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Abstract

Pentamethylcyclopentadienyl rhodium ([Cp*Rh]) and manganese tricarbonyl ([Mn(CO)s])
complexes represent workhorse families of compounds with key applications in catalytic hydrogen
evolution and light-driven carbon monoxide (CO) release, respectively. Investigations with these
model molecular systems are motivated by our limited knowledge concerning the fundamental
mechanisms involved in storing energy in chemical bonds and releasing carbon monoxide using
visible light. In Part I of this dissertation, synthetic, electrochemical, structural, and spectroscopic
studies have been applied to map the elementary electron- and proton-transfer steps leading to
catalytic dihydrogen evolution. Time-resolved pulse radiolysis and stopped-flow spectroscopic
studies reveal that the sole product of initial protonation of Cp*Rh(bpy) is [Cp*Rh(H)(bpy)]’,
followed by tautomerization to form [(n*-Cp*H)Rh(bpy)]’. Spectroscopic monitoring of the
second proton transfer event reveals both the hydride and related Cp*H complex are involved in
further reactivity and confirm that [(Cp*H)Rh] is not an off-cycle intermediate, but can be an
active participant in catalytic H> evolution. In Part II, synthetic, electrochemical, structural, and
spectroscopic studies have been applied to elucidate the redox and electronic properties of a family
of monometallic, as well as homo- and hetero-bimetallic complexes, bearing the [Mn(CO)]3 unit.
In particular, we have elucidated the early intermediates involved in visible-light-driven speciation
of a series of [Mn(CO)3(*bpy)] complexes bearing 4,4'-disubstituted 2,2'-bipyridyl ligands (*bpy,
R =Bu, H, CF3, NOy). Ultrafast transient absorption spectroscopy measurements with UV-visible
monitoring reveals loss of a CO ligand on the femtosecond timescale, followed by solvent
coordination on the picosecond timescale. Taken together, the findings described in this
dissertation of [Cp*Rh] and [Mn(CO)s] complexes provide a foundation for future investigations

that could yield more detailed mechanistic insight into H> generation and controlled CO release.
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Chapter 1

Introduction to Mapping Intermediates in Hydrogen Evolution with [Cp*Rh]

Catalysts and Carbon Monoxide Release from [Mn(CO);] Complexes



1.1 Introduction

One of humanity’s most formidable challenges is learning to store energy harvested from
renewable resources.' Currently, our sources of renewable energy are intermittent and suffer from
a fundamental storage problem; there is a need to store energy obtained from renewable resources
indefinitely for future use. One potential solution to this problem involves storing energy in the
form of chemical bonds. However, storing energy quickly, selectively, and efficiently in this
fashion is challenging and not well-understood. To improve future systems by rational design,
synthetic and mechanistic studies are needed to understand the elementary steps leading to
desirable reactivity while disfavoring side-reactions that can sometimes occur. The elementary
steps that define reaction mechanisms provide a detailed map for converting starting materials into
products. Although reaction mechanisms cannot ever be proven with philosophical certainty,
compelling support may establish credibility for a particular mechanism, which can then serve as
a model for the rational design of future systems. Within this context, this dissertation focuses on
a series of synthetic, electrochemical, structural, and time-resolved spectroscopic studies aimed at
mapping the intermediates involved in catalytic hydrogen evolution and light-driven carbon
monoxide release using model [Cp*Rh] (Cp* = pentamethylcyclopentadienyl) and manganese

tricarbonyl ([Mn(CO)3]) complexes, respectively.

Part 1 of this dissertation, which includes Chapters 2—4, describes the synthetic, structural,
electrochemical, and time-resolved spectroscopic studies of reduced and protonated intermediates
involved in catalytic dihydrogen evolution using [Cp*Rh] complexes. In Chapter 2, the prominent
role of electrochemistry in the field of organometallic chemistry is discussed.? This chapter is
designed to introduce the reader to the development, execution, and application of electrochemical

techniques, and provides a brief history of the field. Electrochemical measurements have become



workhorse experimental techniques in organometallic chemistry and have enabled advances in the
fundamental understanding of the behavior of redox-active molecules in electrochemical systems.
Notably, electrochemistry is a versatile technique, and through use of a potentiostat, various
electrochemical experiments can be performed alone or in concert to obtain thermodynamic,
kinetic, and/or mechanistic information. Chapter 2 also aims to assist the reader with understanding
experimental design in electrochemistry by reviewing the most commonly used electrochemical
methods. Examples are included for a variety of molecular systems to provide the reader with

examples that illustrate the interpretation of electrochemical data.

In Chapter 3, synthetic, structural, electrochemical, and spectroscopic studies are used to bring
attention to ligands based upon the 4,5-diazafluorene core and show that these ligands can be used
under highly reducing conditions using the [Cp*Rh] platform as a model, at least when derivatized
appropriately.> The ligands 4,5-diazafluoren-9-one (dafone), 4,5-diazafluorene (daf), and 9,9'-
dimethyl-4,5-diazafluorene (Mexdaf) are an important class of emerging ligands in organometallic
chemistry, but the structural and electronic properties of these ligands have received less attention
than they deserve; moreover, these ligands have traditionally been utilized in oxidative
applications.*>7-%9 In particular, we show that 9,9'-dimethyl-4,5-diazafluorene can stabilize low-
valent complexes through charge delocalization into its conjugated m-system.!® Using the new
platform of [Cp*Rh] complexes developed in this work, three formal oxidation states (+111, +II,
and +I) are accessible; we show that the methylation in Medaf is protective, blocking Brensted
acid-base chemistry commonly encountered with other daf-based ligands. Electronic absorption
spectroscopy and single-crystal X-ray diffraction analysis of a family of eleven new compounds,
including the unusual Cp*Rh(Me:daf), reveal features consistent with charge delocalization driven

by n-backbonding into the LUMO of Mezdaf, reminiscent of behavior displayed by the much more



common 2,2'-bipyridyl ligand. Taken together with spectrochemical data demonstrating clean
conversion between oxidation states, our findings show that 9,9'-dialkylated daf-type ligands are

promising building blocks for applications in reductive chemistry and catalysis.

In Chapter 4, time-resolved spectroscopic studies are used to interrogate protonation reactions
involving organometallic [Cp*Rh] complexes. Protonation reactions are ubiquitous in redox
chemistry and often result in the generation of reactive metal hydrides. However, some
organometallic species supported by n’-pentamethylcyclopentadienyl (Cp*) ligands have recently
been shown to undergo ligand-centered protonation by direct proton transfer from acids or
tautomerization of metal hydrides, resulting in the generation of complexes bearing the uncommon
n*-cyclopentadiene (Cp*H) ligand.'!:!%!31415 [n this chapter, we report time-resolved pulse
radiolysis (PR) and stopped-flow spectroscopic studies that examine the kinetics and atomistic
details involved in the elementary electron- and proton-transfer steps leading to complexes ligated
by Cp*H, using Cp*Rh(bpy) as a molecular model. Stopped-flow measurements coupled with
infrared and UV-visible detection reveal that the sole product of initial protonation of Cp*Rh(bpy)
is [Cp*Rh(H)(bpy)]", an elusive hydride complex that was rigorously characterized in this work
for the first time. Tautomerization of this hydride leads to the clean formation of
[(Cp*H)Rh(bpy)]". Variable temperature and isotopic labeling experiments provide confirmation
of this assignment of the reactivity and yield experimental activation parameters and mechanistic
insight for hydride-to-proton tautomerism for the first time. Spectroscopic monitoring of the
second proton transfer event reveals both the hydride and related Cp*H complex can be involved
in further reactivity, confirming that [(Cp*H)Rh] is not an off-cycle intermediate, but, instead, that
it can be an active participant in catalytic hydrogen evolution. Understanding the roles of these

protonated intermediates under conditions relevant to catalysis is of interest for improving future



systems by rational design, since protonation reactions are required for virtually all reactivity

paradigms that would generate chemical fuels from feedstocks like CO> or Na.

In Part II of this dissertation, which includes Chapters 5-7, we build on the mechanistic work
from Part I and discuss the synthetic, structural, electrochemical, and time-resolved spectroscopic
studies focused on reactions of the [Mn(CO);3] platform. In Chapter 5, we discuss tuning the
kinetics of light-driven carbon monoxide (CO) release and solvent binding in a family of
[Mn(CO)3] complexes. [Mn(CO)3] complexes are promising catalysts for carbon dioxide (CO»)
reduction,'®!” but the complexes in this family are often photo-sensitive and decompose rapidly
upon exposure to visible light.!® In Chapter 5, synthetic and photochemical studies are used to
probe the initial steps of light-driven speciation for Mn(CO)3(*bpy)Br complexes bearing a range
of 4,4'-disubstituted 2,2"-bipyridyl ligands (*bpy, R = ‘Bu, H, CF3, NO»). Transient absorption
spectroscopy measurements for the Mn(CO)3;(*bpy)Br coordination compounds with R = ‘Bu, H,
and CF3 in acetonitrile reveal ultrafast loss of a CO ligand on the femtosecond timescale, followed
by solvent coordination on the picosecond timescale. The Mn(CO);(N°?bpy)Br complex is unique
among the four compounds in having a longer-lived excited state that apparently does not undergo
CO release or subsequent solvent coordination. The kinetics of photolysis and solvent coordination
for the light-sensitive complexes depends on the electronic properties of the di-substituted
bipyridyl ligand. The results implicate roles for both metal-to-ligand charge transfer (MLCT) and
dissociative ligand field (dd) excited states in the ultrafast photochemistry. Taken together, the
findings in this chapter suggest that more robust catalysts could be prepared with appropriately
designed complexes that avoid crossing between the excited states that drive photochemical CO

loss.



Complementary to Chapter 3, in Chapter 6, we discuss the use of 4,5-diazafluorene (daf) and
9,9'-dimethyl-4,5-diazafluorene (Mexdaf) as redox-active supporting ligands for [Mn(CO)3]- and
[Ru(diimine);]** complexes.!” Daf and Me,daf are structurally similar to the important ligand 2,2'-
bipyridine (bpy), but significantly less is known about the redox and spectroscopic properties of
metal complexes containing Me>daf as a ligand than those containing bpy.?’ The new complexes
Mn(CO)3Br(daf), Mn(CO)3;Br(Mexdaf), and [Ru(Me.daf);](PFes)> have been prepared and fully
characterized to understand the influence of the Mexdaf framework on their chemical and
electrochemical properties. Structural data for all three complexes were obtained by single-crystal
X-ray diffraction analysis and reveal a distinctive widening of the daf and Mezdaf chelate angles
in comparison to those for bpy in the analogous Mn(CO)3(bpy)Br and [Ru(bpy)s;]* complexes.
Electronic absorption data for these complexes confirm the electronic similarity of daf, Medaf,
and bpy, as the spectra are dominated in each case by metal-to-ligand charge transfer (MLCT)
bands in the visible region. However, the electrochemical properties of the complexes reveal that
the redox-active Mexdaf framework in Mn(CO)3;Br(Mexdaf) and [Ru(Mezdaf);](PFs)2 undergoes
reduction at a slightly more negative potential than that of bpy in Mn(CO)3(bpy)Br and
[Ru(bpy)s]**. Taken together, the results in this chapter indicate that Me,daf could be useful for
the preparation of a variety of new redox-active compounds, as it retains the useful redox-active

nature of bpy but lacks the acidic, benzylic C—H bonds that can induce secondary reactivity in

complexes bearing daf.

In Chapter 7, we discuss the synthesis, structural studies, and redox chemistry of a family of
bimetallic [Mn(CO);] and [Re(CO)s] complexes,?’ motivated by the observation that

monometallic [Mn(CO)s] and [Re(CO)3] complexes represent a workhorse family of compounds

16,22,23,24,25,

with applications in a variety of fields. 2627 In the work reported here, the coordination,



structural, and electrochemical properties of a family of mono- and bimetallic [Mn(CO)3] and
[Re(CO)3] complexes are explored; in particular, a novel heterobimetallic complex featuring both
a [Mn(CO)3] unit and a [Re(CO)3] unit supported by a bridging 2,2'-bipyrimidine (bpm) ligand
have been synthesized, structurally characterized, and compared to analogous monomeric and
homobimetallic complexes. To enable a comprehensive structural analysis for the series of
complexes, we have carried out new single-crystal X-ray diffraction studies of seven compounds:
Re(CO):Cl(bpm), anti-[{Re(CO3)Cl}2(bpm)], Mn(CO)3:Br(bpz) (bpz = 2,2'-bipyrazine),
Mn(CO)3Br(bpm), syn- and anti-[ {Mn(CO3)Br}2(bpm)], and syn-[ Mn(CO3)Br(bpm)Re(CO);Br]).
Electrochemical studies reveal that the bimetallic complexes undergo reduction at much more
positive potentials (AE > 380 mV) than their monometallic analogues. This redox behavior is
consistent with the introduction of the second tricarbonyl unit which inductively withdraws
electron density from the bridging, redox-active bpm ligand, resulting in more positive reduction
potentials. [Re(CO3)Cl]2(bpm) was reduced with cobaltocene; the electron paramagnetic
resonance spectrum of the product exhibits an isotropic signal (near g = 2) characteristic of a
ligand-centered bpm radical. Our findings in this chapter highlight the facile synthesis as well as

the structural characteristics and unique electrochemical behavior of this family of complexes.

In summary, this dissertation, in two parts, highlights the critical intermediates that ultimately
lead to catalytic hydrogen evolution from [Cp*Rh] complexes and the photodecomposition of
[Mn(CO)3] complexes which results in CO release. While these particular complexes will most
likely not solve the world’s energy problems, they do serve as a set of well-behaved model
complexes; understanding the mechanisms by which hydrogen evolution and carbon monoxide
release occurs with these complexes could represent a springboard for the design and study of even

better systems in the future. Of particular note, harnessing the reactivity of the Cp*H moiety in



Earth-abundant transition metal systems could represent an especially attractive opportunity to
access new redox molecular mediators for small-molecule activation. Additionally, [Mn(CO);3]
complexes will serve as excellent model complexes for ultrafast photochemical experiments to be
performed with X-ray free-electron laser (XFEL) equipment and thus will continue to merit

significant attention in the years ahead.
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Chapter 2

Electrochemistry in Organometallic Chemistry
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2.1 Introduction

Many organometallic systems are redox active, featuring multiple accessible oxidation states
that may each have their own unique properties. To study these redox-active systems,
electrochemical techniques have been widely adopted by organometallic chemists to better
understand the synthetic, kinetic, and thermodynamic properties that involve changes in oxidation
state. Electrochemical research is typically complemented by study of reactions with chemical
redox reagents and isolation of products. These parallel approaches to studying organometallic

redox chemistry represent a truly powerful combination.

Organometallic electrochemistry emerged in the 1950s. Notably, soon after the synthesis of
ferrocene by Kealy and Pauson,! studies on the redox chemistry of this species as well as the first
polarographic investigation by Wilkinson, Rosenblum, Whiting, and Woodward enabled the
correct assignment of the now famous “sandwich” structure of the compound.? Since these early
days, studies of both aqueous and non-aqueous organometallic electrochemistry have flourished,
enabled by the wide availability of potentiostats in laboratories.>* Readers of this review may be
unfamiliar with common electrochemical methods, and in this case, we suggest further reading in
the wide variety of high quality books® and reviews®’® that are available to guide the reader
through the fundamentals of workhorse electrochemical techniques such as cyclic voltammetry
(CV) and controlled potential electrolysis (CPE). References throughout this review are cited to

assist readers in identification of appropriate further resources.

The potentiostat, which readily enables the three-electrode cell configuration for
electrochemical work wherein potentials can be measured with respect to a well-known reference

electrode potential, can be thought of as a ready means of understanding free energy (AG) changes
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associated with organometallic redox reactions. Using the Nernst equation (2.1),° the reduction
potential (E) of a given compound (analyte) present in solution may be determined by
consideration of the standard potential (E°) of the compound and the concentrations of the oxidized
and reduced forms of the analyte present in solution. Conversely, knowing the concentrations of
these forms at the surface of the working electrode as well as the standard potential, one can readily
calculate the effective potential of a given mixture. Thus, using the potentiostat to determine the
reduction potential E of a given species or mixture, the free energy change AG associated with
electron transfer to a second redox active species can be calculated from the difference in reduction

potentials (AE) using equation (2.2).

_ o _ RT [ox]
E=E nF  [red] (2.1)
AG = —nFAE (2.2)

The values of E are best determined using a potentiostat during cyclic voltammetry (CV)
experiments. Determination of E from cyclic voltammetry experiments is particularly illuminating
for synthetic chemists interested in exploring the accessible oxidation states of their compounds,
because such a determination allows for the selection of suitable chemical redox reagents for the
oxidation, or reduction, of organometallic complexes. A list of suitable oxidants and reductants for
chemical synthesis were tabulated for this purpose in a popular Chemical Reviews article by

Connelly and Geiger.1°

In addition to thermodynamic insights of the type described above, monitoring of redox
reactions by voltammetry can often provide significant kinetic and mechanistic information about

chemical reactivity that precedes or, more commonly, follows electron transfer from an electrode.
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Organometallic chemists can unite the study of chemical kinetics with electrochemical methods
by leveraging the powerful concepts of electrochemical kinetic Zone Diagrams and methods like
foot-of-the-wave analysis (FOWA) that were developed and popularized by Savéant, Costentin,
and others.!1? In such efforts, examining the shape of a redox ‘wave’ in a cyclic voltammogram
and comparing it to those of standard waves organized into so-called Zone Diagrams can provide
key insights into the kinetic regime and mechanism associated with the given redox process of an
organometallic analyte. FOWA is an excellent companion method to such approaches, particularly
when catalytic processes are involved, as it allows for the determination of observed rate constants
under a variety of conditions, particularly those involving “fast” catalysts that may rapidly

consume substrates or display product inhibition.

Information on the design of experiments with CV to interrogate (electro)catalysis are described
in detail in Sections 1.5 and 1.6 of this chapter. Details that can be studied include quantification
of key catalyst properties such as the overpotential required to achieve a given transformation with
a certain catalyst.'® Such electroanalytical work to interrogate catalysis is often also paired with
bulk electrolysis efforts that are aimed at generation of isolable and/or useful quantities of
electrocatalytically generated products; information on such efforts is also given at appropriate
points in Sections 1.5 and 1.6. In these sections, examples are taken from areas of current interest
in redox catalysis, including both small-molecule substrate activations of relevance to energy

science as well as select electrosynthetic organic reactions.

In this chapter, our goal has been to weave together the elementary concepts needed to carry
out and interpret results from electrochemical studies of organometallic compounds. The
individual sections of the chapter have been organized to provide the reader with information on

the diverse facets of the vibrant field of organometallic electrochemistry. Effort has been made to
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treat these facets in a balanced way, such that this chapter will provide both the key historical
developments that underpin a given area as well as recount more recent developments that may be
of use to researchers interested in applying electrochemical methods in their own work. We
highlight the usefulness of pairing chemical and electrochemical methods in order to understand,
in a comprehensive manner, the redox chemistry of organometallic species. Specific examples are
given to highlight both practical aspects and fundamental considerations for gaining insights into
stoichiometric and catalytic chemistries. Our hope is that this primer inspires further growth and

development in the field of organometallic electrochemistry.

2.2 Developments in Electrodes, Materials, and Methods

2.2.1. Early Electrochemical Studies

The foundational work that initiated the field of electrochemistry dates back to the late 18"
century; these very early studies will not be reviewed here in detail.!* Rapid development of the
field as we know now it began with studies in the mid-20" century focused primarily on main-
group organometallic compounds.’>® These studies, taking place before the synthesis and
structural identification of ferrocene, largely focused on the reductive chemistry of Hg and Mg
compounds with direct current (DC) polarography. DC polarography was the dominant
electroanalytical method prior to the 1960s and utilized a mercury electrode (in the form of metallic
Hg(0)) as the working surface for measurements. However, Hg(0) can undergo a
thermodynamically accessible oxidation to Hg(l); this feature made studying many oxidation

processes difficult via this method.®
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The synthesis and determination of the sandwich structure of ferrocene marked a significant
development in the field of organometallic chemistry, in that this compound displays chemically
stable iron(ll) form as well as a stable oxidized form containing iron(lll), known as
ferrocenium.®” The first electrochemical characterization of ferrocene, which demonstrated the
interconversion of these oxidation states, was a landmark study that heavily contributed to the

development of modern organometallic electrochemistry. 234618

The first major studies of organometallic electrochemistry can be attributed to Raymond
Dessy’s research group.® The Dessy group published a series of papers in 1966 detailing their work
in organometallic electrochemistry®® using Hg electrodes to study cathodic processes as well as
the use of polarography,?® cyclic voltammetry, bulk cathodic electrolysis, and monitoring of
solutions via voltammetry and “back electrolysis” to recover the compounds under study.?
Building on these initial studies, systematic electrochemical investigations have become a key

method for studying the redox chemistry of organometallic compounds.

2.2.2. Major Advances in Materials and Measurement

Following the foundational early studies, experimental work in electrochemistry was expanded
significantly by two key advances: the use of solid electrodes and the operational-amplifier-based
potentiostat. Solid electrodes with reproducible and reliable surface properties, features thought to
be impossible to achieve in prior years, were developed by Ralph Adams at the University of
Kansas; such electrodes enable facile electrochemical investigation of redox processes without the
requirement of mercury or other challenging electrode materials.?? The advent of solid electrodes
expanded the accessible positive potential range and obviated the need for toxic Hg for electrodes.

The second major advancement in technology in this period was the use of the operational-
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amplifier-based three-electrode potentiostat.?*2425262" The employment of the three-electrode
system, now universally applied in electroanalytical work, minimizes resistive errors especially in
lower polarity solvents of relevance to organometallic chemistry carried out in solvents like
tetrahydrofuran or acetonitrile. These technological advances have enabled the current popularity

of studying non-aqueous redox processes of organometallic compounds.

Parallel to these improvements in experimental conditions, numerical approaches to solving the
mathematical relationships underpinning diffusion and electron transfer kinetics enabled a once
qualitative technique to become a quantitative analytical tool for investigating organometallic
redox processes. In 1964, Nicholson and Shain used a numerical integration approach to map the
features encountered in cyclic voltammetry data arising in the cases of several common redox
mechanisms. To this day, the relationships established in this work are bedrock features of the

quantitative cyclic voltammetry analyses used in modern research with electrochemistry.?®

Building on the redox mechanisms outlined by Nicholson and Shain, the work of Jean-Michel
Savéant in “molecular electrochemistry” constitutes a major contribution to the systematic
quantification of heterogeneous electron transfer chemistry and interpretation of data for cases
where electron transfer at an electrode is coupled with follow-up chemical reactivity.?® This work
emphasizes the critical aspects of electron transfer and reaction kinetics, enabling study of
complicated reaction schemes that involve short-lived electrochemically generated complexes that
can be quantitatively investigated over periods of time that are readily interrogated with

electrochemical methods.

