitride (all hydrogen atoms are omitted for clarity). b) Half the molecule is shown for clarity. 

Earlier we noted that the synthesis of [IMesH][Cl2Fe(NSO2Me)2] similarly involved the 

addition of two equivalents of the free ligand followed by the addition of [IMesH][Cl]. In 

that reaction, we generated the protonation product in situ before capping the compound 

with the salt. In this case, we still hypothesize that we go through the protonation pathway, 

however, in the absence of a suitable “cap,” the generated ClFe(NSO2Me)2 may be unstable 

and liberate MeSO2Cl, TMS–Cl, NTMS3, and TMS2NH en route to the nitride. This 

complex may be interesting to further interrogate due to its polynuclear Fe3-µ3-N core, 

which may have implications in modeling the Fe(111) face in the Haber-Bosch process.60-62  

5.3 Summary 

We demonstrate a new mode of cooperative bond activation based on Fe–NHCs. The 

premise of which involves a redox-active TM in conjunction with highly a basic NHC for 

concerted or stepwise PT-ET that led to C(sp3)–H bond activation and C(sp3)–C(sp3) bond 
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formation processes. In the RDS, a combination of spectroscopic and experimental evidence 

points to the role of an FeIII–NHC linchpin. Our attempts to prepare this compound similarly 

resulted in C(sp3)–H bond activation and C(sp3)–C(sp3) bond formation. Using model 

substrates, we hypothesized that SET from the NHC to the FeIII species leads to an NHC 

radical cation that performs HAA, further supporting our hypothesis for this new reaction 

mode. Synthesizing other block pairings using protonolysis, TMS–X elimination, or 

homolytic cleavage processes also results in dramatically different reactivity, which 

demonstrates how judicious choice of M and E can affect the electronic structure of the 

molecular array, resulting in very unexpected reactivity in some cases. Due to this, a 

systematic synthesis of other block pairings may be needed to elucidate the key factors that 

dictate the stability, electronic structure, and reactivity of in these new metal-ligand 

platforms. 

5.4 Experimental  

5.4.1 General Considerations. All manipulations were performed under an atmosphere of 

dry, oxygen-free N2 or Ar through standard Schlenk or glovebox techniques (MBraun 

UNIlab Pro SP Eco equipped with a -38 °C freezer). Pentane, diethyl ether, benzene, 

toluene, tetrahydrofuran (THF), and dichloromethane (DCM) were dried using an Mbraun 

solvent purification system. 2,2,4-trimethylpentane (iso-octane), hexamethyldisiloxane 

(HMDSO), acetonitrile, acetonitrile-d3, benzene-d6, chloroform-d, dichloromethane-d2, and 

tetrahydrofuran-d8 were purchased from Aldrich or Cambridge Isotope Laboratories, 

degassed by freeze-pump-thaw, and stored on activated 4 Å molecular sieves prior to use. 

Ph2P(O)Cl, PhSSPh, and FcPF6 were purchased from Alpha, Strem, or other commercial 

vendors and used without further purification. MeSO2Cl, EtSO2Cl, and BuSO2Cl were 

purchased from Alfa Aesar and distilled prior to use. (IMes)Fe(NTMS2)2,26 IMes,63 
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Fe(NTMS2)2Cl(THF),36 MeSO2Cl-d3,64 N-silylmethylsulfonamide,37 and 1,3-dithietane-

1,1,3,3-tetroxide (sulfene dimer)38 were prepared according to literature procedures. 

Elemental analyses (C, N, H) were performed at the University of California, Berkeley, 

using a PerkinElmer 2400 Series II combustion analyzer. 

Spectroscopic Analyses. NMR spectra were obtained on a Varian Unity Inova 600 MHz, 

Varian Unity Inova 500 MHz, or Agilent Technologies 400 MHz spectrometer, and 

referenced to residual solvent of acetonitrile-d3 (1.94 ppm), benzene-d6 (7.16 ppm), D2O 

(4.79 ppm), dichloromethane-d2 (5.32 ppm), methanol-d4 (3.31 ppm), tetrahydrofuran-d8 

(1.73 ppm) or externally (13C: Me4Si). Chemical shifts (δ) are recorded in ppm, and the 

coupling constants are in Hz. UV-Vis spectroscopy was performed using a Shimadzu UV-

2401PC spectrophotometer with quartz cuvettes equipped with airtight J. Young adaptors. 

57Fe Mössbauer spectroscopy was performed using a SEECo Model W304 resonant gamma-

ray spectrometer (activity = 50 mCi +/- 10 %, 57Co/Rh source manufactured by Ritverc) 

equipped with a Janis Research Model SVT-400 cryostat system. The source linewidth is 

<0.12 mm/s for the innermost lines of a 25 micron -Fe foil standard. Isomer shifts are 

referenced to -Fe foil at room temperature. All 57Fe Mössbauer samples were prepared 

using 20-30 mg powdered material suspended in Paratone-N oil, and measured at 90 K 

unless otherwise noted. Data was fitted using a custom Igor Pro (Wavemetrics) macro 

package developed by the Betley group at Harvard University.  

Mass Spectrometry. MS data was collected on either a Waters LCT Premier ESI-MS or a 

Waters Acquity H-class UPLC-MS system coupled with a Waters Xevo G2-XS TOF ESI-

MS. The data was worked up using MassLynx software and then plotted. 

X-ray Crystallography. Data was collected on a Bruker KAPPA APEX II diffractometer 

equipped with an APEX II CCD detector using a TRIUMPH monochromator with a Mo Kα 
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X-ray source (α = 0.71073 Å). The crystals were mounted on a cryoloop with Paratone-N 

oil, and all data were collected at 100(2) K using an Oxford nitrogen gas cryostream system. 

A hemisphere of data was collected using ω scans with 0.5° frame widths. Data collection 

and cell parameter determination were conducted using the SMART program. Integration of 

the data frames and final cell parameter refinement were performed using SAINT software. 

Absorption correction of the data was carried out using SADABS. Structure determination 

was done using direct or Patterson methods and difference Fourier techniques. All hydrogen 

atom positions were idealized and rode on the atom of attachment. Structure solution, 

refinement, graphics, and creation of publication materials were performed using SHELXTL 

or OLEX2. All POV-Ray depictions of the solid-state molecular structures are shown at the 

50 % probability ellipsoid level unless otherwise noted. 

5.4.2 Synthesis of Compounds. 

Synthesis of [Cl2Fe(N(TMS)SO2(CH2)2SO2N(TMS))2FeCl2][IMesH]2 (5.1).  

A solution of MeSO2Cl (0.168 g, 1.468 mmol) in toluene (2 mL) was added to a solution of 

(IMes)Fe(NTMS2)2 (0.250 g, 0.367 mmol) in toluene (3 mL) to give immediate darkening of 

solution to dark red. The reaction mixture was vigorously stirred for 3.5 hours at 25 °C over 

which time a bright yellow precipitate formed. The mixture was filtered over a fine porosity 

frit and was washed with toluene (3 × 3 mL) and ether (3 × 3 mL) until the filtrate was 

colorless. The filter cake was dried in vacuo to give a bright-yellow powder (0.221 g, 79 % 

yield). Bright-yellow single-crystals suitable for XRD studies were grown either by slow 

vapor diffusion of toluene into a saturated solution of 5.1 in DCM or by layering 

hexamethyldisiloxane (HMDSO) on top of a saturated solution of 5.1 in THF at room 

temperature to give [Cl2Fe(N(TMS)SO2(CH2)2SO2N(TMS))2FeCl2][IMesH]2 (5.1) (0.084 g, 

0.055 mmol) in 30 % crystalline yield. 1H NMR (600 MHz, CD2Cl2):  = 44.8 (bs), 9.7 (bs), 
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7.1 (bs), 2.5 (bs). Mӧssbauer:  = 0.37 mm/s, |EQ| = 0.53 mm/s. UV-Vis: 316 nm ( = 

1.1×104 M-1cm-1) and 362 nm ( = 1.0×104 M-1cm-1). ESI(-)-MS: m/z 331.06 ([5.2-H]-), m/z 

259.02 ([5.2-TMS]-), m/z 186.98 ([5.2-2TMS+H]-), where 5.2 = 

(TMS)NHSO2(CH2)2SO2NH(TMS) (5.2). Elemental analysis (%) calc. for 

C58H94Cl4Fe2N8O8S4Si4 (5.1) (1525.51 g·mol-1): C, 45.67; H, 6.21; N, 7.35. Found: C 45.63, 

H 6.10, N 7.31. 