Several helpful resources regarding the values of standard reduction potentials and the behavior

of various elements under electrochemical conditions also appeared for the first time in the mid-
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twentieth century. Marcel Pourbaix introduced the use of potential-pH diagrams, now known as
Pourbaix diagrams, which were first reported in 1945 to understand electrochemical reactions in
aqueous media at an electrode. Pourbaix diagrams enable prediction of thermodynamic
equilibrium states of reactions involving a specific element and its ions, and key solid, liquid, and
gas phase compounds in aqueous media.® Similarly, in 1952, Wendell Latimer published potential
diagrams that used the then-standard “oxidation potentials” to summarize thermodynamic data for
inorganic compounds, including heat of formation, free energy of formation, entropies and
equilibrium constants.3* The eponymous Latimer diagrams summarize the key information needed
to predict the relative stability of oxidation states at a given pH, and represent electrochemical
equilibria for compounds with multiple oxidation states. Bard, Parsons and Jordan expanded and
modernized the work of Latimer in a noted volume published in 1985,% providing a thorough
tabulation of standard reduction potentials in aqueous solution to assist in predictions of chemical
reactions and behavior of metal-solution interfaces. Modern data available at the time was used in
the updated volume, and transitioned potential values to current notations and conventions used

by IUPAC, particularly the standard reporting of half-reaction potentials as reductions.

2.2.3. Modern Electrochemical Methods and Techniques

Early developments in electrochemical methodology and technology have led to a plethora of
modern techniques using electrochemistry. A compilation of modern electrochemical techniques
can be found in Kissinger and Heineman’s Laboratory Techniques in Electroanalytical

Chemistry.33

The advent of gloveboxes with inert atmosphere has significantly advanced the facile study of

air- and moisture-sensitive organometallic compounds. Accordingly, there is often interest among
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researchers to carry out electrochemical investigations inside the glovebox. There are two common

configurations that enable this.

The first setup involves keeping both the potentiostat and electrochemical cell inside the
glovebox, which requires either specialized USB feedthrough ports through the dry box wall to
reach the operating computer or a wireless, WiFi-enabled potentiostat. The wireless potentiostat
obviates the need for cables; the user can place the potentiostat in the glovebox and control it from
a nearby computer.®* However, in this configuration, it is advisable to exercise extreme caution
and minimize exposure of the potentiostat to organic solvent vapors, as these can damage the
electronics. Common sources of vibrations present near gloveboxes, like vacuum pumps and
refrigerator compressors, may also cause electronic noise and contribute to unexpected current
flows by agitation of solutions under investigation.®® Careful grounding of the potentiostat is
another important consideration in this configuration; this can be done by grounding the instrument
to the outside of the dry box. This approach can allow the glovebox to function as a Faraday cage,
reducing electronic noise that originates from outside the glovebox that could impact

electrochemical studies.

The second setup is the placement of the potentiostat outside the dry box, with connection of
the electrochemical cell to the potentiostat through the glovebox wall using custom feedthroughs,
or a more standard port with a KF-40 flange that can accommodate the needed cables.
Alternatively, some gloveboxes come equipped with bulkhead connections built into side-panels,
ready for wire-clips to be attached inside and outside for experiments. The longer cables needed
for this cell-inside, potentiostat-outside configuration may be problematic for Electrochemical
Impedance Spectroscopy (EIS) measurements, as they can introduce additional capacitance to the

total electrochemical system.®® The use of short, shielded cables with the fewest possible
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connections can minimize electrical noise as well as capacitance. In both configurations, electrical
devices placed near the instrument or electrochemical cell may cause spurious signals arising from
electrical or magnetic fields; for example, stir plates left on during voltammetry can induce
significant noise or non-chemical contributions to the data. Finally, static electricity can also be

present in gloveboxes; use of shielded cables minimizes this type of interference.

In potential step methods, the electrode potential is rapidly changed from a value at which no
Faradaic current is flowing to a potential value at which the potential difference is sufficient to
induce electron transfer. Potential step chronoamperometry measures the current passed at the
working electrode at a fixed potential.*® Using the Cottrell equation (2.3) this method can be used
to determine the number of electrons involved in an electron transfer reaction (n) and diffusion
coefficient of the species undergoing electron transfer (typically, Do). In a chronoamperometry
measurement, an average value of current (i) is determined over a range of time at an electrode.
From this measurement of the diffusion coefficient of electroactive species if the number of
electrons transferred is known and vice versa. However, often Do and n are both unknown. Do can
be estimated for most freely diffusing small-molecule/organometallic species to be on the order of
10° cm? st Alternatively, diffusion coefficients can be experimentally determined with
hydrodynamic measurements using a rotating disk electrode to carry out Koutecky-Levich
Analysis.®®3” The number of electrons can be determined indirectly using chemical reduction with
stoichiometric reductants® and characterization of chemically prepared reduced forms. Once
either of the Do or n variables are known, the other variable can be calculated using the

chronoamperometry measurement and the Cottrell equation.

_ nFADY/*c}

ml/2¢1/2 (2.3)
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Potential step chronocoulometry enables measurement of the charge (Q) passed following a
potential step versus time. Charge (Q) is often quantified directly in the instrument with this
method, although integrating the current (i) flowing during the potential step can also return the
total charge passed at a given time through mathematical means.** Chronoamperometry, the
measurement of current passed during a potential step versus time, is advantageous when the goal
IS to monitor current as a function of time, while chronocoulometry is useful for monitoring the
total charge passed as a function of time. Although chronocoulometry and chronoamperometry are
similar and related because charge passed and current flow are related by calculus, the two
techniques are especially useful for different purposes depending on context. Chronoamperometry
is often utilized for investigation of catalytic processes because changes in current flow (changes
in the rate of a redox reaction), read out directly in chronoamperometry as current vs. time, are
often straightforward to observe and interpret. For example, marked drop-off in current flow may
suggest substrate consumption or catalyst decomposition during controlled potential electrolysis
used for interrogating a molecular electrocatalyst. Chronocoulometry, on the other hand, reads out
the total charge passed vs. time during a given experiment, making it useful for instantaneous
determinations of expected product yields from redox reactions or calculation of predicted
turnover numbers during a CPE investigation of a molecular electrocatalyst. However, as
chronocoulometry records the total charge passed versus time, it can be more difficult to observe
data trends that indicate changes in the chemical processes occurring during electrolysis.
Chronocoulometry uses circuitry in the potentiostat to determine the number of electrons
transferred, whereas chronoamperometry directly measures the current flow as a function of time,
giving a mathematical (error-minimizing) benefit to use of chronoamperometry for measurements

related to rates and chronocoulometry for measurements related to product yields.
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Controlled potential electrolysis® (CPE) is an electrochemical technique in which the working
electrode is held at a constant potential and monitored until completion of the redox reaction.
Controlled potential methods such as bulk electrolysis requires a potentiostat that is capable of
passing relatively large amounts of current and maintaining often substantial cell voltages.
Additionally, placement of the working and counter electrodes is important in bulk electrolysis
work to minimize uncompensated resistance; two-compartment cells are often useful for
separation of the working and counter electrodes with a glass frit. Careful determination of the
reduction potential of the target electroactive species by voltammetry is typically essential to
ensure high current efficiency and complete conversion of the oxidized or reduced starting species.
Comparison of the number of Coulombs passed during an electrolysis to the amount of product

formed is then used to determine the Faradaic efficiency of the system.

Potential sweep methods are techniques that apply a range of applied potentials over time, in
which the resulting current passed at the working electrode is measured as a function of potential.
The effective midpoint potential (E%") of a target species can be measured by varying the potential
over a range to identify the potential associated with electron transfer. The most commonly used
potential sweep methods are cyclic voltammetry (CV) and linear sweep voltammetry. Linear
sweep voltammetry (LSV)* is a technique in which the potential is varied linearly with time and
the current passed is measured. In LSV of an electroactive species, if the scan begins well positive
of the E”, essentially only non-Faradaic current will flow and [ox]>[red]. However, once the
potential sweeps to the reduction potential current starts to flow, [0x] and [red] are equal at E”". As

the potential sweeps negative of E”, however, [ox]<[red] at the electrode surface.

CV is a method in which the potential is varied over a range like in LSV, but the potential scan

is reversed after the E% and towards the initial potential. The intricacies and powerful opportunities
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afforded by CV will be discussed here and in depth in later sections.*® For those unfamiliar with
running CV experiments, we direct the reader to several foundational books and articles which
will provide practical guidance for organometallic chemists beginning to utilize electrochemistry.
In particular, the books presented by Zoski,* Bard and Faulkner,* and Constentin and Savéant?
can provide the reader with a comprehensive guide to the theory, instrumentation, and
electrochemical techniques necessary for the investigation of organometallic complexes. Popular
educational articles® and resources*® are available that provide initial information on selecting

solvents, electrolytes, electrodes, and use of electrochemical cells to perform a CV experiment.

Differential pulse voltammetry (DPV)* allows interrogation of a system via an approach
similar to linear sweep voltammetry, but involving a more complex pulse sequence that minimizes
non-Faradaic currents in the final data output. This technique, like CV and LSV, can be used for a
variety of mechanistic and kinetic measurement applications.* DPV can be preferred over CV
methods because the series of pulses applied at steadily changing potentials minimizes background

from background charging of the electrode.*?

Square wave voltammetry*>#* is similar to DPV and utilizes a discontinuous potential change
in which its current output is obtained as a symmetrical peak, unlike the current output obtained in
linear sweep voltammetry that displays the direct influence of diffusion. Like DPV, square wave
is a technique that is useful for detection of very low concentrations of analytes. The use of
discontinuous potential in this technique allows measurement of Faradaic currents at the points in

which current from double layer charging at the electrode is negligible.

Digital computer simulations of voltammetry data®***>4¢ can be employed as a complement to

experimental cyclic voltammetry to help decipher and quantify coupled electron transfer reactions.
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Simulations of cyclic voltammograms can be performed by changing variables such as electrode
area, solution concentration, scan rate and switching potential, in order to extract Kinetic
information from voltammograms. Mathematically derived differential equations can be applied
to organometallic systems to describe the concentration of a species in solution as a function of
time. Other variables that are described by these differential equations include diffusion,
convection, and migration; however, understanding these variables can be complex due to
heterogenous chemical processes occurring at the electrode surface and homogenous chemical
reactions occurring in the bulk solution.*” Some simulation packages available include:
ELSIM,*8495051 DjgiSim,%2 DigiElch,>® CVSIM®> and CVPLOT.> An exhaustive list of packages

and description can be found in Digital Simulation in Electrochemistry.*’

Low temperature cyclic voltammetry®® is an attractive technique for interrogating mechanistic
pathways that create electrogenerated transient intermediate species. Additionally, this technique
enables electrochemists to quantify thermodynamic parameters such as enthalpy change and
kinetic parameters such as diffusion rate and heterogenous electron transfer rates of electron
transfer reactions, and aids in the understanding of intricate coupled chemical reactions. Two cells
are suitable for this technique, the dip-type cell that have an elongated cell body suitable for
immersion in a coolant and jacketed cell that has a second outer jacket with feed throughs for
coolants. Special care needs to be taken to choose an appropriate solvent and supporting electrolyte
that can be used at low temperatures; a comprehensive list can be found in Laboratory Techniques
in Electroanalytical Chemistry.®® An additional challenge is that solution resistance increases at
low temperatures; it is therefore often necessary to electronically compensate for the solution

resistance.*?
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Spectroelectrochemistry®® is a technique that allows for simultaneous electrochemical and
spectroscopic interrogation of a compound. Spectroelectrochemistry enables the observation of
spectral changes in situ to understand the reactions occurring at an electrode surface. These cells
contain an optically transparent electrode (OTE) that are constructed of a conductive material such
as platinum, gold, carbon, or a semiconductor material such as doped tin oxide on glass or quartz.
Various spectroscopic techniques such as electronic absorption spectroscopy, infrared

spectroscopy and Raman spectroscopy can be used in parallel with electrochemical methods.*?

The use of chemically modified electrodes,® in which electrodes are purposefully modified via
adsorption, coating or attachment of molecules to the electrode surface, is also a robust area of
inquiry relevant to numerous fields. Modified electrodes are studied for their interesting properties
in applications such as electrocatalysis, display devices, analytical applications and

photoelectrochemical applications.

Alternating current (AC) voltammetry is a small-amplitude method that involves the application
of sinusoidal wave voltage to an electrochemical cell. This method enables deciphering of
contributions to electrochemical behaviors of, separately, the analyte concentration, the identity of
solution components, kinetics of charge transfer, and the nature of the double layer capacitance at
the electrode/electrolyte interface. This technique can be used primarily for mechanistic studies

and allows separation of Faradaic and non-Faradaic current responses.3

Modern electrochemical methods and techniques will be discussed in further detail in the

context of organometallic electrochemistry throughout this chapter.
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2.3 Chemical Reactivity at the Working Electrode Surface

2.3.1 Electrochemically and Chemically Reversible Electron Transfers

Electron transfer can be homogenous or heterogenous in nature. Homogenous electron transfer
is the transfer of an electron from one solubilized molecule to another. The movement of an
electron from the highest occupied molecular orbital (HOMO) of a donor molecule and the lowest
unoccupied molecular orbital (LUMO) of a given acceptor should be thermodynamically favored
to take place. The kinetics of homogeneous electron transfer are most commonly discussed in the
context of Marcus Theory.*® On the other hand, heterogenous electron transfer typically occurs in
molecular electrochemistry, an electron being transferred from a solid electrode to a solubilized
molecule in solution that is located near the electrode surface. This type of electron transfer is
associated with electrochemical reduction/oxidation in which the driving force for electron transfer

to a compound in solution is based on the potential applied to the electrode by the potentiostat.

Electron transfer reactions are ubiquitous in organometallic electrochemistry and it is therefore
often important to understand how electron transfer to/from an electrode affects the structure and
composition of organometallic complexes. Electron transfer reactions are broadly classified as
either “reversible” or “irreversible” processes. However, these classifications should be more
specific: electron transfer reactions can be classified as either electrochemically (ir)reversible
and/or chemically (ir)reversible. Chemical reversibility refers to processes in which the
electroactive species are stable and homogenous in their reduced and oxidized forms.®
Electrochemical reversibility speaks to the rate of electron transfer kinetics between the electrode
surface and the electroactive species, with fast rates of electron transfer giving rise to

electrochemically reversible behavior. Electrochemically reversible systems are referred to as

28



Nernstian, meaning that they obey the Nernst equation (2.1) by virtue of equilibrium
concentrations being fully established at the electrode surface.®*® Processes that are both
electrochemically and chemically reversible have a potential separation between cathodic and
anodic peaks (AEp) of 57 mV in cyclic voltammetry, a value derived first in the work of Nicholson
and Shain for electron transfer rates at the fast limit. The term quasi-reversible refers to electron
transfers that appear chemically reversible but have AE, > 57 mV, or for cases where the forward

and backward rates are similar but not quite equal.

) K¢
Reversible: Ox + ne™ —.—k—“ Red
b

) . K
Quasi-reversible: Ox + ne” :k—" Red
b

Scheme 2.1: Reversible electron transfer (ks = ko) and quasi-reversible electron transfer (ks ~ kb).

Reversible electron transfers can be described with the E mechanism notation used by
Nicholson and Shain, referring to the involvement of a single electron transfer step.?® The most
well-known example of an organometallic complex that engenders an E mechanism upon
oxidation and reduction is ferrocene/ferrocenium; ferrocene is ubiquitous in organometallic
electrochemistry in part due to its ability to undergo fast electron transfer with minimal redox-
induced structural change. Cycling of the oxidation state of the ferrocenium/ferrocene couple
results in very little structural distortion, giving rise to fast electron transfer and therefore it is
typically electrochemically reversible.®® This has led to the widespread adoption of
ferrocenium/ferrocene (Fc*®) as an internal reference for the reporting of electrochemical
potentials for redox events.®® This is because the reversible behavior of the Fc*’° couple holds true

for a range of solvents; there is little to no structural rearrangement upon electron transfer, and
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therefore there are no significant influences of solvent interactions that would otherwise affect the
appearance of the voltammogram. Although ferrocene is traditionally viewed as highly stable and
is therefore used as a standard for normalizing potential, readers should be aware that ferrocene
can be oxidized to a dication®® or reduced to an anion,®? or degrade from reactions with

electrogenerated species.

As the reader progresses ahead in this chapter toward the CV and CPE sections, please note that
midpoint potentials (E1 values) for redox processes may be reported, at various points, versus the
ferrcenium/ferrocene couple (Fc*) as well as versus SHE, the standard hydrogen electrode. This
is because, in order to for a reported potential to be a standard reduction potential (E°), the
conditions of the measurement of the potential must satisfy the Nernst equation (see equation 2.2),
wherein the temperature is 25 °C, any gases involved are present at 1 atm, and the molarity of the
analytes are 1 M.%® These conditions are not always readily achievable or desireable in
organometallic chemistry, and thus midpoint potentials measured for various redox processes are
often simply reported as Ei values vs. Fc*’ or other reference potentials. In order to convert
between V vs SHE and V vs Fc*°, E° would need to be rigorously determined for ferrocene in
water. However, ferrocene is insoluble in water, limiting the ability to rigorously determine the E°
of Fc*® or other insoluble redox active species in terms of V vs Fc*°, limiting the precise and

rigorous interconversion between V vs SHE and V vs Fc*”,

Thermodynamic half-cell potentials for processes like proton reduction, oxygen reduction, and
water oxidation are typically discussed with referencing of V vs SHE instead of V vs Fc*"° because
such small-molecule reactions often do not have well-defined standard potentials in non-aqueous
solvents. We note, however, that the conversion between the two references (SHE and Fc*°) has

been estimated to be Fc*© = +400 mV vs SHE.1°
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Under non-aqueous conditions, the midpoint potential, E12, measured using cyclic voltammetry
of the Fc*™ couple can provide an estimate of the formal potential, E”, of the Fc*® couple.®* The
midpoint potential and formal potential of the ferrocenium/ferrocene couple are virtually
equivalent because of the electrochemically and chemically reversible nature of the redox
chemistry of these species. Therefore, a traditional measurement to determine the standard
reduction potential of ferrocenium/ferrocene (carried out so as to satisfy all the requirements of
the Nernst equation) in which the potential of a half-cell prepared with a 1:1 mixture of
ferrocenium and ferrocene would be compared to a reference potential can be reliably concluded
to be comparable to that of the operationally much simpler measurement of the midpoint potential

of the Fc* redox system via CV.
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Scheme 2.2: One-electron reduction of ferrocenium/ferrocene. General E mechanism. Electrode

electron transfer reaction.

2.3.2 Coupled Chemical Reactions

Chemical reactions are often coupled to electron transfer, because gain or loss of electrons by

a metal complex can cause structural changes and/or changes in the frontier orbitals in the complex.
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An extensive review of examples of electrochemically induced redox chemistry is beyond the
scope of this chapter, but a thorough list of examples is given in a review from Geiger.® Electronic
changes often induce chemical processes due to the instability of formed intermediate species that
result from electron transfer. Irreversible electron transfer processes involve a charge transfer that
is rate limiting. A non-reversible electron transfer processes involve thermodynamically reversible

process as well as a redox-induced chemical reaction.

. ks
Irreversible: Ox + ne” —;—* Red
b

Non-reversible: Ox + ne- — Red

Scheme 2.3: Irreversible electron transfer (ks >> ky) and non-reversible electron transfer.

2.3.3 EC Mechanism

There are multiple mechanisms by which electron transfers and chemical processes can be
coupled together at an electrode.?® The simplest of these is the EC mechanism, in which an electron
transfer is followed by a first-order or pseudo-first-order reaction that occurs in solution. If the
initial electron transfer is fast, the follow-up homogeneous chemical reaction often does not
interfere with the electrochemical response in a kinetic sense. In the case of the EC mechanism,

the redox-induced chemical reaction is the only rate limiting factor except for diffusion.?°
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Scheme 2.4: General EC mechanism. Electrode electron transfer flowed by a first-order or pseudo-

first-order homogenous reaction.

The zone diagrams developed by Savéant are helpful to understand redox reactions that
engender a general EC mechanism. Zone diagrams serve to identify the relationship between the
rate of diffusion, the Kkinetic properties of the reduction-induced reaction (as a function of
equilibrium constant, K) and the ratio of the coupled chemical reaction rate and diffusion rate
(quantified in a dimensionless parameter, A). The scan rate at which the CV is measured is
inversely proportional to A. This inverse relationship means that as the scan rate is increased for a
CV measurement, the A parameter decreases. When scan rate is high in a reduction, A is small,
allowing less time for the reduced form of the organometallic complex to diffuse in solution, and
therefore there is less time for the coupled chemical reaction to occur at the electrode surface and
influence the electron transfer equilibrium that is measured as current. At faster scan rates, the
anodic peak current associated with reoxidation increases until it appears to be quasi-reversible,
indicating that the coupled chemical reaction has had insufficient time to occur. Conversely, at low
scan rates the coupled chemical reaction appears as an irreversible process, because there is
sufficient time for the coupled chemical reaction to occur at the electrode surface, and the back
reaction is eliminated.?® Two examples of kinetic zone diagrams are shown in Figure 2.1; for a

complete set of the diagrams discussed in this chapter please refer to Savéant and Costentin’s
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Elements of Molecular and Biomolecular Electrochemistry: An Electrochemical Approach To

Electron Transfer Chemistry.?°
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Figure 2.1: Examples of Zone diagrams. Upper Panel: Kinetic zone diagram of expected shapes
of CV response for a catalytic reaction first order in substrate (Ca) and catalyst (Cp). Reprinted
(adapted) with permission from Savéant, J.-M., Chem. Rev. 2008, 108 (7), 2348-2378. Copyright
2008, American Chemical Society. Lower Panel: Kinetic zone diagram for the EC,EC;mechanism.
Reprinted (adapted) with permission from Elias, J. S.; Costentin, C.; Nocera, D. G., J. Am. Chem.

Soc. 2018, 140 (42), 13711-13718. Copyright 2018, American Chemical Society.

34



A well-defined organometallic system that demonstrates this behavior with an EC mechanism
is the series of [Cp*Rh] bis(2-pyridyl)methane complexes studied by our own group.®>%® In this
organometallic system, a 1e™ quasi-reversible reduction is followed by a second 1e reduction that
is coupled to a rearrangement of the bis(2-pyridyl)methane ligand. Figure 2.2 shows the
voltammograms of the benzyl (Bn) analog of 1 at 50, 1000, and 2500 mVs™! (left panel) associated
with the reduction-induced ligand rearrangement shown (right panel). The second reduction at Epc
= —1.40 V vs Fc* exhibits characteristics of an EC mechanism in which there is an expected
increase in cathodic current with increasing scan rate coupled with observation of the anodic
process at only higher scan rates. As described by Savéant, A is large at slower scan rates allowing
ample time for the redox induced ligand rearrangement to occur. At higher scan rates the
observation of the reoxidation event in the form of the anodic feature at leading to an
electrochemically quasi-reversible process. At higher scan rates the relative increase in anodic
current is a result of the small value of A. In other words, the increased scan rate enables the rate
of the coupled chemical step to be overtaken, enabling direct observation of redox couple for the
species that can otherwise be considered transient. As a complement to this experimental
voltammetric study, digital simulations of the experimental data were performed using DigiElch
in order to measure the first-order rate constant (k™) for the ligand reorientation or “flip” chemical
step. Multiple scan-rate dependent voltammograms were simulated to extract, from the behavior

of the anodic feature, quantitative values of k.
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Figure 2.2: Top left panel: cyclic voltammetry of 1 (R = benzyl, Bn) at increasing scan rates.
Conditions: electrolyte, 0.1 M TBAPFs in CH3CN; working electrode, highly oriented pyrolytic
graphite. Upper right panel: experimental and simulated voltammograms of 1 (R = methyl, Me).
Lower scheme: electrochemical reduction pathway for 1. Adapted from work described in citation

65. Copyright 2021, American Chemical Society.

2.3.4 ECC Mechanism

An electrochemical process that involves an electron transfer step followed by two sequential

chemical reactions is referred to as an ECC mechanism. One of the most common ECC
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mechanistic scenarios results from the generation of an organometallic radical, followed by the
loss of a ligand, and then dimerization to give the final product. This can occur by 1e~ oxidation
or reduction of a substrate, which ultimately results in a ligand or metal centered radical. Radicals
are notoriously reactive species, and once generated electrochemically, often go on to react with
another species present. A notable organometallic complex that undergoes 1e™ reduction to form a
metal centered radical is Mn(CO)sBr("bpy), a well-known CO reduction catalyst. The
electrochemical and electrocatalytic behavior of Mn(CO)sBr("bpy) was first established by

Deronzier, Chardon-Noblat, and co-workers using CV (see Figure 2.3).%7

B

E: A+e
k
C: B — C

k
cC: ¢ — D

Scheme 2.5: General ECC mechanism. Electrode electron transfer followed by two first-order or

pseudo-first-order homogenous reactions.
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Figure 2.3: CV of Mn(CO)sBr("bpy) in 0.1 M TBAPFs/MeCN electrolyte at 100 mVs (left).
Accompanying chemical scheme for the sequential irreversible reductions and more positive

oxidation associated with Mn(CO)sBr("bpy) (right).

At first glance, the cyclic voltammogram of Mn(CO)3Br(Hbpy) seems to be quite complicated;
this is attributable to the multiple chemical reactions involved in the redox behavior of this
complex. Scanning toward more negative potentials, two sequential and essentially irreversible
reductions are observed with cathodic peak potentials of —1.61 V vs Fc*® and —1.83 V vs Fc*”,
followed by an oxidation at more positive potentials with an anodic peak potential at —0.61 V vs
Fc*®. Based on mechanistic work with this complex, the first irreversible reduction of
Mn(CO)sBr(Hbpy) can be reliably assigned to result in a 19e- complex.®® This 19e- complex then
loses Br™ to generate a 17¢ species with a Mn-centered radical. Two of these Mn-centered radicals
can recombine to dimerize and produce Mn2(CO)s(Hbpy)2 (Mn—Mn dimer) in an overall ECC-type
mechanism. The second reduction feature in the CV is attributed to the reduction of the Mn—Mn
dimer, which cleaves the metal-metal bond to generate the 18 e~ complex, [Mn(CO)s("bpy)]~ in an
overall EC process. Lastly, scanning to more positive potentials, [Mn(CO)s("bpy)]™ is re-oxidized

to form the starting complex, Mn(CO)sBr("bpy).
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2.3.5 CE Mechanism

The CE mechanism involves a rapid, reversible first-order or pseudo-first-order chemical
reaction followed by an electron transfer. For CE mechanisms the electroactive starting material
(A) is the product of chemical conversion of the starting material (species C in Scheme 2.6) in the

chemical reaction labelled as step C.

Ks

C: C = A
Kp

E: A+e B

Scheme 2.6: General CE mechanism. A first/pseudo first-order homogenous reaction preceding

an electrode electron transfer.

CE mechanisms in which the pre-equilibrium is sufficiently fast to not influence the
electrochemical response kinetically can be described using the equilibrium constant (K) and
kinetic parameter 1.2° In the case of one-electron reversible waves that engender a CE mechanism
when the equilibrium constant is large, the couple appears reversible regardless of A. However,
when K is small, the appearance of the CV becomes more complex and depends on the value of A.
The preceding reaction (C step) influences the electrochemical response (E step) when ks is small.
The CV response is controlled by the rate at which the species C is converted to the electroactive
species A (Kkr). The kinetics and thermodynamics of the conversion of C to A can influence the
height and shape of the CV. As previously stated, the inverse relationship between scan rate and A
means that as the scan rate is increased for a CV measurement, the A parameter decreases. The

case of CE with a small A engenders (fast scan rate and/or slow reaction) a reversible wave in
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which the height is influenced by the equilibrium constant. If the equilibrium constant is
proportional to the peak heights of the CV, meaning for a CE case with a small K and small A
value there will be a reversible wave with small peak current. As A increases as a result of slower
scan rate the anodic wave takes the form of a plateauing wave which has a plateauing current
independent of scan rate. An even slower scan rate and larger A parameter results in a CV that

gradually increases in reversibility until reaching a quasi-reversible wave.?

A distinct CE mechanism was observed in the titration of the solvent rhodium complex
[Cp*Rh(PQN)NCCH3]** (PQN) = (diphenylphosphino)quinoline) with tetrabutylammonium
chloride (TBACI).%® This titration was performed to understand the role of halide ligands in
influencing the redox properties of [Cp*Rh] complexes supported by bidentate chelates. The CV
of [Cp*Rh(PQN)NCCHs]?* reveals two distinct quasi-reversible one-electron couples (Rh'"""" and
Rh'", —0.93 V and —1.16 V vs Fc* respectively). Increasing the concentration of TBACI to
[Cp*Rh(PQN)NCCHs]?* clearly results in the diminution of the two original waves and gives rise
to a new single 2~ wave (Rh"""'=—1.19 V vs Fc*) that corresponds to the electrochemical profile
of [Cp*Rh(PQN)CI]; this was verified when this species was isolated through chemical synthesis
and studied independently. This behavior confirms the rapid chemical conversion (C step) of
[Cp*Rh(PQN)NCCH3]** to [Cp*Rh(PQN)CI]* by displacement of the ligated CH3CN with
chloride followed by an electron transfer to reduce the rhodium(l11) complex (E step) giving rise

to an EC mechanism observed in Figure 2.4.7°
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Figure 2.4: Electrochemical response of [Cp*Rh(PQN)NCCH3]** in CH3CN upon increasing
additions of tetrabutylammonium chloride. Growth of the reduction process with E1» =-1.19 V
indicates coordination of chloride to [Cp*Rh(PQN)NCCHj3]?** by displacement of bound CHsCN,
generating [Cp*Rh(PQN)CI]*. Reprinted (adapted) with permission from citation 69. Copyright

2019, American Chemical Society.
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2.3.6 ECE Mechanism

The ECE mechanism is the case in which an electroactive species undergoes an electron transfer
reaction followed by a coupled chemical reaction, like that of an EC reaction. However, the
intermediate formed by the chemical step then undergoes a second electron transfer (Scheme 2.7).
An ECE reduction occurs when the intermediate C formed has a standard reduction potential that
is more positive than that of the standard reduction potential for the conversion of the initial
electroactive species A to generate B. Each molecule of B is chemically converted to C, and
following the chemical conversion, C is instantaneously reduced by the electrode to generate the
final species, D. This instantaneous reduction of C means that the ECE mechanism results in the
appearance of a “2e” wave” which is often misinterpreted as arising from a truly simultaneous
transfer of 2e~. However, virtually all ECE reductions actually involve two separate 1e~ reduction
steps. Like many of the other mechanisms discussed here, the appearance of the CV can sometimes
be influenced by varying the scan rate. In the ECE case, the A kinetic parameter is interrelated with
the rate of the chemical reaction that controls conversion of B to C. In the ECE case, at faster scan
rates where A is small, a quasi-reversible wave is predicted to be observed, corresponding to the
one-electron process for reduction of A to B and re-oxidation of B to A. As the scan rate is
decreased, however, A increases, giving rise to irreversibility with respect to the original A/B wave
and increase of the cathodic peak current, attributable to time being allowed for conversion of B
to C and subsequent reduction of C to D. At slow scan rates the CV should then have the expected
two-fold increase in the magnitude of the cathodic peak current. In certain systems which have
appropriate kinetics of the chemical step associated with conversion of B to C, accumulation of
the intermediate C at the electrode during scans can give rise to trace crossing; such behavior is

attributable to the greater quantity of the intermediate C present at the surface during the reverse
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scan than the cathodic scan, giving rise to cathodic current during the anodic scan.?® However, at
typical electrodes and scan rates of relevance to molecular organometallic chemistry, this trace
crossing associated with the ECE mechanism is not commonly observed and thus the absence of

the behavior should not be taken as evidence against net 2e-, ECE-type behavior.

E: A+e B
K

C: B — C

E: C+e D

Scheme 2.7: General ECE mechanism (reduction shown). Electrode electron transfer flowed by a

first/pseudo first-order homogenous reaction which undergoes a second electron transfer.

A well-defined family of Cp*Rh complexes illustrates the ECE mechanism engendering two
sequential 1e~reductions.®>17273.74 Electrochemical studies on the [Cp*Rh(PQN)L]™ (PQN = 8-
(diphenylphosphino)quinoline) complex exhibits interesting activity with substitution of the
monodentate ligand (Figure 2.5). The [Cp*Rh"'(PQN)CI]* analog undergoes an initial le
reduction generates a transient [Cp*Rh'(PQN)CI]° following the initial E step, the Rh(I1) complex
undergoes a chemical loss of the monodentate CI- to form the intermediate [Cp*Rh"(PQN)]*,
which is immediately followed by a second 1e~reduction to generate [Cp*Rh'(PQN)]°. This ECE
mechanism gives rise to a CV with the appearance of a quasi-reversible 2e~ reduction. In the
absence of chloride, however, the reduction of the solvento species, [Cp*Rh"'(PQN)NCCH3;]**
takes place at a potential more positive than that for [Cp*Rh"'(PQN)CI]* due to its dicationic

nature. The shift in this potential is a result of the chemical reaction step (loss of CH3CN rather
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than CI") being insufficient to cause the transient [Cp*Rh'"(PQN)NCCHs;]* complex to be reduced
at a more positive potential compared to the [Cp*Rh"'(PQN)NCCH;]?>* complex. Due to this
phenomenon two discrete reductions are observable and results in the metastable
[Cp*Rh'"(PQN)NCCH3]* complex generated near the electrode. The oxidation of the
[Cp*Rh'(PQN)]° analog results in a very similar CV profile due to the generation of the
[Cp*Rh!"'(PQN)NCCHs3]?* in CH3CN solvent. The third reduction in each CV is attributed to the

reduction of the PQN ligand.”
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Figure 2.5: CV of [Cp*Rh"'(PQN)CI]* (upper panel) [Cp*Rh"'(PQN)NCCHS;]?* (middle panel)
and [Cp*Rh'(PQN)]° (lower panel). Reprinted (adapted) with permission from citation 69.

Copyright 2019, American Chemical Society.
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2.3.7 Substitution Mechanism

In inorganic and organometallic chemistry intermolecular substitution reactions typically occur
by associative or dissociative mechanisms. In an associative mechanism, a ligand forms a bond to
the metal center prior to the ejection of the exiting ligand. Conversely, in a dissociative mechanism,
a ligand is initially expelled from the metal center to generate space for an incoming ligand to bind.
Electrochemical oxidation or reduction has been shown to accelerate some intermolecular

organometallic substitution reactions, and therefore gives useful mechanistic insights.

In an example from the work of Kochi and co-workers, organometallic intermolecular ligand
substitution is enhanced and observed using electrochemical methods.” This series of reactions,
monitored by CV, demonstrate that the acetonitrile ligand bound to (n°-MeCp)Mn(CO)2(NCMe)
(Mn-NCMe) may be substituted with various alkyl and arylphosphines when an oxidative bias is
applied (see Figure 2.6). The initial CV of Mn-NCMe displays a well-behaved quasi-reversible
1e- redox couple at 0.22 V vs Fc*°. However, when 1 equiv. of triphenylphosphine (PPhs) is added
to the system, the quasi-reversibility of the initial redox couple ceases, but the 1e~ oxidation of
Mn-NCMe to the 17e species [Mn-NCMe]" persists and a new redox couple begins to grow in at
0.55 V vs Fc™°. This behavior suggests that once [Mn-NCMe] is oxidized to [Mn-NCMe]*,
substitution of the NCMe for PPhs is facile and results in the rapid consumption of [Mn-NCMe]*
to generate the intermolecular substitution product (1°-MeCp)Mn(CO)2(PPhs) (Mn-PPhs). As
increasing equivalents of PPhs are added to the electrochemical cell, [Mn-NCMe]" is consumed
more rapidly until only the current corresponding to the substitution product is observed during
CV. To confirm that it is indeed MeCp)Mn(CO)2(PPhs) being generated, an authentic sample of

(MeCp)Mn(CO)2(PPhs) was found to be oxidized at the latter potential. This exemplifies a class
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of substitution reactions that take place when inner-sphere ligands become labile upon oxidation

or reduction of different organometallic complexes.

R* Added
PPhy
a.
none
| equiv
C.
R
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P
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Potential , \Y

Figure 2.6: (a) Initial CV of (n°-MeCp)Mn(CO)2(NCMe). (b and c) Potentiometric titration of
(1°>-MeCp)Mn(CO)2(NCMe) (R) with PPhs to generate (1°-MeCp)Mn(CO)2(PPhs) (P) under
electrochemical conditions. (d) CV of isolated (>-MeCp)Mn(CO)2(PPhs). CVs are taken at 200
mVs with MeCN solvent at 0.1 M TEAP electrolyte. Reprinted with permission from 75.

Copyright 1983 American Chemical Society.
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2.3.8 DISP Mechanism

The DISP mechanism, or disproportionation mechanism, is similar to that of the ECE
mechanism previously discussed, but involves a second disproportionation pathway following the
non-electrode-based generation of the intermediate C. For DISP mechanisms the second electron
is transferred from B to C rather than from the electrode to C as in an ECE mechanism. In the ECE
mechanism the E%;p is at a more positive potential than E%/s, implying that the disproportionation
reaction Kp is favorable. The two electron transfers engendered in the ECE mechanism are both
fast, therefore it is assumed that the thermodynamically favorable disproportionation reaction is
fast. The chemical conversion of B to C is the rate determining step and A behaves in the same
manner as in ECE mechanism. As discussed for the ECE mechanism at faster scan rates A is low,
which gives rise to a quasi-reversible wave. As the scan rate is gradually decreased, A increases
giving rise to increasing irreversibility and increase of the cathodic peak current and slow scan
rates the CV reaches complete irreversibility and has appearance of a 2e™ reduction in magnitude
of the peak current. Under pure Kkinetic conditions the ECE and DISP mechanisms are
indistinguishable by CV, but when pure kinetic conditions are not achieved it is possible to
distinguish between ECE and DISP mechanisms. Non-pure kinetic conditions in DISP do not lead
to crossing as seen in the ECE case discussed above. The absence of trace crossing in the DISP
mechanism is due to the slow reaction of B to C, consequently the intermediate C is formed far
from the electrode surface which allows ample time for the disproportionation to occur before C
reaches the electrode. This prevents the accumulation of C at the electrode surface during scans,
and therefore there is no possible contribution of cathodic current during the anodic scan as is

possible during the ECE-type mechanism.?°
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A+e

k
B — C

Kp
B+C — A+D
Scheme 2.8: DISP mechanism. Electrode electron transfer followed by a first-order or pseudo-

first-order homogenous reaction in which a second electron is transferred from species B to C.

An example of an organometallic system with an ECE-DISP mechanism is the series of
substituted rhodium(I11) porphyrin complexes studied by Savéant et al (Figure 2.7).”® This
rhodium(111) porphyrin family engenders chemical irreversibility that is attributed to the
disproportionation of the rhodium(Il) complexes caused by ligand exchange reactions. During
reduction *Rh(Ill)L: is reduced by 1e™ to the corresponding Rh(Il)L, followed by the loss of one
L ligand. The loss of L generates a second Rh(I1)L which is reduced at a more positive potential
than the initial Rh(lll) complex by 1e. This electrochemical reduction thus involves a
disproportionation step because the second electron step occurs concurrently with electrode

reduction.
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Figure 2.7: Reduction scheme of Rh(I11) porphryin complexes in which disproportionation occurs
with the reduction to Rh(Il)L.. Disproportionation scheme of Rh(I11)L2 shown below. (Left.) Cyclic
voltammetry of rhodium(lll) tetraphenylporphyrin (TPP) and rhodium(IIl) octaethylporphyrin
(OEP) (Right.) Reprinted (adapted) with permission from citation 76. Copyright 1997, American

Chemical Society.

2.4 Using Electrochemistry to Explore Chemical Reactivity with Stoichiometric

Redox Reagents

2.4.1. Synthesis via Controlled Potential Electrolysis

Controlled potential electrolysis (CPE) is a well-established electrochemical method used for
synthesis of electron transfer products.1%77.78.79 808182 There gre advantages and disadvantages to
this electrochemical synthetic method. CPE allows a wide range of precise potentials accessible
for reduction/oxidation of organometallic compounds with minimal side reactivity that leads to
byproducts. However, CPE can be problematic because of the need for a large amount of

electrolyte salt in solution, which can be difficult to separate from the product.®
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2.4.2. Synthesis via Chemical Redox Reagents

An alternative method for synthesis of electron transfer products is use of chemical redox
reagents, chosen based on CV to determine the reduction potential of the electroactive species
(Figure 2.8). The utilization of a homogeneous reductant/oxidant eliminates the necessity for a
large excess of supporting electrolyte salt that must be separated. Another advantage of chemical
methods is the fast time scale and large reaction scale compared to electrochemical methods.
Chemical reduction and oxidation can be performed at low temperatures to reduce side reactivity
and improve selectivity. Although it should be noted that low temperature electrolysis experiments
are possible, it is necessary to be strategic when selecting the solvent and supporting electrolyte
for work at low temperature. A list of appropriate solvents and electrolyte systems for work at
reduced temperatures can be found in Kissinger and Heineman’s Laboratory Techniques in
Electroanalytical Chemistry.®® Another notable difference between chemical and electrochemical
synthetic methods is the former can be done in non-polar solvents. This may be advantageous for
precipitation of products, or for use of a non-coordinating solvent to prevent ligand

exchange/displacement.©

However, the use of chemical redox reagents have notable disadvantages.® Chemical reagents
have a fixed reduction/oxidation potential, which can be disadvantageous for target complexes for
which there is no good match of a chemical redox agent with chemical compatibility and the
correct potential, whereas electrochemical methods enable precise choice of potential. Chemical
reagents also introduce a redox byproduct, which may give undesired reactivity. Particularly
problematic are reagents that give inner-sphere electron transfer leading to installation of ligands

such as NO when using the oxidant [NO]* or chloride derived from trityl chloride.X*84 In choosing
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a redox reagent for chemical reduction or oxidation, one must take solubility into account as well
as considering the reduction potential of the electroactive species and fixed potential of the redox
reagent. It is important to note that for a Nernstian system (see section 1.3.1) a 99% reaction
completion for a 1e~ transfer requires a reducing agent to have E° 118 mV negative of the E° and

an oxidizing agent to have E° 118 mV positive of the E° (Figure 2.8).1°

Formal Potentials (V vs Fc) of Selected
Oxidizing Agents

Formal Potentials (V vs Fc) of Selected
Reducing Agents

oxidant solvent BY correction ref reductant solvent E*  correction ref
[N(CgH2Br3-2,4,6)3]* MeCN 1.36 a 228 [CioHs]~ THF -3.10 a 366b
Ce(IV) HCIO;4 1.30 b c glyme -3.05 a 366b
Hz0 0.88 b c DMF —2.95 b c
[N(CeH3Br2-2,4)a]* MeCN 114 a 228 Na THF, glyme —3.04 a d
[WClg) CHClz ca. 1.1 d 132 Li NH; —2.64 e i
INOJ* CH,Cl,  1.00 none 195  Li(Hg) H;0 —2.60 e g
[Ru(phen)s]** MeCN 0.87 e 108 K NH3; —2.38 e f
INOJ* MeCN 0.87 none 195 Na(Hg) nonaqueous —2.36 e h
[thianthrene]* MeCN 0.86 f 8 [anthracene]~ glyme —2.47 i b
[N(CsHBr-4)3]* CHCl;  0.70 d h [FeCp*(y-CsMeg)] dmf —2.30 b 437
MeCN 0.67 1 7 Na NH;3 =225 e f
[Fe(bipy)a]** MeCN  0.66 e 111 [benzophenone]- THF -2.30 none  k
Ag* CHClz  0.65 d 63 DMF -2.17 b 1
[Mo(tfd)s] MeCN  0.55 i k [acenaphthalene]~ THF -2.26 a 366b
[IrCLy(PMezPh);] MeCN  ca.05 1 123 glyme —217 i i
[Fe(y-CsH4COMe)z]*  CH:Clz  0.49 none h [FeCp(y-CsMeg)]  glyme —2.09 m 402
[CuTfz) MeCN 0.40 f 88 [CoCp*2) CH.Cl, -1.94 n P
Ag* THF 0.41 m 63 MeCN —1.01 p q
Ni(tfd) CHCI. 0.33 h - =
}Ptlé:lgl)lz"] Hzé 2 o 2‘“"? 2 [Fe(CO)Cp] THF, MeCN ca.(irrl).S pr 442.49
[Fe(y-CsH4COMe)Cp]* CHCl, 0.27 none h [CoCps] CH.Cl, —1.33 none k
élg‘ :Aceg)]:;e g :g Z 23 glyme -1.31 m 404a
2 e 5 <l il
DDQ MeCN 013 1 308 {g;g’p%i““)’] S TN o 2
Br; MeCN  0.07 b P MeCN —048 = <
[N2CsH4NO2-4]* sulfolane ca. 0.05 f q hydrazine DMSO _0'4 1 t 357
Ag* MeCN  0.04 r 63 [HeCp] 0.0
}g:(c‘;(zfﬁ“)zhl MY afendly & 304 NEt MeCN ca 047 u 303
[N2CgH4F-4]+ MeCN —-0.07 £ q “ £ vs [biphenyl]*~; [biphenyl]*~ = —2.69 V vs SCE (DMF/
[CPha]* MeCN —0.11 f s [NBuy][C104]) (Grzeszczuk, M.; Smith, D. E. J. Electroanal.
I MeCN -0.14 r t Chem. 1983, 157, 205); Fc = 0.45 vs SCE (DMF/[NBuy][C1O4].
e wex 22 0 b (Ressietceiedmidra depCas
ef -0. u er, C.; Hoijtink, G. J. Trans. Faraday Soc. , 55, s
[FeCp*2]* MeCN -0.59 none h 4 Hoijtink, G. J.; de Boer, E.; van der Meij, P. H.; Weijland,
CHClz —0.48 none h W. P. Recl. Trav. Chim. 1956, 75, 487. < Fc = 0.40 V vs NHE
[C7H7]* MeCN —0.65 f s in Hz0. / Strehlow, H. The Chemistry of Nonaqueous Solvents;

# Use measured difference from potential of [N(CgHBr-4)3]*
which is 0.70 V vs Fc. ? Fc = 0.40 V vs NHE in Hz0.  Smith,
G. F.; Getz, C. A. Ind. Eng. Chem., Anal. Fd. 1938, 10, 191.
dFc = 0.46 V vs SCE (CHzCl/[NBuy][PFg)). ¢ Fc = 0.32 V vs
sodium SCE. ‘Fc = 0.40 V vs SCE (MeCN/[NBuy|[PFg]).
#Hammerich, O.; Parker, V. D. Electrochim. Acta 1973, 18,
537. # Data from authors’ laboratories. / Fc = 0.38 V vs SCE
(MeCN/[NEt4][C104]). / Reynolds, R.; Line, L. L.; Nelson, R. F.
J. Am. Chem. Soc. 1974, 96, 1087. * Davison, A.; Edelstein,
N.; Holm, R. H.; Maki, A. H. J. Am. Chem. Soc. 1964, 86, 2799.
10.9 V vs Ag/AgCl in MeCN/0.1 M NaClOy; conversion to Fc
approximate. “ Fc = 0.56 V vs SCE (THF/[NBuy|[PFg)).
~ Kravtsov, V. I; Simakov, B. V. Elektrokhimiya 1966, 2, 646.
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Figure 2.8: List of chemical redox agents as summarized by Connelly and Geiger in 1996.
Chemical oxidants (left) chemical reductants (right). Reprinted (adapted) with permission from