Synthesis of NH2SO2CH2CH2SO2NH2 (5.3a).  

To a solution of 5.1 (0.030 g, 0.01966 mmol) in acetonitrile, HCl (2.0 M ether) (78.6 L, 

0.157 mmol) was syringed into the solution to give a white precipitate and a yellow solution. 

The white precipitate was isolated by filtration and then washed with acetonitrile until the 

filtrate became colorless. The white precipitate was isolated after drying the residue under 

vacuum. Single-crystals suitable for XRD studies were grown by slow evaporation of an 

aqueous solution of 5.3a. 1H NMR (400 MHz, D2O):  = 3.70 ppm (s, 4H). 13C NMR (400 

MHz, D2O):  = 48.7 ppm (CH2). ESI(-)-MS: m/z 186.98 ([5.3a-H]-). 

General Procedure for the Syntheses of 5.3a-c, 5.4a-c, and 5.5a-c.  

In a glovebox, a solution of R′CH2SO2Cl (R′ = H, Me, Pr) (4 eq.) in toluene was added to a 

solution of (IMes)Fe(NTMS2)2 in toluene. The reaction mixture was vigorously stirred for 

3.5 hours at 25 °C over which time a yellow precipitate formed (R′ = H) or a dark-colored 

oil appeared below an orange-red solution (R′ = Me, Pr). H2O and NaOH (8 eq.) were then 

introduced, which led to an immediate precipitation of red solid iron oxides (rust). The 

mixture was filtered over a celite plug and the filter cake was thoroughly washed with H2O, 

MeOH, and DCM to give a light yellow filtrate. The volatiles were then removed in vacuo 

to give sticky, off-white residues that were either isolated and characterized by NMR, ESI-

MS, and XRD (5.3a, 5.4b, 5.5b) or characterized by ESI-MS (5.3b-c, 5.4a, 5.4c, 5.5a, 5.5c). 
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Synthesis of NH2SO2(CH(CH3))2SO2NH2 (5.3b), [IMesH][MeCH(Cl)SO2NSO2Et] 

(5.4b), and IMes-SO2C(CH3)SO2Et (5.5b).  

In a glovebox, a solution of EtSO2Cl (0.189 g, 1.468 mmol) in toluene (1 mL) was added to 

a solution of (IMes)Fe(NTMS2)2 (0.250 g, 0.367 mmol) in toluene (4 mL) to give immediate 

darkening of the solution to dark red. The reaction mixture was vigorously stirred for 3.5 

hours at 25 °C over which time a dark-colored oil appeared below an orange-red solution. 

H2O (2 mL) and NaOH (8 eq.) were then introduced in air, which led to an immediate 

precipitation of red solid iron oxides (rust). The mixture was filtered over a celite plug and 

the filter cake was thoroughly washed with H2O (2 × 1 mL), MeOH (2 × 2 mL), and DCM 

(3 × 2 mL) to give a light yellow filtrate. The volatiles were then removed in vacuo to give a 

sticky, off-white residue. 5.3b, 5.4b, and 5.5b were separated and purified as follows: 

5.3b. The sticky residue was dissolved in MeOH where excess HBF4 (48 wt. % in H2O) was 

added. After removal of all volatiles, the solid was treated with water to precipitate 

[IMesH][BF4]. The solution was filtered through a celite plug and the volatiles were again 

removed in vacuo to give a white solid. The solid was then passed through a pipette column 

containing silica using a 4:1 DCM/MeOH mixture. 5.3b was not isolated. However, support 

for the formation of 5.3b comes from a m/z peak in the ESI-MS(-) at 215.01 ([5.3b-H]-) with 

the expected isotopic distribution (Figure S8.12). 

5.4b. The sticky residue was treated with water (3 mL) and filtered through a celite plug. 