10. Copyright 1996 American Chemical Society.
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2.4.3. Literature Examples of Combined Use of Cyclic Voltammetry and

Chemical Redox Reagents

An example of utilizing chemical reducing agents as a supporting complement to cyclic
voltammetry is a titanium polymerization catalyst with added AIEt3.2° This work features cyclic
voltametric studies of the titanium catalyst Ti-1 shown in Figure 2.9 in which the complex
undergoes a single irreversible 1e~ reduction at —2.12 V vs. F¢*°, The cyclic voltammogram of Ti-
1 in the presence of AlEts changes the appearance to include an oxidative feature at Epa at —1.32
V vs Fc*’. Chemical reduction of Ti-1 in the presence of AlEt; yields bimetallic complex Ti-2
(Figure 2.9). The anodic feature at Epaat —1.32 V vs Fc*”0 in the electrochemistry corresponds to
the oxidation of Ti-2. This assignment is supported by matching spectral profiles of the
spectroelectrochemical data of the parallel addition of AlEtz to 1 and the UV-vis data of the

chemically prepared complex Ti-1.
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Figure 2.9: Cyclic voltammetry data for Ti-1 (red trace upper panel) and cyclic voltammetry of
Ti-1 with the addition of 6 equivalents of AlEts (blue lower panel) (left panel.) Structures of
compound Ti-1 and Ti-2 (top panel) and solid-state structures of complex Ti-1 and Ti-2. Reprinted
(adapted) with permission from citation 85. Copyright 2019, American Chemical Society.
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Cyclic voltammetry published by Kubiak et al of a Mn(bpy-tBu)(CO)3Br complex exhibits two
sequential, irreversible 1le™ reductions at —1.39 V and —1.57 V vs SCE. The first reduction is
assigned to metal centered with concomitant loss of Br- resulting in the formation of a Mn—Mn
dimer®’ and the second reduction is attributed to formation of [Mn(bpy-tBu)(CO)s].2° The feature
at —0.30 V vs SCE is assigned to the oxidative cleavage of the Mn—Mn bond. The identity of the
second reduction at —1.57 V vs SCE was interrogated by reduction of Mn(bpy-tBu)(CO)sBr by
two equivalents of potassium graphite (KCs, E° ~-3.1 V vs. Fc*© in THF) in the presence of 18-
crown-6 to yield the doubly reduced [Mn(bpy-tBu)(CO)3][K(18-crown-6)(THF)] (Figure 2.10).
Note the use of a much stronger reducing agent than formally needed for the reduction, which is
common. The solid-state structure of the doubly reduced form was used to the assignment of the

second 1e reduction as the formation of [Mn(bpy-tBu)(CO)3] .
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Figure 2.10: Cyclic voltammogram of Mn(bpy-tBu)(CO)sBr (left) Solid state structure of
chemically prepared doubly reduced [Mn(bpy-tBu)(CO)3][K(18-crowne)(THF)] (right.) Reprinted

(adapted) with permission from citation 86. Copyright 2013, American Chemical Society.
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Another literature example of combining cyclic voltammetry methods and chemical reductants
comes from a study of dimeric tungsten species.®” The CV of complex W-1 in Figure 2.11 exhibits
an irreversible oxidation at —2.21 V vs Fc*© followed by a corresponding reduction feature
indicating an EC process in which a new tungsten species is formed in situ. To interrogate the
identity of this species formed the starting material W-1 was chemically reduced by potassium
graphite (KCs, E® ~ —3.1 V vs. Fc® in THF)!® and it was possible to isolate and
crystallographically characterize W-3. The CV of isolated W-3 reveals a quasi-reversible couple
at —2.29 V vs. Fc* that matches the oxidation feature in the CV of W-1. The paper hypothesizes

that the in situ formation of W-3 is most likely a result of disproportionation reactions.
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Figure 2.11: Cyclic voltammogram of W-1 and W-3 (left) chemical reduction of W-1 with KCs
to W-3 (middle) solid state structure of W-3 (right). Reprinted (adapted) with permission from

citation 87. Copyright 2020, American Chemical Society.

A family of [Cp*Rh](Me2dpma)] (Me2dpma = dimethylbis(2-pyridyl)methane) complexes

were studied for their redox properties as they relate to the [Cp*Rh(bpy)] system (Figure 2.12).%
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The cyclic voltammetry of 1-NCCHzsdisplays an initial quasi-reversible 1e~ reduction from Rh(lll)
to Rh(Il) at —0.85 V vs Fc* | and continuing to scan cathodically a second irreversible 1e~
reduction occurs at —1.50 vs Fc*™°. The irreversibility of this reduction suggests an EC process. To
probe the identity of the species formed upon electrochemical reduction the 1-Cl and 1-NCCHz3
complexes were treated with chemical reductants. Treatment of 1-Cl with cobaltocene (CoCpa,
E1z =-1.30 V vs Fc*0) yielded the expected Rh(ll) reduction product with minimal chemical
change as indicated by the le™ quasi-reversible couple. The 1-NCCH3z complex was used to
interrogate the EC process of the doubly reduced product to avoid side reactivity seen with the 2e~
chemical reduction of 1-Cl. Treatment of 1-NCCH3 with a stronger reducing agent, sodium
amalgam (Na(Hg), E° = —2.4 V vs Fc*0),%° generated the doubly reduced Rh(l) product 3. Upon
the addition of the second electron there is a significant ligand rearrangement in which one pyridine
moiety “flips” on the bidentate Me.dpma ligand. This assignment of the doubly reduced species
identifies the chemical step upon the second reduction. The origin of this rearrangement is
attributed to the ability of the Mezdpma ligand to stabilize the low-valent Rh(l) center with strong

n-backbonding by way of facial coordination of the pyridine moiety.
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Figure 2.12: Cyclic voltammogram of 1-NCCHg3 (left) reduction scheme of 1-Cl with CoCp: to 2

and 1-NCCHjs with Na(Hg) to 3 (right).

2.5 Fundamental Concepts of Organometallic Electrocatalysis

2.5.1 Motivation for Studying Organometallic Electrocatalysts in the Context

of Energy Science

Energy consumption is anticipated to continue increasing as the Earth’s population grows,
motivating work to develop new renewable energy sources and technologies that can produce fuels
and chemicals with reneable energy. The most abundant renewable energy source available is
sunlight, which provides enough energy (1.2 x 10 kWh) in 80 minutes to sustain the global power
demand for over a year.888%% While there is plenty of potential energy available in the form of
sunlight, utilizing this energy is challenging due to its intermittency, variable intensity, and uneven
distribution across the surface of the Earth. Development of model molecular electrocatalysts
capable of converting electrical energy into stored fuels and chemicals can provide fundamental

insights into how such catalysts convert energy. Considering that harnessing renewable energy
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sources is an important goal of contemporary chemistry, organometallic chemistry has been
heavily utilized in recent years for development of new electrocatalysts. Electrocatalysts are
typically classified as heterogeneous or homogeneous, and there are many relevant examples of
studying both classes of catalysts using electrochemical techniques, particularly cyclic
voltammetry (CV) and controlled potential electrolysis (CPE). In this section, priority will be given
to discussion of homogeneous molecular catalysts because these are i) more relevant to
organometallic chemistry and ii) mechanistic discussions are more certain for cases in which

catalyst (or precatalyst) structures are well defined.

CV and CPE experiments are regularly used to interrogate candidate organometallic systems
for oxidative or reductive electrocatalytic applications. This section will provide a brief overview
of catalytic CV and CPE experiments to investigate organometallic complexes as potential
electrocatalysts. CV techniques can also be employed to assist in distinguishing heterogeneous
versus homogenous catalysis. CV and controlled potential electrolysis experiments are often used
synergistically to extract important thermodynamic, Kinetic, and mechanistic information about
these electrocatalytic transformations. When these electrocatalytic experiments are combined with
product detection, Faradaic efficiency (FE), turnover number (TON), and turnover frequency
(TOF) parameters can be extracted. In this section, we will discuss some of the most popular areas
of organometallic electrocatalysis, including literature examples that utilize organometallic
complexes capable of electrocatalytic water (WQO) and ammonia oxidation (AO), and proton
(HER), carbon dioxide (CO2R), dinitrogen reduction reactions (N2RR), and electroorganic

transformations (EOT).
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2.5.2 Investigating Organometallic Electrocatalysis using CV

2.5.2.1 Electrocatalytic Parameters and Thermodynamic Overpotential

Determined by CV

For catalytic CV experiments, the observations and parameters associated with the generation
of a catalytic response are well detailed in the viewpoint provided by Appel and Helm.*® Their
work provides insight and information about the parameters gleaned from a set of catalytic CV
experiments regarding electrocatalytic overpotential. Specifically, parameters associated with the
electrocatalytic response such as peak catalytic current (icat), half the peak catalytic current (icay2),
and catalytic potential (Ecay2) are used in this area to determine the thermodynamic overpotential
of a molecular catalyst (see Figure 2.13). The icst IS the maximum current that flows in a catalytic
CV experiment; for a plateauing catalytic wave, this is assigned as the maximum current anywhere
in the plateauing region of the wave, while for a non-plateauing wave, this is assigned as the
absolute maximum current of the wave. iz is defined as half the catalytic current, and the
potential at which this current is observed is termed Ecav2. Selection of Ecay2 in this manner ensures

that there is minimal variation in the catalytic rate when determining a catalytic potential.
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Figure 2.13: Simulated catalytic wave for a molecular catalyst showing the selection of icat, icat?,
and Ecay2 (left). Experimental CV illustrating determination of Ecay2 (and overpotential) for H»

production (right). Reprinted with permission from 13. Copyright 2014 American Chemical

Society.

The information provided by these CV experiments also provides essential information about
the overpotential for a catalytic reaction, which is the driving force beyond the thermodynamic
minimum needed to carry out a particular chemical transformation. The thermodynamic
overpotential is most accurate when the Nernst equation is satisfied and can be determined using

the following equations:

_ o 4 RT [HB¥]
Ey = Exy + = In 5] (2.4)
Ey = E -0.05916V X pH (2.5)
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Notably, overpotential can be determined in aqueous or non-agqueous solvents, but the
thermodynamic potential of a catalytic reaction at standard conditions (defined as the equilibrium
potential (E°x)), pH of the system, and the Ecay» must be defined. Acetonitrile is generally the
preferred solvent because E°x can be determined® and there is well defined pKa scale for this

purpose, 929394

As an example, if the reader is interested in proton reduction to dihydrogen using an acid such
as protonated dimethylformamide, [DMFH]", as the substrate, a series of cyclic voltammograms
would be run at standard-state conditions, with a buffered solution of DMF/[DMFH]", and under
1 atm of Hz. Under these conditions, icat, icav2, and Ecay2 can be determined to calculate the
thermodynamic overpotential. Though the observation of a catalytic response during a CV
experiment does not depend on satisfying the Nernst equation for a particular transformation, an

accurate calculation of the thermodynamic overpotential can only extracted when this is possible.

A relevant example uses the organometallic complex [Cp*RhCI(®®'bpy)]* (where Cp* is n°-
(1,2,3,4,5-pentamethylcyclopentadienyl) and ®Ubpy is 4,4-bis-tertbutyl-2,2-bipyridine) as a
proton reduction catalyst for the production of dihydrogen (see Figure 2.14).72 In the absence of
acid, the CV of [Cp*RhCI(*®bpy)]* exhibits a quasi-reversible redox event centered at -1.25 V vs.
Fc*® in MeCN. When acid is added, the quasi-reversible behavior of the Rh"' /Rh' redox couple
ceases, and a catalytic response is observed. The loss of reversibility here indicates that the acid is
reacting with the reduced Rh' species and the resulting current enhancement is consistent with
catalytic behavior. The current enhancement results from the Rh'"" starting material being reduced
to Rh', which then interacts with the acid substrate, evolving dihydrogen, and subsequently
regenerating the Rh'"' starting complex. Since the potential at the electrode surface is still

sufficiently reducing, this process continues as long as the potential of the electrode remains at
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values sufficient to drive the reduction processes involved in the chemistry. With these CVs in
hand, the icat (—4.16 MA cm2), ica2 (—2.08 16 MA cm2), Ecavz2 (—1.33 V), and overpotential (0.569
V) were determined for the catalytic process. Taking these parameters into account, the CPE
experiments were carried out under identical conditions with polarization at —1.36 V vs Fc*’° over
the course of 90 minutes. Other [Cp*RhCI(Rbpy)]* (R = 4,4-bis-substituted-2,2’-bipyridyl, H and
CF3) complexes have also shown this catalytic behavior in the presence of a proton source. These
catalytic CV experiments are not limited to proton reduction and have been carried out in the

exploration of catalytic applications involving WO, AO, HER, CO2R, and N2RR.
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Figure 2.14: Pathway for HER using [Cp*Rh(Rbpy)] showing the energy loading and energy
storage steps (left). Cyclic voltammograms with [Cp*RhCI(®'bpy)]*, 1-5 equiv. of

PhNH./[PhNH3]OTf, and 1 atm of H- at a scan rate of 100 mVs ! (right).

2.5.2.2 Kinetic Considerations in Electrocatalysis: Foot of the Wave Analysis

To extract kinetic and latent mechanistic information from CV experiments, one employs a

method pioneered by Constentin, Savéant, and co-workers known as foot-of-the-wave analysis
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(FOWA).%® This method simplifies the analysis because the earliest part of the catalytic wave
inevitably has pseudo-first order kinetics because the substrate will be in vast excess compared to
the catalyst.”® FOWA minimizes the effects of secondary phenomena such as catalyst inhibition,
decomposition, or saturation, and maximizes the information provided by the current that flows.

Under ideal conditions, an observed rate constant can be computed using:

1
RT =

: F
lp 1+exp [=(E -E°)]

(2.6)

where icat IS the peak catalytic current, ip is the peak current of the redox process of the catalyst
in the absence of substrate, R is the ideal gas constant, F is Faraday’s constant, T is temperature,
v is the scan rate, Kobs is the observed rate constant, Ca is the initial concentration of substrate, E
is the present potential and E° = Ecay2 Which is the thermodynamic potential for the catalytic wave.
Plotting icat/ip as a function of 1/{1+exp[(F/RT)(E—E°)]} produces a line with a slope equal to
2.24((RT/Fv)2kasCa)™2, that can be used to extract the observed rate of catalysis (see Figure 2.15).
These experiments can be repeated at various substrate concentrations, and at several different
scan rates, to extract an average rate constant for the desired electrocatalytic reaction. The average
kobs is computed from a linear regression of the scan rate dependent data with a fixed slope of zero,
since the intrinsic chemical kinetics should not depend on scan rate. This Kinetic technique has
become a recognized approach to determining substrate order and observed rates when mapping
out the mechanistic details of electrocatalysts. FOWA has been used in various electrocatalytic

kinetic studies for WO, °” AO,%® HER,*® CO,R, 1% and N,RR.1%!
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Figure 2.15: An example FOWA plot of ict/ip as a function of 1/{1+exp[(F/RT)(E-E°)]}. The
pseudo-first order rate constant is extracted from the initial linear region of the plot. Reprinted

with permission from 100. Copyright 2018 American Chemical Society.

2.5.2.3 Distinguishing Homogenous from Heterogeneous Catalysis with

Electrochemical Methods

In organometallic catalysis, it is often desirable to confirm the identity or composition of a
molecular catalyst. An important step in identifying the “true,” or active, catalyst is distinguishing
whether the materials in the electrochemical cell behaves as a homogenous or heterogeneous
electrocatalyst. While there is an excellent precedent to explore heterogeneous materials in
electrocatalysis because of their ease of separation from products, crucial structural, electronic,
and mechanistic information is typically lost because traditional spectroscopic techniques such as
NMR, IR, and electronic absorption spectroscopies are limited in the interrogation of these
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systems. However, there are several techniques and methods that may be used to investigate
catalytic systems in an effort to distinguish homogenous from heterogeneous catalysts.%? These
methods include strategic catalyst poisoning, 1% X-ray photoelectron spectroscopy,'®® and
transmission electron microscopy.'®® However, the in situ generation of new molecular species
during electrocatalysis provides a unique challenge when there is a concern about distinguishing
between homogeneous and heterogeneous catalysis. Distinguishing between homogeneous and
heterogeneous electrocatalysts may be accomplished with electrochemical techniques such as a

two-cell CV experiment, or by using an electrochemical quartz crystal microbalance (EQCM).1%4

In a two-cell CV experiment, homogeneous catalysis is distinguished from heterogeneous
catalysis by running a series of CV scans under catalytic conditions. The first cell will contain the
candidate catalyst, substrate, and electrolyte solution. When running this experiment, typical
catalytic current enhancement should be observed. Following this series of scans, the working
electrode is transferred to a second electrochemical cell which contains only substrate and
electrolyte solution. A series of CVs identical to those run in the first cell are then run. If there is
still a large current enhancement observed, this suggests the deposition of heterogeneous material
behaving as the catalyst at the surface of the electrode. If the current enhancement is absent in the

fresh solution, this provides support for molecular homogeneous catalysis.

Another method for distinguishing heterogeneous from homogeneous catalysis is by using an
electrochemical quartz crystal microbalance (EQCM).104106.107 This piezoelectric gravimetric
technique can detect small mass changes at the surface of the working electrode as a function of
scan rate during common electrochemical experiments, such as CV. In the case of formation of a
heterogeneous catalyst, a change in mass at the surface of the electrode would be detectable during

a catalytic CV experiment. Conversely, for a homogenous system, there would not be a detectable
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change in the mass at the working electrode surface. An example from our group highlights the
possible distinction of heterogeneous catalysis from homogeneous catalysis in the analysis of a
well-known molecular cobaloxime complex which catalyzes hydrogen production. The deposition
of heterogeneous cobalt material on the surface of the working electrode could be detected during
a CV experiment with an EQCM and is distinctive from an electrochemical blank containing only

electrolyte solution (See Figure 2.16).
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Figure 2.16: Upper panel: cyclic voltammetry data (pink trace) and gravimetry data (black trace)
showing involvement of heterogeneous, electrodeposited material under potentials at which
nominally molecular catalysis is indicated by CV data alone. See reference 104 for details. Lower

scheme: After the addition of acid to a (bis-difluoroboryl)cobaloxime, spectral evidence from
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chemical work supports the presence of the demetallated, protonated macrocycle and
cobalt(hexakis-acetonitrile)  ([Co(NCMe)e]>* ). When conducting a CV of (bis-
difluoroboryl)cobaloxime in the presence of acid during an EQCM experiment, the observation of
a catalytic wave is observed, as well as the deposition of cobalt metal on the surface of the working
electrode. The cobalt metal is generated by reduction of [Co(NCMe)s]?*, a reaction that can be

probed by independent electrochemical work with [Co(NCMe)g]?*.

2.5.3 Investigating Organometallic Electrocatalysis using Controlled Potential

Electrolysis

To generate the product(s) associated with the current enhancement observed during
electrocatalytic CV experiments, CPE experiments are commonly employed. For a detailed
explanation of bulk and controlled potential electrolysis methods, Bard and Faulkner dedicate a
chapter to the discussion of these techniques.*® Briefly, a CPE is typically carried out in an
electrochemical cell designed specifically for the product being analyzed (See Figure 2.17).
Common design principles among the CPE cells include two separated compartments, with a
known volume and headspace, capable of a gas-tight seal, and the ability to have headspace

withdrawn after electrolysis is complete.

Using the first CPE cell as an example, a typical experiment is set up where the left
compartment contains the candidate electrocatalyst, the substrate, electrolyte solution, a large
surface area working electrode, and reference electrode, while the right compartment contains a
sacrificial reductant (for reductive catalysis) or oxidant (oxidative catalysis), electrolyte solution,
and the counter electrode. The experiment is set up to apply a bias, ideally at the determined Eca?

from the electrocatalytic CV experiments, for a fixed amount of time, typically ranging from 30
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min., up to 24 hours. Once the experiment is complete, the amount of product produced may be
quantified via various detection methods. Based on the amount of charge passed during the
electrolysis, and the amount of product detected, the Faradaic efficiency, turnover number, and
turnover frequency can also be calculated. The Faradaic efficiency is determined by converting
the charge passed, into moles of electrons passed, and then into the theoretical amount of product
that should be produced. The actual yield is then divided by this theoretical yield to obtain the FE.
The TON is determined by computing the moles of product per moles of catalyst. Finally, the TOF

is determined by dividing the amount of product produced over unit time.
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Figure 2.17: Example controlled potential electrolysis cells that can be used to conduct WO, AO,
HER, CO2R, N2RR, or EOT reactions. Cells can be custom made to specialize in gaseous product
detection (left'°®) or ordered directly from a supplier if the goal is complete liquid or solid isolation

(right, from redoxme?®®).
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2.5.4 Product Analysis in Organometallic Electrochemistry

To analyze the product(s) produced during organometallic electrocatalysis, quantitative
methods of analysis are employed.'® Products generated in electrocatalytic reactions may be
gaseous, liquid, or solid. Common laboratory techniques and instruments such as gas
chromatography (GC), liquid chromatography-mass spectrometry (LC-MS), nuclear magnetic
resonance (NMR), electron paramagnetic resonance (EPR), UV-Vis, and gravimetry may be used
to determine the amount of product generated during electrocatalytic experiments. For gaseous
product detection and quantification of common electrocatalytic products such as Oz, N2, H, and
CO, gas chromatography is capable of rapid product detection and quantification when a
calibration curve can be established for the particular product being examined. Likewise, when
samples contain liquid or dissolved solids in solution, LC-MS techniques can be used to identify
and quantify products. Furthermore, solid and liquid samples that can be dissolved in deuterated
solvents may also be examined via NMR and integrated in reference to a known standard, such as
trimethoxybenzene, to quantify the product produced. For paramagnetic products, EPR can be
used to quantify the amount of product produced by using spin quantitation.*'! Some electrolysis
products, such as ammonia, can undergo a quantitative reaction that gives a product that can be
quantitated colorimetrically, using UV-Vis since the molar absorptivity of the generated product
is known. Lastly, for solid samples that cannot be reasonably dissolved, gravimetric methods may

be used to weigh out the product produced from the CPE experiment.
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2.6 Applications of Organometallic Electrocatalysis for Select Transformations

2.6.1 Electrocatalytic Water Oxidation

Solar fuel cells are one possible solution to the renewable energy storage challenge, and the
basic design makes use of a solar photovoltaic assembly used in combination with an efficient WO
electrocatalyst at the anode and a HER electrocatalyst at the cathode to generate H,.28 The allure
of a clean energy future powered by sunlight and water continues to spark interest in
electrocatalytic WO, which has been the topic of many reviews, 112113114115 Ag jnspiration,
metalloenzymes found in nature often serve as role models for the development and investigation
of organometallic electrocatalysts. For instance, the oxygen-evolving complex (OEC) in
photosystem 11 is responsible for oxidizing water to dioxygen, with release of four protons and
four electrons.*'® When written according to the standard of the IUPAC, the reduction potential
for the interconversion of water and oxygen is +1.23 V vs SHE (see Table 2.1).321Y" However, if
you wish to discuss the potential for the oxidation, which may be useful in computing
electrochemical cell potentials, the value will be -1.23 V; this is the minimum voltage needed to
drive WO. For example, using a platinized platinum electrode as a cathode, the equilibrium
potential of the Ho/H™ couple is set to 0 V vs SHE. At the anode, two equivalents of water is
oxidized to dioxygen, four protons, and four electrons at +1.23 V vs SHE. Thus, using equation
2.2, the four electron oxidation of water to dioxygen and dihydrogen is shown to be endothermic

by approximately 113 kcal/mol under aqueous conditions (see equations 2.7-2.10).113

Overall: 2H,0 — O, + 2H> (2.7)

Cathode: 2H* + 2e- —»H:> (2.8)
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Anode: 2H,0 —0; +4H" + 4¢e- (2.9)

c
mol e~

4G = —nFAE = —(4mol e”) (96485 )(0-123V) = +475 -L = +113 “2 (2.10)

mol

The calculation shown here is readily extended to other reactions too, but with the caveat that
the reversible potentials for the reactions at the cathode and the anode must be known for a specific
set of conditions that satisfy the Nernst equation. Partial oxidation of water is also possible,
generating products such as hydroxyl radicals, hydrogen peroxide, and peroxyl radicals, along with
the appropriate number of protons and electrons. The mechanisms for formation of these partial
oxidation products are also important to understand, because they may be generated as undesired

side products during WO.

catalyst
2H,0 [ ystl O, + 4H" + 4e™
Thermodynamic Potential, E°
Half-Reactions (V vs SHE)

Ox+4H" + 4e = 2H,0 +1.23

H202 + 2H* + 2e- = 2H,;0 +1.76

HO. + H' + e = H,0 +2.38

+1.65

HOO. + 3H* + 3e = 2H,0

Table 2.1: Standard thermodynamic electrochemical half-reaction potentials for water in aqueous

solution. 3243

Heterogeneous metal oxides of manganese, ruthenium, and iridium have long been recognized
as electrocatalysts for WO.118119.120 O the other hand, homogeneous catalysts were discovered

much more recently; such homogeneous systems offer numerous advantages with regard to
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mechanistic studies, detection of reactive intermediates, and development of tunable catalysts. In
1982, Meyer and co-workers were the first to synthesize and characterize a molecular ruthenium
electrocatalyst for water-oxidation.*?? Since then, other homogeneous and heterogeneous
molecular catalysts of ruthenium,'?212® jridium,*?412%126 and other metals,2"1%8 have allowed for
more in-depth analysis of the steps involved in WO. For example, Brudvig, Crabtree, and co-
workers,*?° Macchioni and co-workers!® and several other groups have developed iridium-based
catalyst precursors supported by Cp* or Cp rings along with a variety of other ligands, including
diimines, halides, waters, carbonyls, and phosphines (see Figure 2.18 for some example
complexes). Most of these complexes serve as precatalysts for water oxidation, in that initial
electrochemical oxidation generates the active catalytic species that can then undergo further
oxidation, triggering catalytic water oxidation. One notable example precatalyst, [Cp*Ir(H20)s]?*,
undergoes oxidation to form a heterogeneous “blue layer” on the electrode surface that is readily
observed by a variety of techniques, including cyclic voltammetry.'3! In other cases, catalyst
activation leads to formation of homogeneous species that can catalyze water oxidation in solution
(i.e., without formation of solids or particulate species). Distinguishing between homogeneous and
heterogeneous catalysis, a recognized challenge in organometallic chemistry, is made especially
challenging under these conditions for water oxidation catalysis driven by organometallic
precatalysts. The electrochemical quartz crystal microbalance has been shown to be a useful tool
for observing formation of insoluble heterogeneous species, both for oxidative reactions like water
oxidation driven by organometallic precursorst®? as well as reductive reactions like hydrogen
evolution and metal electrodeposition.t33134135 Along a similar line, dynamic light scattering is
useful for formation of particulates or particles in solution. Application of specialized techniques

like these, in concert with detailed electroanalytical and mechanistic/kinetic/chemical work, can
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strongly inform studies of water oxidation catalysis. Approaching molecular electrocatalytic
systems from multiple viewpoints and with multiple chemical and electrochemical techniques can
thus be an appealing strategy, especially when dealing with challenging reactions like water

oxidation.
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Figure 2.18: Select iridium(I11) organometallic precatalysts for electrochemical WO. Reprinted

with permission from reference 129. Copyright 2010, American Chemical Society.

2.6.2 Electrocatalytic Ammonia Oxidation

Electrocatalytic AO and WO are comparable in many ways; both reactions involve the removal
of several electrons and protons, the formation of a new bond between heteroatoms, and the
evolution of a gaseous product (N2 or O). Likewise, electrocatalytic AO represents an alternative
fuel cell design where AO would be carried out at an anode and proton reduction at a cathode to
generate energy. However, unlike WO, electrocatalytic AO is still an emerging field and has been
the topic of a recent review by Wu and co-workers!*® and perspective by Bullock and co-
workers.?*” Complete ammonia oxidation is best summarized as a thermodynamic electrochemical
half reaction where ammonia is converted into dinitrogen, six protons, and six electrons at —0.057

V vs SCE (see Table 2.2). Partial ammonia oxidation is also possible, generating other products
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such as hydrazine and hydroxylamine along with the relevant number of protons and electrons, on

route to complete ammonia oxidation.

catalyst
2NH3 [ y ] Nz + 6H+ + 6e”

Thermodynamic Half- Potential E°
Reactions® (V vs SHE)

N, + 6H* + 66" = 2NHs —0.06

N, + 8H* + 6e” = 2NH," +0.28

N2 + 4H,0 + 4e” = NyHs +40H -1.16

N, + 5H* + 4e” = NoHs+ -0.23

3N, + 2e” = 2N3~ -3.40

Table 2.2: Standard thermodynamic electrochemical half-reaction potentials for dinitrogen in

aqueous solution.343

Heterogeneous materials have been employed in electrocatalytic AO, but these instances rely
heavily on precious metals and thus proposed mechanisms are not secure. The first report of a
molecular electrocatalyst for AO was reported by Smith, Hamann, and co-workers, where they
used a derivative of a Ru-based WO catalyst bearing an electron-donating M¢2Nbpy ligand.**
Subsequently, other electrocatalysts for water oxidation have been repurposed for ammonia
oxidation. Recent work from the Peters group makes use of a previously reported alkane oxidation
catalyst.?3® The labile acetonitrile (MeCN) ligands of the starting complex are readily exchanged
in the presence of ammonia, shown here in the solid-state structure of
[(bpyPy2Me)Fe(MeCN)(NH3)](OTf)2 (see Figure 2.19). Compared to [(TPA)Fe(MeCN).](OTf)
(TPA is tris(2-pyridylmethyl)amine),®® a catalytic CV experiment shows a dramatic increase in a
catalytic current for this newly reported complex and FOWA was performed to determine the
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observed rate of AO. The CPE cell was loaded with 0.05 mM [Fe] catalyst, 20 mM of NH3, and
50 mM NH4OTf in MeCN as the supporting electrolyte. After applying a bias of 0.85 V vs Fc*"°
for 24 hours, product analysis revealed the formation of N2 at the working electrode and H> at the
counter electrode in all instances, as well as the highest TON to date for a molecular AO
electrocatalyst. Future work in the field of electrocatalytic AO requires probing the rational design,

kinetics, and thermodynamics of molecular complexes.

0.25 F = NH;only
. —— [(TPA)Fe(MeCN),]OTf, with NH,
020t — [(bpyPy,Me)Fe(MeCN),]OTf, with NH;
<
Eo15
=
2
5 0.10
o
0.05F
0.00

-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00 1.25
E vs Fc/Fc* (V)

Figure 2.19: Solid-state structure of [(bpyPy2Me)Fe(MeCN)(NH3)](OTf), (left). Thermal
ellipsoids shown at 50% probability. Triflate and hydrogen atoms are omitted for clarity. CV of
MeCN solutions containing 400 equiv. of NHs3 005 M NH:OTf, 05 M of
[(bpyPy2Me)Fe(MeCN)2](OTf)2 or [(TPA)Fe(MeCN).](OTf).. Reprinted with permission from

reference 139. Copyright 2021, American Chemical Society.

2.6.3 Electrocatalytic Proton Reduction

In the electrocatalytic HER, two protons and two electrons are coupled with the help of a

catalyst to generate dihydrogen. This is simpler than the multielectron N> and O reactions,
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electrocatalytic HER has been the topic of significant work spanning decades. Electrocatalytic
HER continues to draw major interest in the solar fuels community because understanding the
elementary steps involved in this simple energy storage reaction could help in the rational design
of future electrocatalysts.24%14! Complete proton reduction to dihydrogen is represented by the
thermodynamic electrochemical half reaction where two protons and two electrons are coupled

together to generate dihydrogen at 0.00 V vs SHE (see Table 2.3).%

[catalyst] .

I -
2H* + 2e H,
Thermodynamic Potential
Half-Reaction E°
(V vs SHE)
2H" +2e" 2 H; 0.00

Table 2.3: Standard thermodynamic electrochemical half-reaction potentials for protons in

aqueous solution. 3243

Gray, Winkler, Brunschwig and co-workers have discussed possible mechanisms for
dihydrogen evolution,*? as have other researchers in this vibrant area of electrocatalysis research.
HER catalysis typically involves either a homolytic or heterolytic pathway to the production of
dihydrogen. The heterolytic pathway involves a proton and a hydride reacting to generate
dihydrogen, while the homolytic pathway involves homolytic cleavage of two hydride species
which undergo recombination to produce dihydrogen. Heterogeneous noble metals, such as
platinum, are prominent electrocatalysts for the reduction of protons to dihydrogen.*® Other
heterogeneous materials, such as metal nanoparticles, have also shown promise for the

electrocatalytic production of dihydrogen.'** Molecular cobaloxime complexes have also been
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shown to be highly active for the production of dihydrogen.1*> While these systems are competent
and efficient HER electrocatalysts, they may generate Co nanoparticles in the presence of acid
which generates ambiguity in the identity of the true electrocatalyst.'® Thus, well-defined

homogeneous model systems that show activity toward electrocatalytic HER have been desirable.

While many redox-active systems are capable of electrocatalytic HER, the homogeneous Rh-
based electrocatalyst, [Cp*RhCI("bpy)]*, developed by Kélle and Gratzel is one of the most well-
known.#® CV of [Cp*RhCI("bpy)]* reveals a quasi-reversible 2e~ redox couple centered at
approximately —1.21 V vs Fc*/°. Addition of two equivalents of acid to Cp*Rh(bpy) results in the
quantitative production of dihydrogen, and further experiments confirm its catalytic ability. This
led to a systematic examination of a series of [Cp*RhCI(Ropy)]* (Rbpy is 4,4 -disubstituted-2,2"-
bipyridyl; R = H, tBu, and CF3) complexes by Blakemore and co-workers in an effort to determine
if electrocatalytic dihydrogen evolution could be modulated using substituents on the bpy ligand.”?
Initial catalytic CV experiments for these complexes were discussed in section 1.5.2.1. These
experiments assisted in the determination of the parameters needed to carry out a series of CPE
experiments. To systematically compare the catalytic ability of each complex, CPE experiment
were conducted with identical conditions with 1 mM of [Rh] catalyst and 10 mM anilinium triflate
in the WE portion of the cell, ferrocene was added to the CE portion of the cell as a sacrificial
reductant, 0.1 M TBAPFes in MeCN was used as the supporting electrolyte, and a bias of —1.36 V

vs Fc*’® was applied for 90 minutes.

Over the course of the experiment, steady current flow is observed for each complex over time
(see Figure 2.20). Notably, each of the complexes has significantly more current flowing than the
blank and the amount of current flowing is different based on the identity of the complex. When

the experiment is first started, the first few seconds appears to show rapid consumption of acid,
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but this is actually the initial charging of the WE, and following this period, steady current flows
over time. Upon completion of the experiment, the presence of dihydrogen was confirmed in all
instances by GC. When the identity of the substituents was —tBu, —H, or —CF3, the complexes
produced 2.6 mL, 3.5 mL, and 1.5 mL of dihydrogen, with corresponding TONs of 3.4, 4.4, and

2.7, respectively.

As an aside, keeping the bias at the same potential across the series of complexes results in what
could be perceived as an “unfair” although uniformly direct comparison of these catalysts’ abilities
to produce dihydrogen. This is because from the perspective of the Nernst equation, when the
potential is moved from Ecay2 0f a given individual complex, the amount of reduced species present
at the electrode at any one point in time is changed. In other words, catalysis for each of these
systems will be optimal when polarizing at Ecay2, and thus comparing the kinetic performance of
the catalysts at a common potential value that doesn’t align with the value of Ecay2 for all the
catalysts introduces an additional concentration/potential dependence to this study. On the other
hand, a common potential polarization for all the comparisons made here does satisfy a pratical
aspect of testing and comparing these model catalysts under comparable conditions. Regardless of
this potential ambiguity, however, based on the amount of charge transferred and the amount of
dihydrogen detected, all three complexes were confirmed (in this study) to be electrocatalysts with
FE exceeding 90% in all three systems. This study encapsulates the challenges and opportunities

in comparing across a family of catalysts that may have unique redox chemistries.
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Figure 2.20: [Cp*RhCI(Rbpy)]* complexes with electron donating and withdrawing substituents
(left). Comparison of CPE steady-state current as a function of time with an applied bias of —1.36

V vs Fc*® with 10 mM anilinium triflate as the proton source (right).

2.6.4 Electrocatalytic Carbon Dioxide Reduction

Electrocatalytic CO- reduction continues to draw attention from the organometallic chemistry
community because organometallic compounds are uniquely well-suited to understanding the
bonding and activation of carbon-containing small molecules.}*” Use of CO. as input for
preparation of useful chemicals could also decrease the environmental impact of chemical
industry, motivating work in this area further. CO2 has many potential reduction pathways and
products, with one of the most common targets being carbon monoxide (CO) because of its use as
an industrial synthon. More elaborate reactions could be used to produce carbon-based fuels or
other chemicals. The thermodynamic electrochemical half-reaction for some key CO; reduction

products involving two, four, six, or eight electron pathways are shown below (see Table 2.4).32148
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[catalyst]
—_—

COy + 2H" + 2e~ CO + H,0
Thermodynamic Potential
Half-Reactions E°
(V vs SHE)
CO, +2H" +2e & CO + H,0 -0.106
CO, + 2H" + 2e'= HCO,H -0.199
CO; + H,O + 26 & HCO, +OH" -1.078
CO; +2H,0+2e = CO + 20H -0.934
CO, + 4H" + 4e” = CH,0 +H,0 -0.070
CO; + 3H20 +4e” = CH,0 + 40H" -0.898
CO, + 6H" + 66 = CH30H + H,0O +0.016
CO,+8H" + 8¢ = CH4 + 2H,0 +0.169
CO; + 5H,0 + 66 & CH30OH+ 60H" -0.812
CO; + 6H,0 + 8e = CH4 +80H -0.569
2C0O,+ 2H" + 28 =2 C,H,0, —0.475
2C0; + 26" & C,0,* -0.590
2C0O; + 12H" + 126 2C,H4 + 4H,0 +0.064
2C0O, +12H" + 126 = C,HsO +3H,0 +0.084
CO; +4H" + 4 = C + 2H,0 +0.206
CO; +2H,0 +4e & C + 40H -0.627

Table 2.4: Standard thermodynamic electrochemical half-reaction potentials for CO, in aqueous

solution.3?

Heterogeneous electrode materials such as carbon, copper, and gold are capable of reducing
CO: directly, but with various reaction pathways and significant overpotentials.*® The use of these
materials precludes the use of spectroscopic methods, making the development of future
heterogeneous materials more difficult. Many homogeneous molecular complexes bearing first-
and third-row transition metals have been synthesized with the goal of using them as CO; reduction
catalysts. A notable example from Savéant and co-workers uses a molecular catalyst,
tetraphenylporphyrin Fe(l1l) chloride (TPPFe(111)CI), which undergoes three sequential one

electron reductions to generate the active electrocatalyst for CO2 reduction (see Figure 2.21).1%° In
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the presence of trifluoroacetic acid and COg, the reversible behavior in the CV of the Fe(TPP)
complex ceases and a substantial catalytic wave is observed at around -1.5 V vs. SCE. Preparative

scale CPE results in the selective production of CO at 96% FE.
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Figure 2.21: CV of TPPFe(I1)Cl at 100 mVs using 0.1 M TEACIO, in dimethylformamide as
the supporting electrolyte and a glassy carbon working electrode. The sequential reductions of
TPPFe(111)Cl at these negative potentials suggests that it was a prime candidate for electrocatalytic

CO: reduction. Adapted with permission from 150. Copyright 1996 American Chemical Society.

However, the tricarbonyl complexes of the group 7 metals Re and Mn are perhaps the most
famous CO: reduction electrocatalysts. The initial design of this class of homogeneous molecular
CO: electrocatalysts began in the 1980s with the initial report of fac-Re(CO)sCl("bpy) by Lehn
and co-workers™® and Meyer and co-workers.?>?> Approximately thirty years later, Deronzier,
Chardon-Noblat, and co-workers introduced the manganese analogue of the complex, fac-
Mn(CO)sBr(Hbpy) as a significantly more Earth-abundant electrocatalyst for CO, reduction.®’

Both fac-Re(CO)sCl("bpy) and fac-Mn(CO)sBr(Hbpy) are comparable and competent catalysts for
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the generation of CO from CO.. Recent work in this area has focused on tuning the electron density

at the [Re] and [Mn] metal centers by using 4,4 -disubstituted-bpy (Rbpy) ligands.86:100.153

The high cost of Re has resulted in an influx of reports on fac-Mn(CO)sBr(Rbpy) complexes.
Some fac-Mn(CO)sBr(Rbpy) derivatives have been used to address potential shortcomings of
Mn(l) complexes, including the known visible-light photosensitivity and redox-induced
dimerization of fac-Mn(CO)sBr(Rbpy) to form Mnz(CO)s(Rbpy)..1>**> Kubiak and co-workers
demonstrated that the dimerization of fac-Mn(CO)sBr(Rbpy) complexes can be impeded by
utilizing bulky bipyridine ligands bearing mesityl groups in the 6 and 6" positions of the bpy ligand
(M*bpy). CV of fac-Mn(CO)3(NCMe)(M*bpy) reveals a quasi-reversible 2e~ redox couple centered
at -155 V vs Fc'® (see Figure 2.22).1%¢ In a catalytic CV experiment, fac-
Mn(CO)z(NCMe)("**bpy) is reduced in the presence of methanol and COx. Interestingly, the onset
of the catalytic wave does not occur at the initial 2e~ reduction, but rather, there is a kinetic
potential shift that indicate the binding of CO2, before being reduced again at -2.0 V to induce
catalysis. Preparative CPE experiments reveal fac-Mn(CO)3(NCMe)(™**bpy) is a competent CO>
reduction electrocatalyst and selectively produces CO at 98% FE. Future work in the area of
electrocatalytic CO> reduction will likely focus on kinetic, mechanistic, and thermodynamic

studies in areas that extend beyond the common two-electron reduction products.
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Figure 2.22: Catalytic CV experiment demonstrating that catalysis only occurs when fac-
Mn(CO)3(NCMe)("**bpy) is in the presence of CO2 and MeOH (left). A proposed catalytic cycle
for the electrocatalytic generation of CO using Mn(CO)3(NCMe)(™*bpy) (right). Reprinted with

permission from 156. Copyright 2014 American Chemical Society.

2.6.5 Electrocatalytic Dinitrogen Reduction

Functionalizing dinitrogen is a particularly challenging process, and this is manifested in its
physicochemical characteristics.*®” However, since dinitrogen comprises more than 79% of the
Earth’s atmosphere, chemical or electrochemical generation of reduced nitrogen products, such as
ammonia, could be a useful way to utilize this abundant resource. On an industrial scale, nitrogen
fixation is accomplished using the Haber-Bosch process where dihydrogen (produced from the
steam reformation of methane), dinitrogen (obtained from air), and a doped heterogeneous Fe-
based catalyst are used to produce ammonia.t®® The Haber-Bosch process itself is quite efficient,
converting >97% of the chemical inputs into ammonia, a fact made more incredible when

considering that this reaction accounts for nearly half of the Earth’s total ammonia production
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including both natural and artificial reactivity. However, the Haber-Bosch process as currently
performed is the source of copious amounts of CO2, and requires reaction temperatures exceeding
400 °C and pressures surpassing 200 atm. As a result, the redox process of reducing dinitrogen to
ammonia has attracted increased interest from the electrocatalysis community; from this
perspective, ammonia could either be used in fuel cells, producing only dinitrogen and water in an
ideal scenario, or in its traditional role as a crop fertilizer. In nature, nitrogen fixation occurs by
using the enzyme nitrogenase to reduce dinitrogen at room temperature and ambient pressure, 159160
Toward this goal, the thermodynamic electrochemical half-reactions for some key dinitrogen

reduction products involving, two, four, or six electrons are shown above (see Table 2.2 in AO).3?

[catalyst]

N, + 6H" + 6e~ » 2NH;

Figure 2.23: Reduction of dinitrogen using protons and electrons in combination with an

electrocatalyst to generate ammonia.

While the electrocatalytic transformations (WO, HER, and CO2R) discussed so far have many
examples, electrocatalytic N,RR with homogeneous catalysts is rare.!®* The first report of a true
electrocatalytic N2RR came from the Peters group in 2016 using [(Ps®)Fe]" as a precatalyst and
HBATrF as an acid source.'®? Catalytic CV experiments revealed the onset of a catalytic wave at
the [(Ps®)Fe]* / [(Ps®)Fe(N2)] couple at —1.5 V vs Fc*°, but greater enhancement was observed at
the [(Ps®)Fe(N2)]%* couple at -2.2 V vs Fc*. This potential is well within the range to observe
HER as well as N2RR. CPE of this complex revealed the presence of ammonia (2.3 equiv.) (as
well as substantial amounts of H>), confirming the catalytic ability of the complex. More recently,

better kinetic control was achieved to improve the selectivity and turnover of this reaction by using
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a metallocene molecular mediator to facilitate the reduction of dinitrogen.'®®1%4 Improvement was
achieved through the use of Cp*,Co as a mediator, resulting in a catalytic wave with onset at ~ -
2.0 V vs. Fc*®. CPE of [(Ps®)Fe]*, with [PhoNH.]* and a cocatalytic amount of Cp2Co, at an
applied bias of -2.1 V vs Fc*° resulted in 4 equiv. of ammonia. Future work in this area depends
on the synthesis of new heterogeneous or homogeneous electrocatalysts capable of N2RR. This
will be accomplished by developing systems and conditions that can operate negative enough to

engender N2RR, but at the same time disfavor the kinetics that prefers the HER.

e

(Pr), /Fe (Pr), X=0
2.6 £ 0.3 equiv. NH; per Fe
N, 24 + 5% FE
+

X=1
Electrode
: . 4.0 £ 0.6 equiv. NH; per Fe
[PhoNHJOTS X equiv. [Cp*,Co]BArF, 281 5 FE3 -

Figure 2.24: First molecular electrocatalyst for N2RR in the presence of a cocatalytic amount of
[Cp*2Co]". Reprinted with permission from reference 161. Copyright 2020, American Chemical

Society.