After removal of all volatiles from the filtrate, the white solid was extracted into a 

benzene/ether mixture. From this, single-crystals of 5.4b suitable for XRD studies were 

obtained. 1H NMR (600 MHz, CD3OD):  = 1.31 (t, 3H), 1.80 (d, 3H), 2.18 (s, 12H), 2.39 

(s, 6H), 3.12 (m, 2H), 5.15 (q, 1H), 7.19 (s, 4H), 8.04 (s, 2H). 13C{1H} NMR (400 MHz, 
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CDCl3):  = 8.40, 17.6, 19.9, 21.3, 48.3, 68.8, 124.1, 129.9, 130.9, 134.7, 140.8, 141.6. 

ESI(-)-MS: m/z 233.96 ([5.4b-IMesH]-). 

5.5b. The sticky residue was treated with water (3 mL) and the insoluble white solid that 

remained was filtered on top of a celite plug. After washing the filter cake with water (2 x 1 

mL), the solid was extracted into benzene. Single-crystals of 5.5b suitable for XRD studies 

were obtained through slow vapor diffusion of pentane into a saturated solution of 5.5b in 

benzene. 1H NMR (600 MHz, CD3OD):  = 0.94 (s, 3H), 1.12 (t, 3H), 2.22 (s, 6H), 2.24 (s, 

6H), 2.35 (s, 6H), 2.91 (m, 2H), 7.08 (s, 4H), 7.66 (s, 2H). ESI(+)-MS: m/z 511.17 

([5.5b+Na]+). 

Synthesis of [Cl2Fe(NTMS2)2][IMesH] (5.6). 

A suspension of [IMesH][Cl] (0.0708 g, 0.2065 mmol) in benzene (3 mL) was added to a 

stirring solution of Fe(NTMS2)2Cl(THF) (0.100 g, 0.2065 mmol) in benzene (2 mL). The 

dark-red solution was stirred for 1 hour after which time the volatiles were removed in 

vacuo. The solid was washed several times with pentane (10 × 1 mL) to give 

[Cl2Fe(NTMS2)2][IMesH] (5.6) (0.135 g, 0.180 mmol) as a brick-red powder in 87 % yield. 

Dark-red single-crystals suitable for XRD studies were grown by vapor diffusion of pentane 

into a saturated solution of 5.6 in benzene. 1H NMR (600 MHz, C6D6):  = 10.5 (bs), 6.7 

(bs), 2.2 (bs). Mӧssbauer:  = 0.35 mm/s, |EQ| = 1.16 mm/s. UV-Vis: 420 nm ( = 3.8×103 

M-1cm-1) and 500 nm ( = 2.3×103 M-1cm-1). Elemental analysis (%) calc. for 

C33H61Cl2FeN4Si4 (5.6) (752.96 g·mol-1): C, 52.64; H, 8.17; N, 7.44. Found: C, 52.25; H, 

7.84; N, 7.17. 

Synthesis of (IMes)Fe(N(TMS)SO2Me)2 (5.7). 

Fe(NTMS2)2 (0.250 g, 0.664 mmol) dissolved in benzene (2 mL) was added dropwise to a 

stirring solution of MeSO2NH(TMS) (0.223 g, 1.334 mmol) in benzene (3 mL) to give a 
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light yellow solution. A white precipitate developed upon stirring for 15 minutes. A solution 

of IMes (0.202 g, 0.664 mmol) in benzene (2 mL) was added directly to this reaction 

mixture to give very light green solution, and this solution was stirred for 1 hour before all 

volatiles were removed in vacuo. The product was extracted into diethyl ether and filtered 

through a celite plug to give a light green solution. The solvent was removed under reduced 

pressure. (IMes)Fe(N(TMS)SO2Me)2 (5.7) (0.222 g, 0.19 mmol) was obtained in 90 % yield 

as an off-white solid. Colorless single-crystals suitable for XRD studies were grown out of a 

saturated ether solution at -38 °C. 1H NMR (600 MHz, C6D6):  = 46.8 (bs), 30.5 (bs), 24.2 

(bs), 1.2 (bs), -5.5 (bs), -26.0 (bs), -28.5 (bs). Mӧssbauer:  = 0.55 mm/s, |EQ| = 0.97 

mm/s. UV-Vis: 298 nm ( = 7.5×102 M-1cm-1 ). Elemental analysis (%) calc. for 

C29H48FeN4O4S2Si2 (5.7) (692.86 g·mol-1): C, 50.27; H, 6.98; N, 8.09. Found: C, 50.55; H, 

6.95; N, 8.11. 

Synthesis of [IMesH][Cl2Fe(N(TMS)SO2Me)2] (5.8). 

Method 1: A solution of MeSO2Cl (0.033 g, 0.289 mmol) in toluene (1 mL) was added to 

5.7 (0.100 g, 0.144 mmol) in toluene (3 mL) to give a light yellow-orange solution, and this 

solution was allowed to stir overnight. The volatiles were removed in vacuo to give an oily 

residue which was triturated with pentane to give a yellow-orange powder. The solid was 

washed with pentane (3 × 1 mL) and diethyl ether (7 × 1 mL) until the filtrate was nearly 

colorless. The remaining yellow powder was dried in vacuo to give 

[IMesH][Cl2Fe(N(TMS)SO2Me)2] (5.8) (0.017 g, 0.0216 mmol) in 15 % isolated yield. 

Yellow single-crystals suitable for XRD studies were grown from of a mixture of benzene 

and pentane at room temperature.  

Method 2: Fe(NTMS2)2Cl(THF) (0.150 g, 0.310 mmol) in benzene (2 mL) was added to a 

stirring solution of MeSO2NH(TMS) (0.104 g, 0.620 mmol) in benzene (1 mL) to give a 
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dark yellow solution which was stirred for 30 minutes. [IMesH][Cl] (0.106 g, 0.310 mmol) 

was added to the solution and, within minutes, a yellow suspension formed. After stirring for 

an additional 30 minutes, the mixture was filtered through a fine porosity frit and washed 

with benzene (5 × 3 mL) until the filtrate became light yellow. The bright-yellow filter cake, 

[IMesH][Cl2Fe(N(TMS)SO2Me)2] (5.8) (0.211 g, 0.276 mmol), was isolated in 89 % yield. 

Yellow single-crystals suitable for XRD were grown by layering HMDSO onto a saturated 

THF solution of 5.8. 1H NMR (600 MHz, CD2Cl2):  = 74.0 (bs), 8.8 (bs), 7.1 (bs), 2.5 (bs). 

Mӧssbauer:  = 0.35 mm/s, |EQ| = 0.50 mm/s.  UV-Vis: 316 nm ( = 4.8×103 M-1cm-1) and 

362 nm ( = 3.6×103 M-1cm-1). ESI(-)-MS: m/z 166.04 ([L-H]-), where L = 

MeSO2NH(TMS). Elemental analysis (%) calc. for C29H49Cl2FeN4O4S2Si2 (5.8) (764.77 

g·mol-1): C, 45.55; H, 6.46; N, 8.38. Found: C, 45.58; H, 6.59; N, 8.07.  

Synthesis of ((TMS2N)ClFe)2(-OTMS)2)2 (5.9). 

This compound was only isolated in small batches of single crystals. To a stirring solution of 

Fe(NTMS2)2 (0.100 g, 0.2655 mmol) in toluene (2 mL), MeSO2Cl (0.061 g, 0.531 mmol) in 

toluene (1 mL) was added dropwise to give dark-red solution. The solution was stirred for 2 

hours and after which the volatiles were removed in vacuo to give a dark-red oily substance. 

The residue was extracted into HMDSO and filtered through a celite plug. Concentrating 

this solution and storing it at -38 °C gave ((TMS2N)ClFe)2(-OTMS)2)2 (5.9) as single-

crystals suitable for XRD studies. Mӧssbauer:  = 0.26 mm/s, |EQ| = 1.16 mm/s. 

Synthesis of [Et4N][Cl2Fe(NTMS2)2] (5.10). 

A suspension of [Et4N][Cl] (0.017 g, 0.103 mmol) in benzene (3 mL) was added to a stirring 

solution of Fe(NTMS2)2Cl(THF) (0.050 g, 0.103 mmol) in benzene (2 mL) and the dark-red 

solution was allowed to stir overnight. All volatiles were removed in vacuo. The solid was 

washed several times with pentane (10 × 1 mL) to give [Et4N][Cl2Fe(NTMS2)2] (5.10) 
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(0.047 g, 0.081 mmol) as a brick-red powder in 79 % yield. Dark-red single-crystals suitable 

for XRD studies were grown from slow vapor diffusion of HMDSO into a saturated solution 

of 5.10 in benzene. 1H NMR (600 MHz, C6D6):  = 10.7 (bs), 1.0 (bs). 