2.6.6 Electrocatalytic Organic Transformations

Organometallic electrochemistry is typically associated with redox-induced small molecule
activation where electrocatalysts are used to access and store energy. However, these techniques
also are readily extended to electrocatalytic organic (electroorganic) transformations, which are
rapidly gaining popularity.!®® Fortunately, organic chemists are beginning to think of

electrochemistry as an essential method for driving synthetic processes. In this field,
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organometallic electrocatalysts typically behave as redox mediators, shuttling electrons from the
surface of the working electrode to an organic substrate on the way to product generation.6316¢ |n
some instance, these electrocatalysts may also engender regio-, chemo-, and stereoselectivity in
the products (see Figure 2.25).1%" In these reactions organic substrates are oxidized or reduced at a
controlled potential, resulting in the generation of intermediate radical species that undergo further
chemical reactivity before generating the product(s). To this end, electroorganic syntheses
mediated by organometallic complexes have attracted the interest of commodity chemical and
pharmaceutical industries because of the tunability, scalability, and potential energy control
provided by electrochemical techniques. Indeed, selective manipulation and installation of
functional groups on organic substrates with electrochemical methods offers a distinct new

approach that is likely to continue surging in activity.

Sub

a) b)
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CAT* +
Sub CAT
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- "( [CAT-Sub]*
Sub* =/ Product
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Figure 2.25: (a) a molecular mediator (CAT), in the context of oxidation, donating an electron to
the working electrode, and later being reduced by the substrate (SUB) in route to product
generation. (b) a molecular mediator, in the context of oxidation, donating an electron to the
working electrode, stabilizing the substrate to form a catalyst—substrate complex, and then
generating an intermediate on route to product generation. Figure adapted with permission from

167.
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The earliest preparative scale electrochemical experiment was performed by Faraday in 1834,
where an acetic acid solution was placed under anodic oxidative bias to generate ethane.'®® This
experiment went on to inspire the Kolbe electrolysis in 1847, where abundant carboxylic acids
were oxidized and used to produce alkyl radicals.’®® Around the same time, the first reductive
preparative scale electroorganic experiment was also reported; this involved the reductive
dehalogenation of trichlormethane sulfonic acid to methanesulfonic acid.'’® In the last twenty
years, electrochemical methods have become more accessible to synthetic organic chemists due to
the widespread availability of potentiostats and advancements in electrochemical techniques and
methods, and this has resulted in an uptick in catalytic electroorganic synthesis literature reports.*’*
Common functional groups such as aldehydes, ketones, esters, and olefins have been studied under
electrocatalytic oxidative and reductive conditions with success. Hydrogenation of olefins and
alkynes has also been studied, taking advantage of reactive transition metal hydrides typically

implicated in HER electrocatalysis.'"2

A common theme in organic electrocatalysis is the use of a redox mediator to drive a chemical
transformation. In an example of organometallic electroorganic synthesis, Xu and co-workers have
taken advantage of the reliable one-electron redox chemistry of ferrocene.r”® In their work,
ferrocene is a mediator in the electrocatalytic C-H and N-H functionalization of functionalized
(aza)indoles. A catalytic CV experiment shows that the addition of the model urea-based substrate
in the presence of ferrocene does not result in any significant change to the appearance of the CV
which displays the reversible oxidation of ferrocene to ferrocenium (see Figure 2.26). However,
when sodium methoxide is added, a catalytic wave is observed and the return reduction has ceased,
suggesting that the ferrocenium is consumed by the urea-based substrate. A possible mechanism

involves a pre-equilibrium with deprotonation of the urea-based complex, resulting in a nitrogen-

86



centered anion which then undergoes oxidation by intermolecular electron transfer with the
electrogenerated ferrocenium. The oxidation generates a nitrogen centered radical that is capable
of intramolecular cyclization with the neighboring alkyne which ultimately results in the formation
of highly substituted indoles, while also regenerating ferrocene. Electrochemical methods for this
redox-induced synthetic organic chemistry are advantageous because waste byproducts associated
with the use of stoichiometric oxidants and reductants are eliminated. Future work in this area
needs to focus on systematic studies of appropriate redox mediators capable of driving more
complicated organic transformations. Important reactions, such as those involving the activation
of aliphatic C-H bonds near amine and amide functionalities, is currently an active area in

electroorganic synthesis.*’*
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Figure 2.26: A proposed mechanism for the catalytic electrosynthesis of highly substituted indoles

(right). Figure reprinted from reference 171 (right). Copyright 2017 American Chemical Society.
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2.6.7 Analyses for Benchmarking Electrocatalysts

The significant increase in the production of new electrocatalysts over the years has contributed
to the need for methods that can reliably benchmark in order to determine what is a “good”
electrocatalyst. To this end, the derived Butler-Volmer*® and Tafel'’® equations are two common
analyses for benchmarking electrocatalysts, especially in the realm of heterogeneous catalysis.
These methods are typically used to benchmark WO, HER, and CO2RR catalysts, but can be
performed for AO, N2RR, and EOT reactions. Demonstrating high rates of activity and low
overpotentials are the desired outcomes of catalyst benchmarking efforts. The main assessment
methods are Butler-Volmer and Tafel analyses, and the reader may consult resources that give the
full details.*>1'® Briefly, the Butler-Volmer equation describes the relationship between the current
and potential between the surface of the electrode and the bulk sample for an elementary redox
reaction. However, at high overpotentials, the Butler-Volmer equations simplifies to the Tafel
equation. The resulting Butler-Volmer and Tafel analyses provide kinetic and thermodynamic

insight into systems by relating the rate of electrocatalysis to the overpotential.

In the realm of molecular electrocatalysis, alternative methods for benchmarking catalysts and
understanding their kinetic behaviors are typically utilized. One such method is Foot-of-the-Wave
(FOWA) analysis, a method developed by Savéant, Costentin, and co-workers.}’” Summarizing
this method, FOWA examines the “foot” of catalytic (and therefore irreversible) waves at points
early in the onset of the catalytic current, in order to extract the instantaneous reaction rate from
the voltammetric data.1’® One assumption that underlies typical FOWA is that the key redox-active
intermediate involved in the rate-determining step of catalysis behaves in a Nernstian fashion, and

thus its concentration can be considered directly controlled at the electrode surface by the applied
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potential. FOWA is distinguished as a very helpful method for extraction of rate information at
short times, when catalyst deactivation, substrate consumption, and/or product inhibition are
avoided. Notably, when voltammetric data is collected in such a way as to avoid these issues, other
analyses based on Zone Diagrams and mathematical treatments are possible. The reader is

encouraged to consult resources that give the full details on these methods.?®

Significant work has also been accomplished in the last few years to better understand
equilibrium potentials (E°x) of feedstocks capable of interconverting chemical and electrical
energy in non-aqueous, organic solvents. These measurements establish a metric for evaluating
and comparing different electrocatalysts for a given process in non-aqueous solvents. Work by
Roberts and Bullock has provided an accurate determination of the H*/H; equilibrium potential for
various acids in MeCN (see Table 2.5).17° These experiments use a Pt electrode, which is an
excellent catalyst for reversible hydrogen reduction, even in organic solvents. In related work,
Mayer and Helm have also established E°x values (referenced to F¢*'° in acetonitrile and DMF) for
electrocatalytic oxygen reduction and carbon dioxide reduction.'® Determining these values in
non-agqueous solvents has allowed the determination of accurate potentials for catalytic responses

during electrocatalysis.

Half-Reactions Potential, E°  Potential, E°
(V vs Fc™) (V vs Fc™)
MeCN DMF
2H" + 2e 2 H; -0.028 -0.662
O,+ 4H* + 4 = 2H,0 +1.29 +0.60
CO,+ 2H" +2e = CO + H,O -0.12 -0.73

Table 2.5: Thermodynamic equilibrium potentials for the reduction of protons, oxygen, and CO>

in MeCN and DMF.,17°:180
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2.7 Conclusion

The widespread availability of sensitive and robust potentiostats has led to substantial growth
in the electrochemical investigation of redox processes in diverse compounds that are of interest
to organometallic chemists. Modern electrochemical materials, methods and techniques have
assisted in interpreting chemical reactivity that can be promoted at electrode surfaces. Cyclic
voltammetry and controlled potential electrolysis experiments have provided important insights,
and continue to be workhorse methods in organometallic electrochemistry. Voltammetry
experiments can reveal the potentials of redox events whose nature is then probed with
stoichiometric redox reagents in chemical syntheses. The thermodynamic, kinetic, and mechanistic
data provided by cyclic voltammetric experiments has informed design principles that can be used
to generate organometallic complexes and catalysts with tailored properties. Further, the shapes of
redox waves in cyclic voltammetry responses can provide crucial information about the nature of
electron transfer events and chemical reactions in solution, offering insights difficult to obtain by
other techniques. This is particularly important in the field of electrocatalysis, in which efficiency
and selectivity of a given catalyst can be investigated by coupling electrolysis methods to product
analysis. Considering all the useful opportunities afforded by electrochemical methods, the future

of organometallic electrochemistry is bright.
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Chapter 3

Evidence for Charge Delocalization in Diazafluorene Ligands Supporting

Low-Valent [Cp*Rh] Complexes

This chapter is adapted from a published manuscript: Henke, W.C., Stiel, J.P., Day,
V.W., and Blakemore, J.D.* Evidence for Charge Delocalization in Diazafluorene
Ligands Supporting Low-Valent [Cp*Rh] Complexes, Chem. Eur. J. 2022, 28,

€202103970, doi: 10.1002/chem.202103970
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3.1 Introduction

Development of systems that can carry out difficult reduction reactions, like conversion of CO2
and N> into fuels and chemicals, is an important goal of redox chemistry.[':) Redox non-innocent
ligands can directly assist in these reaction sequences with redox load management.!>*
Consequently, development of redox non-innocent and/or redox-active ligands is an active area,
particularly due to the need for stability across oxidation states and under highly reducing

conditions.!

One family of ligands that is well known for use in both redox and photoredox catalytic
applications includes 2,2 -bipyridyl and its derivatives.[®! 2,2 -bipyridyl (bpy) was prepared very
early by Blau,!” and has since become one of the most popular supporting ligands in inorganic and
organometallic chemistry.[®! Some features that enable 2,2"-bipyridyl to support catalysts include:
(1) the presence of two nitrogen donor atoms that can bond effectively with most transition metals
by forming a stable five-membered metallacycle, (ii) the presence of a conjugated 12n-electron
system that can stabilize electron-rich intermediates through n-backbonding and charge
delocalization, and (iii) a chemically robust structure lacking Brensted-acidic or reactive moieties
that could engage in deleterious side reactions. Widespread use of bpy has promoted significant
creative work in the development of ligands that are adept at stabilizing metal complexes, but with

tuneable properties.!®]

By comparison, 4,5-diazafluorene (daf) is a much newer ligand technology, with the first
synthesis being reported in 1950 by Schmidt and co-workers.!! The structures of daf-based ligands
are reminiscent of bpy, but they are distinguished by the presence of an additional sp* hybridized

carbon atom that ties the two pyridyl rings together; this establishes an additional five-membered
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carbocycle, rigidifying the daf core (see Chart 3.1). The presence of this additional five-membered
ring also “pulls back” the nitrogen donor atoms, increasing the bite angle.!'” Thus, unlike bpy,
which typically and reliably binds transition metals in an [N,N]-bidentate ( ) fashion, daf-type
ligands have demonstrated the ability to coordinate metals in pentahapto (n°),l'!! bridging

(n),1>13] and monodentate (k")!'* modes, as well as the more familiar x> mode.

bpy dafone

=N N= _N
N\ 7 N\ /7 N/

Chart 3.1: The structures of 2,2'-bipyridyl (bpy), 4,5-diazafluoren-9-one (dafone), 4,5-

diazafluorene (daf), and 9,9’ -dimethyl-4,5-diazafluroene (Me,daf).

On the other hand, the structure of daf features Bronsted-acidic, doubly benzylic C—H bonds on
the backbone of the ligand that can become directly involved in reactivity. For reference,
cyclopentadiene, fluorene, and pentamethylcyclopentadiene have pK, values of 18.0, 22.6, and
26.1 in dimethyl sulfoxide; the acidity of fluorene is consistent with the behavior of daf toward

16.17 have leveraged daf

deprotonation in the presence of metals.['>] Indeed, Song and co- workers!
for use in heterolytic dihydrogen splitting ['® and olefin hydrogenation!'”). Complementing this
work, Stahl and co-workers have recently shown that congeners of daf, especially 4,5-
diazafluoren-9-one (dafone) and 9,9'-dimethyldiazafluorene (Mexdaf) impart significant

advantages in Pd-catalyzed acetoxylation,!?”) dehydrogenation,?!’ and aerobic oxidation

reactions.! !4
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In view of these promising uses of daf-type ligands in redox chemistry and catalysis, we were
surprised to find that little spectroscopic or structural evidence is available regarding the ability of
the daf framework to delocalize electron density or form reduced species by charge transfer events.
The latter behavior underpins the exemplary performance of [Ru(bpy)s;]*" in catalysis, wherein
direct electron transfer or light-promoted metal-to-ligand charge transfer events drive important
reactivity. The photochemically accessible states are not unlike bpy-centered radicals, in that the

22231 In the former case,

reducing electron density resides on the conjugated bpy framework.!
delocalization of electron density into the bpy framework occurs via n-backdonation from low-
valent, reducing metal centers, for example in Cp*Rh(bpy) (where Cp* is

24-271In this situation, the formally Rh(I) center donates electron

pentamethylcyclopentadienyl).!
density into the lowest unoccupied molecular orbital (LUMO) of bpy, stabilizing the compound.
This is observed in the solid-state structure of the reduced Cp*Rh(bpy), where the C—C bond
interconnecting the two pyridyl rings is noticeably shorter in comparison to that in the Rh(III)
analogue and free bpy (1.422(4), 1.49(2), and 1.488(1) A, respectively), confirming -

28,291 Hoping to investigate the possibility that daf-based ligands could

backdonation into bpy.!
exhibit similar behaviors, we anticipated that the demonstrated Bronsted acid-base reactivity of
daf would likely muddle studies of charge delocalization into the conjugated ligand framework. In
such a scheme, we imagined that protective methylation of the 9 and 9" positions could allow such

studies by disfavoring acid-base reactivity, unlocking the ability to study reduced forms of the

diazafluorene core.

Here, we report the synthesis, structural characterization, and electrochemical studies of a series
of [Cp*Rh] complexes supported by dafone, daf, and Me.daf. We find that the complexes bearing

dafone and daf undergo reduction-induced chemical reactivity via pathways that are arrested when
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using Mexdaf; methylation of daf prevents the harmful ligand-driven radical chemistry and
undesired Bronsted acid/base reactivity observed in other congeners. Use of Mexdaf affords access
to distinctive rhodium species in the formal +III, +II, and +I oxidation states and enables
spectroscopic characterization, demonstrating that Me>daf actively stabilizes the reduced species.
Single-crystal X-ray diffraction analysis of Cp*Rh(Mexdaf) reveals the structural changes
associated with delocalization of electron density into the Mexdaf framework for the first time. Our
quantitative data show that the more constrained binding geometry of Me,daf moderates its o-
donor and - acceptor properties relative to bpy. Taken together, this study shows that Me,daf is a
promising supporting ligand for the development of redox chemistries and encourage utilization

of the daf framework under reducing conditions.

3.2 Results and Discussion

9:30-321 have not previously been used for preparation of [Cp*Rh]

Diazafluorene-type ligands!
complexes. Based on the similarity of the daf framework to bpy, we selected synthetic procedures
that have previously been useful for preparation of [Cp*Rh] complexes supported by bpy and other
bidentate ligands.[>*¥] We find that [Cp*RhCl,], is readily cleaved by dafone, daf, and Mexdaf,
[34.35] enabling us to access the new complexes [Cp*RhCl(dafone)]OTf, [Cp*RhCl(daf)]OTf, and
[Cp*RhCI(Me2daf)|OTS (1-3, see Scheme 3.1). Cleavage of [Cp*RhCl:]; was facilitated here
through use of salt metathesis with AgOTT, favoring binding of the daf-based ligands. No unusual

behaviors were encountered in these syntheses, and following generation of the desired complexes,

they were fully characterized (see Appendix A, Figures A1-A9, A27-A29, and A31-A36).
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1 0Tf E (0T,
% «CL,, /CI (a) \N-R'Ih-.‘ (b) *-N—-R'rhu..
- "RH L > | ~Cl | | “NCMe
c” N 7~ N N
Cl H=— /__« H=— ./__~

H H
(0.5 equiv.) 2 2-NCMe
a1 OTf 7 (OTf),
AR " ’h
(@) [ NR~ci __(®) [ N7 "NCMe
N N
HyC—= /_' HiC—: /-—‘
HsC 3 H:C 3.NCMe

Scheme 3.1: Synthesis of 1, 2, 3, 1-NCMe, 2-NCMe, and 3-NCMe. (a) 1. AgOTf (1 equiv.) in

MeCN; 2. Appropriate daf-based ligand (1 equiv.) in MeCN, (b) AgOTf (1 equiv.) in MeCN.

Nuclear magnetic resonance (NMR) spectroscopic studies revealed that 1, 2, and 3 each exhibit
Cs symmetry in solution, consistent with k-[N,N]-coordination of the bidentate ligands and free
rotation of [n°-Cp*]. The spectrum of 2 features a singlet at 4.32 ppm (integrating to 2H), which
corresponds to the diastereotopic methylene protons in the daf backbone; the appearance of a
singlet for these chemically inequivalent protons is attributable to coincidental magnetic
equivalence of the two individual methylene protons. 'H-NMR of 3 confirmed the presence of two
diastereotopic methyl groups (both chemically and magnetically inequivalent) appearing as unique
singlets that each integrate to 3H at 1.67 and 1.55 ppm. Taken together, these results confirm the

expected connectivity of 1, 2, and 3 in solution.
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In order to enable comprehensive electrochemical work (vide infra), acetonitrile-bound
complexes 1-NCMe, 2-NCMe, and 3-NCMe were also prepared by addition of 1 equiv. of AgOTf
to 1, 2, and 3 (see Scheme 3.1 and Experimental Section for details). "H-NMR spectra confirmed
clean generation of the desired solvento species in all cases (see Appendix A, Figures A10-A17).
Contrasting with results for 2, the '"H-NMR spectrum of 2-NCMe features a pair of doublets
corresponding to the chemically and magnetically inequivalent diastereotopic methylene protons
of the daf backbone. The resonances are reminiscent of those corresponding to the diastereotopic
methylene protons of related daf complexes.!**! To confirm our assignment of these resonances,
we carried out multifrequency NMR experiments at 400, 500, 600, and 800 MHz that confirm the
involvement of second-order effects which are visible in the spectra as “roofing”.*”-*%) Digital
simulations of the field-dependent spectra reproduced the experimental data, confirming our

assignment (see Appendix A, Figure A26).
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Figure 3.1: Molecular structures of 1 (upper left), 1-NCMe (lower left), 2 (upper middle), 2-
NCMe (lower middle), 3 (upper right) and 3-NCMe (lower right). Displacement ellipsoids are
shown at the 50% probability level. Hydrogen atoms (except H1 1A and H11B for 2 and 2-NCMe),
outer sphere triflate counteranions, any co-crystallized solvent molecules, and secondary
molecular cations present in the asymmetric units of 1, 2-NCMe, and 3-NCMe are omitted for

clarity.

Single crystals of 1, 2, 3, 1-NCMe, 2-NCMe, and 3-NCMe suitable for X-ray diffraction
(XRD) analysis were obtained by vapor diffusion of diethyl ether into concentrated MeCN
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solutions of the appropriate complex. The resulting structures are the first examples of [Cp*Rh]
complexes ligated by dafone, daf, and Mezdaf, and these structures provide a comprehensive basis
for the interpretation of the structural properties of the complexes. The coordination geometries
about the Rh centers are pseudo-octahedral in each case, with n°-Cp* and «*>-[N,N]-daf-type
ligands present in addition to bound chloride (1, 2, and 3) or acetonitrile (1-NCMe, 2-NCMe, and
3-NCMe) (see Table 3.1, Figure 3.1, and Appendix A, Figures A64-A69). Overall, the Rh—L
(where L = Cl or MeCN) and Rh—Cp*cen; distances are similar across the series, consistent with
the identical formal oxidation state (+I1I) of the rhodium centers. The angles formed between the
Cp* centroids, the Rh centers, and the centroids of the two nitrogen atoms of the diimine ligands
(Cp*—Rh—N*, see Table 3.1) lie in a narrow range of 147—-151° for all of the compounds, consistent

with the similar steric profiles of all three daf-type ligands studied here.[*"!

Table 3.1: Selected bond lengths and angles in complexes 1, 2, 3, bpy®!, 1-NCMe, 2-NCMe, 3-

NCMe, and bpy~NMe,

Compound  Rh-N1 Rh-N2 Rh-L do-c Rh—Cp*cent 2 N-Rh-N 2 Cp*cem—Rh-N'  Reference
(A) (A) (A) (A) ™ (A) °) )
16 2202(3), 2.199(3), 2.399(1),  1.445(5), 1.765, 80.4(1), 150.9, This Work
2197(3)  2.197(3)  2402(1)  1.438(5) 1.764 80.2(1) 1515
2 2.185(4)  2.183(4)  2.384(1)  1.422(7) 1.770 80.1(1) 148.0 This Work
3 2202(4)  2.184(4)  2.392(1)  1.424(7) 1.776 80.3(2) 146.0 This Work
bpy® 2.140(7)  2.140(7)  2.379(3)  1.490(17) 1.774 75.3(4) 1477 40
1-NCMe | 2200(3) 2.191(2) 2.098(3)  1.441(4) 1.774 80.28(9) 147.0 This Work
2-NCMe ™ | 2174(3), 2225(3), 2.101(3),  1.428(8), 1.775, 80.2(1), 149.9, This Work
2.184(3)  2.171(3)  2.088(3)  1.416(6) 1.778 81.8(2) 149.2
3-NCMe™ | 2.190(6), 2.188(7), 2.102(7),  1.434(11), 1.768, 81.2(2), 150.9, This Work
2204(6) 2.191(6)  2.088(7)  1.445(10) 1.767 80.6(2) 147.2
bpy"oMelal | 2007(2), 2.104(2), 2.074(2),  1.467(3), 1.780, 77.09(6), 146.1, 41
2.109(2) 2.112(2) 2.066(2)  1.466(3) 1.783 76.74(7) 148.0

[a] Values for independent molecular cations in the asymmetric unit cells of the structures are listed. [b] Defined as the distance
between the two central carbons interconnecting the two pyridyl-like rings. [c] Refers to the angle between the Cp* ring centroid, Rh
center, and the centroid of N1 and N2 within the diimine ligand.
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The strained geometries of the 5-membered metallacycles formed by coordination of the daf-
type ligands in these complexes can be best understood by comparing the metallacycles present in
the analogous structures [Cp*Rh(bpy)CIJOTf (bpy‘) and [Cp*Rh(bpy)NCMe]PFs
(bpyNMe).[4%41) Iy particular, the N1-Rh-N2 bite angles are ca. 5° wider for 1, 2, and 3 compared
to bpy“! while the N1-Rh-N2 bite angles are ca. 4° wider for 1-NCMe, 2-NCMe, and 3-NCMe
compared to bpy~“M¢, This is attributable to the strained geometry induced by the fused five-
membered carbocycles in all of the daf-type complexes. Confirming this situation, the Rh—N1 and
Rh-N2 bond lengths are longer than those in the analogous bpy complexes by ca. 0.05-0.10 A.
This suggests an attenuation of the o-donor power of the daf-type ligands, in that the more rigid
structure constrains the flexibility of the ligands upon coordination and elongates the Rh—N

distances in comparison to those found in the analogous bpy species.