Synthesis of [[Fe(N(TMS)SO2Me)2]5] (5.11). 

Fe(NTMS2)2 (0.250 g, 0.664 mmol) dissolved in benzene (2 mL) was added dropwise to a 

stirring solution of MeSO2NH(TMS) (0.223 g, 1.334 mmol) in benzene (3 mL) to give a 

light yellow solution. A white precipitate developed upon stirring for 15 minutes. The 

volatiles were removed in vacuo to give a white powder that was subsequently washed with 

pentane (3 × 3 mL) and ether (1 × 1mL) to give [[Fe(N(TMS)SO2Me)2]5] as a white powder 

in 84.7 % yield. Colorless block crystals suitable for XRD studies were grown by slow 

vapor diffusion of pentane into a saturated solution of the product in DCM. Mӧssbauer:  = 

0.67 mm/s, |EQ| = 1.41 mm/s. Elemental analysis (%) calc. for C40H120Fe5N10O20S10Si10 

(1942.1250 g·mol-1): C, 24.74; H, 6.23; N, 7.21. Found: C, 25.10; H, 6.55; N, 6.91. 

Synthesis of Cl2Fe(NTMS2)(N(TMS)(Me2SiCH2–IMes) (5.12) and [IMes-(CH2–CH2)-

IMes][Cl2Fe(NTMS2)2]2 (5.13). 

IMes (0.063 g, 0.207 mmol) dissolved in benzene (1 mL) was added dropwise to a stirring 

red solution of Fe(NTMS2)2Cl(THF) (0.100 g, 0.207 mmol) in benzene (3 mL) to give no 

visible color change. The reaction was stirred for 1 hour before all volatiles were removed in 

vacuo to give a red oily residue. Red plate crystals suitable for XRD studies were grown 

from slow vapor diffusion of iso-octane into a solution of the crude mixture in benzene, 

which revealed the C–H activation product, Cl2Fe(NTMS2)(N(TMS)(Me2SiCH2–IMes) 

(5.12). In another batch, red block single crystals suitable for XRD studies were grown from 

slow vapor diffusion of iso-octane into a solution of the product in benzene, revealing the 

C–C coupled product [IMes-(CH2–CH2)-IMes][Cl2Fe(NTMS2)2]2 (5.13). 



 

 
211 

Synthesis of [CpFe(C5H4–IMes)][PF6] (5.14). 

IMes (0.0054 g, 0.0164 mmol) dissolved in benzene (0.5 mL) was added dropwise to a 

stirring blue suspension of [FeCp2][PF6] (0.0050 g, 0.0164 mmol) in benzene (1 mL) that 

resulted in the deposition of a red oil. The solution remained unperturbed whereupon a 

mixture of red (5.14) and colorless crystals ([IMesH][PF6]) formed. The C–H activation 

product was characterized crystallographically. 

Synthesis of Fe(NTMS2)2(TEMPO). 

TEMPO• (0.0062 g, 0.040 mmol) dissolved in benzene was added dropwise to a stirring 

solution of Fe(NTMS2)2 (0.015 g, 0.040 mmol) in benzene that resulted in an instant color 

change to dark green. The reaction was stirred at room temperature for 5 minutes before all 

volatiles were removed in vacuo to give a dark green powder. The powder was extracted 

into a minimal amount of pentane and single crystals suitable for XRD studies were grown 

from storing a saturated pentane solution of the product at -38 ºC. 1H NMR (400 MHz, 

C6D6):  = 35.09 (br, 4H; TEMPO CH2), 7.72 (br, 12H; TEMPO CH3), -0.10 (br, 36H; TMS 

CH3), -16.63 (br, 2H; TEMPO CH2). Mӧssbauer:  = 0.36 mm/s, |EQ| = 0.87 mm/s.  

Synthesis of [Ph2P(O)-aIMes-Fe(NTMS2)(µ-Cl)]2 (5.15). 