The presence of the fused five-membered carbocycles in all the daf-type ligands impacts the
intraligand bond distances. In particular, the C—C bonds that directly link the pyridyl-like rings of
the free dafone, daf, and Me>daf ligands (denoted as dc—c) are similar to the corresponding C—C
bonds in bpy (1.485(1), 1.467(2), 1.475(2), and 1.488(1) A, respectively).['*?84243] However, the
dc_c values are smaller for dafone, daf, and Mezdaf upon coordination; as given in Table 3.1, the
dc_c values are shorter by ca. 0.07 A and ca. 0.03 A for 3 and 3-NCMe, respectively, in comparison

to the analogous bpy complexes.

In order to understand the oxidation states accessible to [Cp*Rh] complexes with daf-type
ligands, we carried out electrochemical studies. Initially, we examined the voltammetric properties
of 1, 2, and 3, but encountered quasireversible and irreversible reductive waves that are consistent
with significant chemical reactivity upon reduction of the starting Rh(III) complexes (see

Appendix A, Figures A38, A43, and A47). We hypothesize that the irreversible behaviors result,
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in part, from the generation of Rh(II) species by initial electron transfer followed by loss of the
daf-type ligands and formation of [Cp*RhClI]>.[**) Formation of [Cp*RhCl], under reductive
conditions is supported by related chemical work with 3 and Cp2Co. In this chemical work, the
presence of [Cp*RhCl], was confirmed by i) "TH-NMR spectra showing a singlet at 1.60 ppm (see
Appendix A, Figure A25) and i1) visually with the appearance of a blue-colored solution. Notably,
we have previously encountered the generation of [Cp*RhCl], in electrochemical work with

45,46

chloride-bound complexes supported by dipyridylmethane (dpma) ligands.! **-*¢I Daf-type ligands
resemble dpma ligands in that both feature strained metallacycles that could promote
decoordination upon formation of the labile Rh(II) oxidation state in the presence of chloride. In

order to avoid this complication driven by chloride ligands, we turned our focus to the

electrochemical properties of the solvento complexes.

Electrochemical studies of 1-NCMe, 2-NCMe, and 3-NCMae reveal the rich electrochemical
properties of these systems in the absence of complications from chloride (see Figure 3.2, and
Appendix A, Figures A39-A41, A44-A46, and A48-A50). Qualitatively, the voltammograms of
all three complexes reveal two individual cathodic reduction events in each case, as well as two
return anodic oxidation events. This suggests that formally Rh(III), Rh(II), and Rh(I) species are
accessible with dafone, daf, and Me>daf. However, the behavior of 1-NCMe and 2-NCMe can be
described as quasireversible at best, considering the attenuated anodic currents associated with the
re-oxidation of the products of reduction.[*”? The diminished currents for the return oxidations
indicate that follow-up chemical reactivity ensues after the initial reductions and that the reduced
forms thus have limited stability. The instability implied by the voltammetry is consistent,
however, with the presence of the ketone moiety in dafone and the methylene group in daf. In the

case of dafone, the benzophenone-like core could undergo formation of radical species.*®
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Similarly, the doubly benzylic methylene group in daf is likely to be sufficiently acidic to undergo
deprotonation by nascent Rh(I). Two lines of evidence support this reactivity: first, the cyclic
voltammogram of 2-NCMe features a first reduction wave that is significantly more reversible
than the second (see Figure 3.2, middle panel and Appendix A, Figure A44-A46); second,
chemical reduction experiments suggest that the Rh(I) form of 2-NCMae is sufficiently basic to

deprotonate the starting Rh(IIT) form (See Appendix A, Figure A71).174%]
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Figure 3.2: Cyclic voltammograms (MeCN, 0.1 M [nBusN][PF], 100 mV s) of 1-NCMe (upper
panel), 2-NCMe (middle panel), and 3-NCMe (lower panel).
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Contrasting with these results, the cyclic voltammogram of 3-NCMe reveals that Me.daf
enables clean generation of both Rh(II) and Rh(I) forms of the complex under electrochemical
conditions. This conclusion is supported by the chemically reversible nature of the two, sequential
le™ reductions present in the voltammetry (see Figure 3.2, lower panel) as well as related chemical
reduction experiments (vide infra). Studies at scan rates between 50 and 300 mV/s retain the
chemically reversible appearance of the voltammetry, supporting both the stability of the reduced
forms as well as the soluble, diffusional nature of all three accessible oxidation states of the
compound (see Appendix, Figures A49-A50). Thus, we conclude that use of Me,daf in place of

daf protects the [Cp*Rh] complex from detrimental follow-up reactivity upon reduction.

Returning to the question of the role of chloride in these complexes, we carried out an
electrochemical titration of 3-NCMe with chloride (in the form of NBu4Cl) in order to track the
generation of 3 upon chloride binding. During the CV experiment, increasing equivalents of
NBu4Cl were added to 3-NCMe resulting in the appearance of irreversible redox events (see
Appendix A, Figure A52) that match those encountered in the voltammetry of 3 (see Appendix A,
Figure A47). The similar appearance of the voltammetry after the addition of chloride confirms its
involvement in promoting the irreversible behavior encountered in the electrochemical studies of
3. In light of these experiments, 3 can be assigned to undergo a single, net 2e” reduction event in
contrast to the two sequential le~ events measured for 3-NCMae. This profile is reminiscent of a
[Cp*Rh] complex ligated by a hybrid phosphine-imine ligand that our group has studied; this
compound displays a net 2e” reduction wave with a chloride ligand present, but two le” waves
when isolated as a solvento complex.[*”) Dipyridylmethane-ligated [Cp*Rh] systems also show net

2¢” vs. le” chemistry when studied with or without chloride.[*®’ These findings are overall
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consistent with the in situ production of 3 over the course of the chloride titration and underscore

the broad importance of chloride in the redox chemistry of [Cp*Rh] complexes.

Summarizing, the electrochemical data for 3-NCMe reveal sequential 1e” reductions at —1.04
V and —1.25 V vs. the ferrocenium/ferrocene couple (denoted hereafter as Fc™°). Similarly, the
data for 2-NCMe reveal reductions at -1.07 v and
—1.25 V. In both cases, the more positive wave can be assigned to reduction of Rh(III) to Rh(II)
and the more negative wave can be assigned to reduction of Rh(II) to Rh(I). However, the chemical

reversibility of 3-NCMe appears significantly better than that of 2-NCMe.

Based on the greater chemical reversibility of electrochemical data for 3-NCMe, we next
moved to generate the Rh(II) and Rh(I) forms of the compound by chemical reduction. We selected
cobaltocene (Cp2Co) for this work based on its reduction potential (Ei»~ —1.34 V vs. Fc'?),551
which we anticipated is sufficiently negative to be effective for generation of first Rh(II) and then
Rh(I). We performed a spectrochemical titration by treating 3-NCMe with substoichiometic
equivalents of Cp>Co while monitoring the solution with UV-visible absorption (UV-vis)
spectroscopy. The starting spectrum of 3-NCMe is unremarkable and similar to other Rh(III)

species that we have studied,!*>?!

with an absorption centered at 373 nm (see Figure 3.3 and see
Appendix A, Figures A53-A56). Upon addition of Cp2Co up to 1 equiv. per Rh, the spectrum
changes substantially, with the most obvious difference being the growth of a new band at 716 nm,
which corresponds to the Rh'' form of 3. We observe clean le™ reduction of 3-NCMe with
isosbestic points at 223, 246, 320, and 349 nm. As the initial concentration of 3-NCMe and the

various concentrations of Cp2Co were known, we determined the molar absorptivity of the new

band at 716 nm to be 3200 M' cm™! (see Appendix A, Figure A53).
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Figure 3.3: Spectrochemical titration of 3-NCMe using Cp2Co as a reductant in THF solution.

Upper panel: data corresponding to generation of Rh'l. Lower panel: data corresponding to

generation of Rh',
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Continued additions of Cp>Co up to 2 equiv. per 1 equiv. of 3-NCMe resulted in growth of a
new feature at 534 nm, as well as sharpening of both shorter and longer wavelength absorption
features to reveal apparent vibronic structure. Vibronic bands were observed at 305, 310, and 317
nm in the UV region, similar to bands at 316, 324, and 332 that we observed for the [Mn!(CO)3]
complex of Medaf.[*® Longer wavelength vibronic bands were also observable at 697, 763, and
835 nm. Isosbestic points at 247, 320, and 660 nm in this data are consistent with clean generation
of the Rh' form of 3, namely Cp*Rh(Mezdaf) (4, vide infra). This species represents a notable
analogue of Cp*Rh(bpy), which features a very similar UV-visible absorption spectrum;
Cp*Rh(bpy) displays an absorption at 515 nm as well as longer wavelength features with

absorption maxima at ca. 684, 749, and 824 nm (see Appendix A, Figure A37).

Delocalization of electron density from Rh(I) into the bpy ligand in Cp*Rh(bpy) has been
discussed in a significant body of prior work; this phenomenon gives rise to the long wavelength
absorptions and apparent vibronic features, which are derived from intra-bpy vibrations.[?*]
Considering the striking similarity between the spectral profiles of Cp*Rh(bpy) and
Cp*Rh(Mexdaf) (see Appendix A, Figure A37), significant charge delocalization from the
electron-rich thodium center into the Me>daf ligand is implicated in the data. In particular, the long
wavelength absorptions displaying vibronic structure that likely arises due to intra-Me,daf
vibrations that are not unlike those present in bpy, considering the similar conjugated frameworks
of these ligands. Thus, in both these cases, the long wavelength absorption bands are attributable
to excitation of electron density present in the ligand n-system into higher-lying ligand ©* orbitals.

The electron density in question, however, is originally derived from the formally Rh(I) center and

is shared via backbonding.
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A quantitative comparison of the molar absorptivity values for the [Cp*Rh'] complexes of bpy
and Mezdaf provides insight into their properties as ligands. The molar absorptivity values for
Cp*Rh(Mexdaf) were found to be 6,200 M™' ecm™ at Amax = 534 nm and 3,100 M! cm ™! at Amax =
763 nm. Cp*Rh(bpy), on the other hand, has corresponding molar absorptivity values of 14,900
M em™ at Amax = 515 nm and 4,400 M~ cm™' at Amax = 749 nm. The more modest values for the
Me:daf complex can be attributed to more moderate delocalization of electron density from the
formally Rh(I) center in Cp*Rh(Me:daf) into the Me,daf framework. The decreased population of
the Mexdaf-centered n* orbitals would lead to diminished intensities for these longer wavelength
features in the absorption spectrum. These findings suggest that Mexdaf is a weaker n-acceptor
than bpy, and provide evidence for similar charge delocalization behaviors for both bpy and its
less commonly studied analogue Mezdaf. Confirming this theory, the Rh'/Rh' reduction potential

of 3 is —1.25 V, approximately, while the value for Cp*Rh(bpy) is —1.05 V.[**]

Characterization of the Rh' form of 3-NCMe by X-band electron paramagnetic resonance
spectroscopy confirms the redox scheme described above. An in situ reduction experiment was
carried out in which 3-NCMe was treated with 1.0 equiv. of Cp2Co in THF, resulting in a color
change from yellow to green. The green solution was then loaded into a quartz EPR tube and
frozen in liquid nitrogen for transport to the spectrometer. EPR at 7 K revealed a broad rhombic
signal near g = 2 (see Appendix A, Figure A57) that lacks signals corresponding to Cp>Co.1*?] The
EPR spectrum for the in situ reduced sample of 3-NCMe could be satisfactorily modelled as a
two-component mixture with the EasySpin simulation package.!>* The two components, labelled
as A and B are present in an apparent ratio of 2:1, both display rhombic signals (A: g, = 2.15, g,
=2.03, g:=1.94; B: g. =2.08, g, =2.02, g: = 2.00). These overlapping signals are consistent with

Rh" radicals in both cases, resembling prior EPR spectra that we have obtained for [Cp*Rh"]
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complexes. We anticipate that A and B correspond to the MeCN-bound (19¢”) and MeCN-free

(17¢") species, consistent with observations from prior work.[*>4¢]

To complement this characterization of the Rh(II) form of 3-NCMe, we next pursued chemical
reduction of 3-NCMe by treatment with 10 equiv. of Na(Hg). This experiment enabled us to isolate
the 2e¢” reduced form, Cp*Rh(Me.daf) (4; see Experimental Section). Like its counterpart
Cp*Rh(bpy), 4 is intensely colored and appears purple in THF solution. However, unlike
Cp*Rh(bpy), 4 could only be isolated from this synthetic procedure with minor aromatic and
aliphatic impurities (see Appendix A, Figure A18-A20). Despite these slight impurities, 'H NMR
reveals that 4 exhibits C>, symmetry in solution, including two singlets in the aliphatic region at
2.00 and 1.16 ppm that integrate to 15H and 6H, respectively, and correspond to the 15 equivalent
methyl protons of the Cp* ligand and 6 equivalent methyl protons of the k*-Me.daf ligand. The
magnetic equivalence of the methyl protons of Medaf in 4 suggests that this compound adopts a

“T-shaped” geometry.

Single-crystal X-ray diffraction (XRD) analysis confirmed this expectation. Crystals suitable
for XRD analysis were grown from a hexane solution of 4 cooled to —35 °C. The solid-state
structure (see Figure 3.4) reveals that 4 is rigorously C», symmetric, featuring the expected 1°-Cp*
and k*-Meydaf ligands around the metal center. 4 is much more electron-rich than 3-NCMe, as
observed by the elongated Rh—Cp*cent distance (1.829 A in 4 vs. 1.768 A in 3-NCMe; see Tables
3.1 and 3.2). Consistent with the greater electron-richness of the metal center, the Rh—N distances
are shorter in 4 compared to those in 3-NCMe by approximately 0.13 A, a finding that supports a

role for n-backbonding into the Mexdaf ligand of this complex.
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Figure 3.4: Solid-state structure of 4. Displacement ellipsoids are shown at the 50% probability

level. Hydrogen atoms are omitted for clarity.

Table 3.2: Selected bond lengths and angles in complexes 4, Cp*Rh(bpy), and CpRh(bpy).

Bond Metrics 4 Cp*Rh(bpy) CpRh(bpy)
Rh-N1 (A) 2.064(2) 2.00(3) 1.993(2)
Rh-N2 (A) 2.064(2) 2.005(2) 1.990(3)
dc(A) B 1.393(3) 1.422(4) 1.441(3)

Rh—Cp*cent (A) 1.829 1.847 1.868 [°]

2 N-Rh—N (°) 82.03(8) 78.2(1) 78.76(8)

£ Cp*—Rh-N’ (°) 176.4 177.3 1771

[a] Defined as the distance between the two central carbons interconnecting the two pyridyl-like rings. [b]
Note, this is for the cyclopentadienyl (Cp) complex and not for the Cp* analogue. [c] Refers to the angle

between the Cp* or Cp ring centroid, Rh center, and the centroid of N1 and N2 within the diimine ligand.
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Examination of the intraligand C—C bonds of the Me,daf ligand in 4 provides evidence for
charge delocalization. This conclusion can be drawn on the basis of similar prior findings for bpy-
based ligands, in that both Cp*Rh(bpy)*?! and CpRh(bpy) (where Cp is cyclopentadienyl)!>!
display partially reduced ligand character that can be inferred from changes in their intraligand C—
C bonds. Table 3.2 provides selected bond lengths and angles, and Figure 3.5 provides a full
comparison of the intraligand bond lengths in the diimine ligands in these complexes. In particular,
reduced bpy character has been shown to result in a pronounced contraction of the C—C bond that
links the two pyridyl rings of bpy (denoted here as dc_c), a phenomenon attributable to occupation
of the lowest-energy unoccupied m* orbital of bpy.*®) Occupation of the bpy LUMO contributes
to the double bond character observed for dc_c and can be visualized with a combination of Hiickel
MO theory and solid-state structural data (see Table 3.2).1%] As the conjugated frameworks of
Me:daf and bpy are similar, Mex>daf can be seen on the basis of the structural data in Figure 3.5 to
also be capable of stabilizing electron-rich Rh(I) centers via charge delocalization. 4 displays a
marked contraction of the dcc bond (1.393(3) A) in comparison to that in 3-NCMe
(1.434(1)/1.445(10) A), providing structural evidence that Me,daf is able to stabilize low-valent
metal centers via bonding motifs similar to those found in complexes supported by workhorse
bipyridyl-type ligands. Notably, the value of dc_c is significantly shorter in 4 than in its bipyridyl
analogues (see Table 3.2 and Figure 3.5); this is attributable to the simultaneous influence of -
backbonding from the electron-rich metal as well as the presence of the additional five-membered

fused carbocycle resulting from inclusion of the dimethylmethylene group of Mezdaf.
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Figure 3.5: Comparison of intraligand bond lengths for Cp*Rh(Me:daf) (4, blue), Cp*Rh(bpy)

(black), and CpRh(bpy) (green).

Considering the established structural and electronic similarities between Mexdaf and bpy, we
wondered if a monohydride complex or [n*-Cp*H]-bound species would be preferred for the case
of the Mexdaf system. Addition of weak acids to Cp*Rh(bpy) has recently been shown to result in
generation of [n*-Cp*H]-bound complexes rather than the expected analogous rhodium

53.57. 381 T test this, 3 was exposed to 1.0 equiv. of sodium formate in d3-MeCN,

monohydrides.!
resulting in a gradual color change from orange to red-brown. 'H NMR revealed a spectrum
consistent with the generation of [(n*-Cp*H)Rh(Mexdaf)]* (see Appendix A, Figures A21-A23),
a species that displays the hallmark resonances indicating proton transfer to the n°-Cp* ligand of
3. In particular, a quartet at 2.44 ppm (1H, “Juu = 6.2 Hz) and a doublet at 0.55 ppm (3H, “Jun=

6.2 Hz) confirm the generation of the n*-Cp*H ligand, which presumably forms through binding

of formate to Rh(IIl), B-hydride elimination and extrusion of CO, and proton-hydride
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tautomerization.®”) Me,daf can thus be additionally concluded to engender similar reactivity to

[Cp*Rh] complexes in comparison to those supported by bipyridyl-type ligands.

3.3 Conclusion

Here, we have described the synthesis and characterization of a new series of [Cp*Rh]
complexes supported by diazafluorene-type ligands. On the basis of structural, spectroscopic, and
electrochemical evidence, 9,9'-dimethyl-4,5-diazafluorene (Mexdaf) can be concluded to be able
to stabilize low-valent complexes through charge delocalization and m-backbonding that is
reminiscent of behavior more commonly encountered with complexes of 2,2'-bipyridyl and its
analogues. In this work, a comprehensive set of solid-state structures from X-ray diffraction
analysis has been used to highlight the bond lengths and angles that distinguish diazafluorene
complexes from their more common analogues. On the basis of clean electrochemical behavior for
the [Cp*Rh] species supported by Mexdaf, a spectrochemical titration was carried out with Cp2Co
that revealed the unique spectroscopic signatures of Rh(III), Rh(II), and Rh(I) supported by
Mexdaf. The charge delocalization implied by the spectroscopic results for Cp*Rh(Me.daf) was
confirmed by related X-ray diffraction analysis for this compound, which showed changes in the
intra-Mexdaf framework consistent with sharing of electron density from the [Cp*Rh!] core into
the LUMO of Mexdaf via m-backbonding. Use of Mexdaf in place of dafone or daf avoids
detrimental reactivity under highly reducing conditions and, thus, Mexdaf can be concluded to be

a useful new ligand for use in reductive chemistry and electrochemistry.

3.4 Experimental Section

3.4.1 General considerations
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All manipulations were carried out in dry Nx-filled gloveboxes (Vacuum Atmospheres Co.,
Hawthorne, CA, USA) or under an N> atmosphere using standard Schlenk techniques unless
otherwise noted. All solvents were of commercial grade and dried over activated alumina using a
PPT Glass Contour (Nashua, NH, USA) solvent purification system prior to use, and were stored
over molecular sieves. All chemicals were obtained from major commercial suppliers and used as
received after extensive drying. Rhodium chloride hydrate (Pressure Chemical Co.) and 1,10-
phenanthroline (95%; Matrix Scientific) were used as received. [Cp*RhClL]p,*¥] 4,5-
diazafluorene-9-one ! 4,5-dizafluorene,”? and 9,9’-dimethyldiazafluorene®!! were prepared
according to literature methods with minor modifications. Detailed synthetic procedures for the
preparation of dafone, daf, and Mexdaf are given in the Supporting Information (see Appendix A,
Figures A78-A80). [Cp*RhCl:]», silver hexafluorophosphate (98%, Alfa Aesar), mercury, sodium,
and cobaltocene were dried extensively at 1 mTorr (133 Pa) for 24 hours using standard Schlenk

techniques before being brought into a dry N»-filled glovebox.

3.4.2 Synthesis

General Procedure for the Synthesis of 1, 2, and 3: To a 20 mL scintillation vial equipped with
a Teflon stir bar, 1 equiv. of [Cp*RhCl,]> was dissolved in MeCN (ca. 4mL) to give a deep red
suspension. To this suspension, 2 equiv. of AgOTf in MeCN (ca. 2 mL) was added, resulting in a
lightening of the red solution to orange, and formation of AgCl as a precipitate. The solution was
allowed to stir for 10 min. Then 2.1 equiv. of the appropriate diazafluorene-based ligand was added
to the orange solution and was allowed to stir for 20 minutes. The AgCl was then filtered off and
the resulting yellow solution was placed in a beaker. Next, a large excess of diethyl ether (ca. 80

mL) was added, causing precipitation of the desired product. The yellow solid was then filtered
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and washed with diethyl ether. The material was purified by recrystallization through vapor
diffusion of diethyl ether into a concentrated solution of the compound in MeCN. The resulting

red crystals were washed with diethyl ether to afford the title compound.

Synthesis of [(n’-CsMes)Rh(4,5-diazafluorene-9-one)C1](OTf) (1): Yield: 0.3073 g (63 %). 'H
NMR (500 MHz, CD3CN): § = 8.83 (d, 2H, *Juu= 5.5 Hz), 8.26 (d, 2H, *Juu= 7.5 Hz), 7.82 (dd,
2H, *Jun= 7.5 Hz, “Jun= 5.5 Hz), 1.76 ppm (s, 15H). *C{'H} NMR (126 MHz, CD3CN): § =
186.69, 165.23, 154.14, 135.96, 130.96, 130.85, 97.77 (d, 'Jern = 9.0 Hz, Cp*), 9.60 ppm. °F
NMR (471 MHz, CD3CN): 6 =-80.19 ppm. Electronic absorption spectrum (MeCN): 247 (22000),
307 (7100), 313 (6700), 320 (8000), 382 nm (1969 M cm™) ESI-MS (positive) found m/z:
455.0389 (100%) (1 — OTf"), 456.0459 (6%), 457.0396 (14%), 458.0471 (1%). Anal. Calcd. for

C2oH21CIFsN2O4RAS: C, 43.69; H, 3.50; N, 4.63. Found: C, 43.69; H, 3.35; N, 4.87.