Ph2P(O)Cl (0.174 g, 0.734 mmol) dissolved in toluene (2 mL) was added dropwise to a 

stirring solution of (IMes)Fe(NTMS2)2 (0.250 g, 0.367 mmol) in toluene (3 mL) to give an 

orange solution that was stirred overnight. At this point, a fine orange precipitate had 

formed. The mixture was filtered through a celite plug and the sticky orange filtercake was 

washed with pentane (3 × 1 mL) and ether (3 × 1 mL) to give the product as a rusty yellow 

powder (0.212 g, 0.280 mmol) in 76.2 % yield after removal of all volatiles. Single crystals 

suitable for XRD studies were grown from slow vapor diffusion of iso-octane into a 

saturated solution of the product in THF. Mӧssbauer:  = 0.50 mm/s, |EQ| = 1.34 mm/s. 
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Synthesis of [Fe(NTMS2)2(µ-(SPh))]2 (5.16). 

PhSSPh (0.0145 g, 0.066 mmol) dissolved in benzene (0.5 mL) was added dropwise to a 

stirring solution of Fe(NTMS2)2 (0.050 g, 0.133 mmol) in benzene (1 mL) to afford an 

instantaneous color change to dark red. The solution was allowed to stir for 1 hour before all 

volatiles were removed in vacuo. The dark residue was extracted into pentane and then 

concentrated in vacuo. The resulting product was characterized crystallographically. Single 

crystals suitable for XRD studies were grown from a concentrated pentane solution of the 

product at -38 °C. 

Synthesis of [Fe(NTMS2)2(µ-(O2SC6H4Me))]2 (5.17). 

Bis(4-methylphenyl) Disulfone (0.0062 g, 0.020 mmol) dissolved in benzene (0.2 mL) was 

combined with a solution of Fe(NTMS2)2 (0.015 g, 0.040 mmol) in benzene (0.5 mL), 

affording an instantaneous color change to dark red. The solution was allowed to stand at 

room temperature for 1 hour before all volatiles were removed in vacuo. The resulting 

product was characterized crystallographically. The dark residue was extracted into a 

minimal amount of pentane and cooled to -38 °C where single crystals suitable for XRD 

studies formed. 

Synthesis of [Fe(NTMS2)2(µ-(O2S(O)C6H4(2-NO2)))]2 (5.18). 

(m-NO2PhSO3)2 (0.0537 g, 0.133 mmol) dissolved in DCM (1 mL) was added dropwise to a 

stirring solution of Fe(NTMS2)2 (0.100 g, 0.266 mmol) in cold DCM (3 mL) resulting in an 

instantaneous color change to autumn red. The solution was allowed to stir for 10 minutes 

before all volatiles were removed in vacuo to give a brown powder. The solid was washed 

with pentane (10 × 1 mL) to give a brown powder (0.128 g, 0.111 mmol) in 83.3 % yield. 

The resulting product was characterized crystallographically. Single crystals suitable for 



 

 
213 

XRD studies were grown from slow vapor diffusion of pentane into a saturated solution of 

the product in DCM. 

Synthesis of [ClFe(NTMS2)(N(TMS)(S(O)Me(µ-O)]2 (5.19). 

Fe(NTMS2)Cl(THF) (0.050 g, 0.103 mmol) in benzene (0.5 mL) was added to a stirring 

solution of MeSO2NH(TMS) (0.0173 g, 0.103 mmol) in benzene (1 mL) to give a dark red 

solution upon complete addition. The reaction mixture was stirred for 1 hour before all 

volatiles were removed in vacuo. The resulting product was characterized 

crystallographically. The residue was extracted into a minimal amount of HMDSO and was 

allowed to sit at -38 ºC where dark-yellow single crystals suitable for XRD studies were 

grown. 

Synthesis of µ3-N Fe6 Compound (5.20). 

Fe(NTMS2)Cl(THF) (0.050 g, 0.103 mmol) in benzene (0.5 mL) was added to a stirring 

solution of MeSO2NH(TMS) (0.0346 g, 0.207 mmol) in benzene (1 mL) to give a dark 

yellow-red solution that was stirred for 30 minutes. The volatiles were then removed in 

vacuo and the residue was washed with pentane (5 × 1 mL). The resulting product was 

characterized crystallographically. The remaining red residue was extracted into ether where 

upon standing at room temperature led to the formation of dark red single crystals suitable 

for XRD studies. 
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