Synthesis of [(n’-CsMes)Rh(4,5-diazafluorene)C1](OTf) (2): Yield: 0.3044 g (80%). 'H NMR
(500 MHz, CD3CN): § = 8.72 (d, 2H, *Juu= 5.4 Hz), 8.25 (d, 2H, *Juu= 7.7 Hz), 7.73 (dd, 2H,
3Juu= 7.7 Hz, *Jun= 5.4 Hz), 4.32 (s, 2H) 1.74 ppm (s, 15H). *C{'H} NMR (126 MHz, CD3CN):
5 =161.48,148.79, 138.61, 137.62, 127.98, 97.14 (d, 'Jcrn = 9.0 Hz, Cp*), 37.51, 9.52 ppm. '°F
NMR (471 MHz, CD3CN): 6 =-80.19 ppm. Electronic absorption spectrum (MeCN): 242 (19000),
315 (17000), 325 (18000), 391 nm (1557 M cm™. ESI-MS (positive) found m/z: 441.0605
(100%) (2 — OTf), 442.0679 (9%), 443.0600 (12%), 444.0689 (2%). Anal. Calcd. for

CaoHa3CIF3N2OsRAS : C, 44.72; H, 3.92; N, 4.74. Found: C, 44.77; H, 3.86; N, 4.87.

Synthesis of [(n*-CsMes)Rh(9,9’-dimethyl-4,5-diazafluorene)C1](OTf) (3): Yield: 0.6763 g (85
%). '"H NMR(500 MHz, CD3CN): § = 8.68 (d, 2H, *Jun= 5.4 Hz), 8.20 (d, 2H, *Jun= 7.7 Hz),

7.72 (d, 2H, 3 Jun= 7.7 Hz *Jun= 5.4 Hz), 1.75 (s, 15H), 1.67 (s, 3H), 1.55 ppm (s, 3H). 3C{'H}

131



NMR (126 MHz, CD3CN): § = 159.49, 149.01, 148.05, 135.18, 128.57, 97.17 (d, 'Jcrn= 9.1 Hz,
Cp*), 51.82, 24.94, 24.44, 9.54 ppm. '°F NMR (471 MHz, CD3CN): § = -80.18 ppm. Electronic
absorption spectrum (MeCN):241 (18000), 319 (17000), 328 (18000), 389 nm (1570 M! cm™).
ESI-MS (positive) found m/z: 469.0911 (100%) (3 — OTf"), 470.0975 (10%), 471.1101 (25%),
472.1255 (3%). Anal. Calcd. for CosH27CIF3N2O3RhS + 0.5 H,O: C, 45.91; H, 4.49; N, 4.46.

Found: C, 45.77; H, 4.42; N, 4.63.

General Procedure for the Synthesis of 1-NCMe, 2-NCMe, and 3-NCMe: To a solution of 1
equiv. of 1, 2 or 3 in MeCN (ca. 5 mL) was added 1.1 equiv. of AgOTf dissolved in MeCN. The
20 mL scintillation vial was then sealed, covered with aluminum foil, and allowed to stir for 48
hrs. in the dark. Following completion, the precipitated silver chloride is filtered off and the
solution is pumped to dryness. The resulting solid is transferred to a frit and washed with THF (ca.

20 mL) to remove any excess AgOTT to obtain the title compound as a yellow powder.

Synthesis of [(n*-CsMes)Rh(4,5-diazafluorene-9-one)(NCMe)](OTf) (1-NCMe): Yield:
0.0548 g (47%). "H NMR (400 MHz, CDsCN): § = 8.90 (dd, 2H, *Jun= 5.6 Hz, “Jun= 1.0 Hz),
8.36 (dd, 2H, *Jun= 7.6 Hz, *Jun= 1.0 Hz), 7.92 (dd, 2H, *Junu= 7.6 Hz, *Jun= 5.6 Hz), 1.96 (s,

3H), 1.79 ppm (s, 15H). ’F NMR (376 MHz, CD3CN): § =-80.19 ppm.

Synthesis of [(n*-CsMes)Rh(4,5-diazafluorene)(NCMe)](OTf) (2-NCMe): Yield: 0.1307 g
(83%). '"H NMR (400 MHz, CDsCN): 6 = 8.77 (dd, 2H, *Jun= 5.5 Hz, “Jun= 0.9 Hz), 8.35 (dd,
2H, *Jun= 7.7 Hz, *Jun= 0.9 Hz), 7.82 (dd, 2H, 3Jun= 7.7 Hz, *Jun= 5.5 Hz), 4.40 (d, 1H, *Jun
=21.1 Hz), 4.33 (d, 1H, *Jun=21.1 Hz), 1.96 (s, 3H), 1.77 ppm (s, 15H). *C{'H} NMR (126
MHz, CD;CN): § = 162.05, 149.29, 139.23, 138.69, 128.61, 123.39, 120.84, 100.30 (d, 'Jcrn=

8.9 Hz, Cp*), 37.89, 9.60 ppm. '°F NMR (376 MHz, CD3CN): § = -80.20 ppm.
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Synthesis of [(n’-CsMes)Rh(9,9'-dimethyl-4,5-diazafluorene)(NCMe)](OTf) (3-NCMe):
Yield: 0.2475 g (66%). '"H NMR (400 MHz, CD3CN): § = 8.73 ((dd, 2H, *Juu = 5.5 Hz, “Jupn=
1.0 Hz), 8.30 (dd, 2H, *Jun= 7.7 Hz, *Jun= 1.0 Hz), 7.82 (dd, 2H, 3Jun= 7.7 Hz, *Jun= 5.5 Hz),
1.96 (s, 3H), 1.77 (s, 15H), 1.69 (s, 3H), 1.62 (s, 3H). *C{'H} NMR (126 MHz, CD3CN): § =
159.54, 149.21, 148.23, 136.05, 128.94, 123.04, 120.49, 99.99 (d, 'Jcrn = 8.9 Hz, Cp*), 52.07,

24.11,23.92, 9.26 ppm. "’F NMR (376 MHz, CD3CN): § = -80.19 ppm.

Synthesis of (n3-CsMes)Rh(9,9'-dimethyl-4,5-diazafluorene) (4): A suspension of 3-NCMe
(0.0250 g, 0.032 mmol) in THF (ca. 2 mL) was added to a 20 mL scintillation vial containing 1%
Na(Hg) (0.0074 g, 0.322 mmol Na, ca. 10 equiv.). The yellow suspension slowly darkened to an
intense green color, which subsided to a dark purple color over a 24 h period while stirring. The
reaction mixture was filtered to remove Hg and NaOTf. THF was then removed in vacuo and the
resulting solid was extracted with hexanes (ca. 10 mL), followed by diethyl ether, to obtain the
title product as a dark solid. Yield 0.0112 g (80%). '"H NMR (500 MHz, C¢Ds): & = 8.74 (d, 2H,
3Juu= 6.1 Hz), 6.90 (d, 2H, *Juu= 6.6 Hz), 6.60 (t, 2H, *Juu= 6.3 Hz), 2.00 (s, 15H), 1.16 ppm
(s, 6H). *C{'H} NMR (126 MHz, C¢Ds): & = 149.65, 147.84, 145.62, 118.74, 111.15, 87.10 (d,

IJern= 7.3 Hz, Cp*), 50.86, 24.85, 10.39 ppm.

3.4.4 Spectroscopy and Characterization

Deuterated solvents for NMR studies were purchased from Cambridge Isotope Laboratories
(Tewksbury, MA, USA); CD3CN was dried with CaH» and stored over molecular sieves and C¢Ds
was dried over sodium/benzophenone. 'H, '*C, and !°F spectra were collected with 400, 500, 600,
or 800 MHz Bruker spectrometers. Spectra were referenced to the residual protio-solvent signall>®!

in the cases of 'H and '*C. Heteronuclear NMR spectra were referenced to the appropriate external
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standard following the recommended scale based on ratios of absolute frequencies (Z).1°¥) IF
NMR spectra are reported relative to CCI3F. Chemical shifts () and coupling constants (J) are

reported in Hz. Simulations of NMR spectra were carried out using the Advanced Spin Simulation

program in MestReNova (Mestrelab Research, chemistry software solutions).

Experimental mass spectrometry data was collected on a LCT Premier mass spectrometer
equipped with a quadrupole, time-of-flight mass analyzer, and an electrospray ion source.
Predicted mass spectrometry data was obtained from PerkinElmer Informatics’ ChemDraw
Professional Suite. Electronic absorption spectra were collected with an Ocean Optics Flame
spectrometer equipped with a DH-Mini light source (Ocean Optics, Largo, FL, USA) using a
quartz cuvette. Elemental analyses were performed by Midwest Microlab, Inc. (Indianapolis, IN).
Elemental analysis could not be obtained for 1-NCMe, 2-NCMe, 3-NCMe, and 4 because of their
acute air sensitivity. Continuous-wave electron paramagnetic resonance spectra were collected at
X-band with a Bruker EMX spectrometer using a high-sensitivity perpendicular-mode cavity
(4119HS-W1). Temperature control was achieved with an Oxford ESR 900 flow-through cryostat.
Simulation of continuous-wave electron paramagnetic spectra were carried out using the

EasySpint®* package in MATLAB.

3.4.5 X-ray Crystallography

Single crystals of complexes 1, 2, 3, 1-NCMe, 2-NCMe, 3-NCMe, 1-PFg, and 3-NCMePFg were
obtained by vapor diffusion of diethyl ether into a concentrated acetonitrile solution of the
appropriate complex. Single crystals of 4 were obtained by slow cooling a concentrated solution
of the species in hexanes. Single crystals of 2-red were obtained by vapor diffusion of pentane

into a concentrated solution of the species in THF. Single crystals of Bnzdaf were obtained by
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vapor diffusion of pentane into a concentrated solution of the species in CHCI3. Single-crystal X-
ray diffraction data were collected with a Bruker Proteum diffractometer equipped with two CCD
detectors (Apex II and Platinum 135) sharing a common MicroStar microfocus Cu rotating anode

generator running at 45 mA and 60 kV (Cu Ka = 1.54178 A).

3.4.6 Deposition Numbers

2038430 (for Bnzdaf), 2038431 (for 1-NCMe), 2038432 (for 1), 2038433 (for 3-NCMePFj),
2038434 (for 2), 2038435 (for 2-red), 2038436 (for 1-PFs), 2038437 (for 4), 2038438 (for 2-
NCMe), 2038439 (for 3), 2038440 (for 3-NCMe) contain the supplementary crystallographic data
for this paper. These data are provided free of charge by the joint Cambridge Crystallographic

Data Centre and Fachinformationszentrum Karlsruhe Access Structures service.

3.4.7 Electrochemistry

Electrochemical experiments were carried out in a nitrogen-filled glove box. Tetra(n-
butylammonium) hexafluorophosphate (0.10 M; Sigma-Aldrich; electrochemical grade) in
acetonitrile served as the supporting electrolyte. Measurements were made with a Gamry
Reference 600 Plus Potentiostat/ Galvanostat using a standard three-electrode configuration. The
working electrode was the basal plane of highly oriented pyrolytic graphite (HOPG,
GraphiteStore.com, Buffalo Grove, Ill.; surface area: 0.09 cm?), the counter electrode was a
platinum wire (Kurt J. Lesker, Jefferson Hills, PA; 99.99%, 0.5 mm diameter), and a silver wire
immersed in electrolyte served as a pseudo-reference electrode (CH Instruments). The reference
was separated from the working solution by a Vycor frit (Bioanalytical Systems, Inc.). Ferrocene

(Sigma Aldrich; twice-sublimed) was added to the electrolyte solution at the conclusion of each
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experiment (~1 mM); the midpoint potential of the ferrocenium/ferrocene couple (denoted as
Fc*) served as an external standard for comparison of the recorded potentials. Concentrations of

analyte for cyclic voltammetry were typically 2 mM.
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Chapter 4

Mechanistic Roles of Metal- and Ligand-Protonated Species in Hydrogen

Evolution with [Cp*Rh] Complexes
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4.1 Introduction

Cyclopentadienyls are among the most common ligands in organometallic chemistry, capable
of supporting metallocene and half-sandwich type complexes across a wide range of metals and
oxidation states (1,2,3,4). Cyclopentadienyl-type ligands are distinguished by their planarity and
aromaticity, as well as their tendency to “slip” with adopted hapticities of n°, n’, or n' (5,6,7,8).
The accessibility of these various coordination modes contributes to the tremendous variety of
reactions that can be catalyzed by complexes supported by this ligand type. With few exceptions
(9,10), the aromatic [CsHs] core is maintained and non-interacting with substrates, leading to the
usefulness of cyclopentadienyl as a flexible but commonly innocent ligand that reliably promotes

metal-centered reactivity.

On the other hand, the pentamethylcyclopentadienyl (Cp*) ligand has recently been shown to
undergo ligand-centered protonation in certain cases by direct proton transfer from acids or by
tautomerization of transition metal hydrides resulting from metal-centered protonation reactions
(see Figure 4.1) (11,12). These reactions result in the generation of isolable complexes bearing the
uncommon 1*-pentamethylcyclopentadiene (Cp*H) ligand, a species that can serve as a net H-
atom (He) or hydride (H") donor via cleavage of the unique C—H bond on the Cp*H ring (13,14).
The orientation of the proton on the Cp*H ligand can give rise to unique isomers; the endo-isomer
has the proton facing toward the metal center, while the exo-isomer has the proton facing away
from the metal center. Peters and co-workers showed that exposure of the unreactive hydride
[Cp*Fe(dppe)H]" (dppe = 1,2-bis(diphenylphosphino)ethane) (15) to CO results in the formation
of [(endo-Cp*H)Fe(dppe)CO]", a species with a weak C—H bond capable of H-atom transfer (16).

Similarly, Chalkley, Peters, and co-workers showed that Cp*>Co serves as a catalytic PCET
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mediator via the formation of [(exo-Cp*H)CoCp*]" in the presence of strong acid, enabling
enhanced N> reduction to NH3 (17). In these examples, the metal center and Cp*H ligand work in

concert to provide He or H™ equivalents to promote multi-proton and multi-electron reactivity.

1+ H "+ 1+
H H
éj\. \
Co Ph\ ..Fe—
& U
P
~N
[
bh Ph
[(endo-n*-Cp*H)Rh(bpy)]*  [(exo-n*-Cp*H)CoCp*]*  [(endo-n*-Cp*H)Fe(dppe)(CO)]*
Blakemore 2016 Peters 2019 Peters 2020

Figure 4.1. Notable complexes bearing the n*-pentamethylcyclopentadiene (Cp*H) ligand.

In the course of investigating the mechanism of H> generation with Cp*Rh(bpy), we found that
the addition of weak acids, such as triethylammonium ([HNEt:]", pK, = 18.8 in acetonitrile
(MeCN)), to the complex results in the generation of an isolable Cp*H complex formulated as
[(endo-Cp*H)Rh(bpy)]" (11,13,18). X-ray diffraction studies and spectroscopic evidence confirm
the exclusive generation of [(endo-Cp*H)Rh(bpy)]" (hereafter denoted as [(Cp*H)Rh(bpy)]")
when using weak acids. Catalytic proton reduction using Cp*Rh(bpy), a system notable for its ease
of preparation and longevity, was first described by Gritzel and Kolle in 1987 (19,20). At that
time, the mechanism of catalysis was proposed to involve a first protonation that leads to a
[Cp*Rh—H] species that could undergo protonolysis to generate H,. This elusive hydride has also
been repeatedly proposed to be involved in the formation of NADH from NAD" in

bioelectrochemical applications (21,22). However, despite attempts, the putative [Cp*Rh—H]
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intermediate has only been observed in mixtures of products that were generated under stringent
reaction conditions involving photochemical reactors, buffered solutions, or low temperatures (—
40° C) and has not been fully characterized (12,23). Recently, our group has developed reliable
synthetic procedures to access analogous phosphine-supported [Cp*Rh] monohydrides, but these
species are remarkably resistant to protonolysis due to enhanced stabilization provided by the
phosphine ligand (24,25,26). On the other hand, isolated [(Cp*H)Rh(bpy)]" reacts with even
moderate acids, such as anilinium ([PhNH3]", pKa = 10.6 in MeCN) to quantitatively yield H, and

regenerate the starting Rh(III) complex (18).

More recently, Nozaki et al. and Ishitani et al. have utilized [Cp*Rh]-based complexes to
promote catalytic dehydrogenation of dimethylamine-borane and photocatalytic reduction of CO>
to formate, respectively (27,28). In these investigations, among others (29,30), the identity of the
species driving the observed reactivity is proposed to be either [Cp*Rh—H] or [(Cp*H)Rh], and
this lingering ambiguity in the literature continues to fuel the debate about the precise role of these
protonated intermediates during catalytic turnover, meriting further investigation. In particular, the
mechanistic details surrounding the conversion of the proposed metal hydride and observed Cp*H
species via hydride-proton tautomerism is not yet clear, with respect to, for example, the
involvement of the conjugate base in assisting with migration of the proton to the ring, or the
kinetic details of the overall process, whether they are concerted or multi-step. In the case of the
[Cp*Rh] systems, the ability to access [Cp*H]-type compounds appears to be essential for catalytic
turnover, a finding in agreement with the apparent transient nature of the corresponding [Cp*Rh]
monohydride. However, considering that reliable syntheses are now available for Cp*Rh(bpy) and
[(Cp*H)Rh(bpy)]", contrasting with the more reactive and temperature-sensitive nature of

analogous first-row metals supporting Cp*H species, we anticipated that time-resolved
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spectroscopic studies under conditions relevant to catalysis could be useful to investigate the

elementary steps involved in hydrogen evolution using Cp*Rh(bpy).

Here, we report time-resolved pulse radiolysis and stopped-flow measurements that map the
elementary electron- and proton-transfer steps leading to hydrogen evolution with Cp*Rh(bpy) in
MeCN. In particular, stopped-flow measurements with UV-vis detection exhibit spectra with
isosbestic behavior, indicating clean conversion from the starting complex to a new molecular
species, and complementary stopped-flow IR measurements confirm that the sole product of initial
protonation is [Cp*Rh(H)(bpy)]" based on a characteristic hydride stretch at 1920 cm™'. This is
followed by a concomitant tautomerization to generate [(Cp*H)Rh(bpy)]*. Variable temperature
kinetic measurements, as well as isotopic labeling experiments, confirm that the activation energy
barriers involved are sufficiently modest to allow for the hydride to tautomerize to the Cp*H
complex. Such involvement gives Cp* a possible role in catalytic applications that were not
previously believed to be possible. Taken together, our results suggest that Cp* non-innocence can
play a crucial role in catalytic applications and should be actively considered in mechanistic

investigations.

4.2 Results

4.2.1 Synthesis of Isolable Intermediates

Long-standing work by Kolle and Gritzel, et al. describes a reliable synthetic procedure for the
clean and facile generation of [Cp*Rh(OH.)(bpy)]** (1) (see Figure 4.2, where L = H,0); 1 is a
well-known precatalyst for the chemical and electrochemical reduction of protons to dihydrogen

(31). Using Na(Hg), 1 can be reduced by 2e to generate the electron-rich, neutral species,
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Cp*Rh(bpy) (3) (32). Addition of 2 equiv. of a strong proton source, such as
dimethylformamidinium ([DMF-H]", pK, =~ 6.1 in MeCN), to 3 results in the quantitative formation
of dihydrogen and regeneration of 1 (33). However, more recently, we have shown that the
addition of weak acids, such as [HNEt:]", to 3 results in the unexpected generation of
[(Cp*H)Rh(bpy)]" (5) instead of the anticipated metal hydride complex (11,34). We have since
developed a synthetic procedure that enables the clean isolation of § (13). With these reported
procedures readily available, we took the opportunity to prepare 1, 3, and 5 (see Appendix B,
Figures B1-B3), and with careful handling, use these complexes to map the sequential electron
and proton transfer events leading to hydrogen evolution using time-resolved pulse radiolysis and

stopped-flow experiments.
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Figure 4.2. Proposed catalytic cycle for hydrogen evolution starting with 1. L. = H,O, or MeCN.

4.2.2 Mapping the Initial Electron Transfer Events

Prior cyclic voltammetry (CV) data for 1 reveals a single, quasireversible 2¢™ redox event
centered at —1.05 V versus ferrocenium/ferrocene (31). This process can be confidently assigned
as the Rh(III)/Rh(I) redox couple based on previous synthetic work and CV measurements of
similar [Cp*Rh] complexes (14,32). Since the potential of the Rh(II)/Rh(I) couple is similar to or
more positive than that of the Rh(III)/Rh(II) couple, isolation of the Rh(II) species cannot be
achieved by electrochemical or chemical reduction. This prompted us to use the technique of pulse

radiolysis (PR), which allows for the rapid generation of singly-reduced intermediates and their
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characterization by time-resolved spectroscopic methods (35). In 1989, Kolle and Gritzel
investigated the reduction events of 1 in aqueous solutions using PR (31). In their isolated study,
absorbance vs time kinetic data were used to support a disproportionation mechanism that involves
the generation of 1 and 3, from 2 in aqueous solution. Building on this work, we performed PR in
concert with time-resolved UV-vis detection, starting with 1 in MeCN. The excess energy
deposited into acetonitrile solvent by high-energy electrons results in the rapid generation of
solvated electrons (€ soiv), MeCN™", and solvent excited states. The latter two species are very
unstable, leading to a cascade of fragmentations that include the generation of protons (MeCNH")
and a variety of solvent-derived radicals (34). While the reduction of 1 by solvated electrons can
promptly generate 2, the stability of the radical product will be severely impacted by its reaction
with the radiolytic solvent radicals. Fortunately, formate anion can be used to scavenge the radicals
by H-atom transfer in PR experiments in MeCN, producing CO>", which is a strong reductant
(E°(CO2/CO2")=-2.21 V vs SCE in dimethylformamide) (36,37). Thus, under the experimental
conditions used in this work, i.e., air-free MeCN solutions containing 1 (40 pM) and [n-
BusN][HCO:] (50 mM), the radiolytically produced solvated electrons and CO," are the reducing
species that react with 1. The amount of reducing equivalents produced by a single electron pulse
was determined in a dosimetry experiment, using the Co macrocycle, [Co(HMD)]*" (where HMD
=5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetradeca-4,11-diene), as an efficient electron
scavenger, and the known molar absorption coefficient of its reduced form, [Co(HMD)]" (¢ = 1.80
x 10* M cm™!, see Appendix B, Figure B19) (38). After determining the proper dose, solutions of
1 and [n-BusN][HCO-] were mixed rapidly to produce the above-mentioned concentrations and

delivered directly into a PR cell using a remote-controlled syringe pump. About 2-3 seconds after
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mixing, an electron pulse was introduced into the sample using a 2 MeV Van de Graaff accelerator

(39, 40).

The absorption spectrum of 1 is unremarkable, with a feature at approximately 370 nm that
slightly tails into the visible region, and no absorption beyond 500 nm (see Figure 4.3). Following
pulse radiolysis, a dramatic change in absorption occurs, with the observation of a UV-vis
spectrum 1 ms after the electron pulse that is consistent with the generation of 3 (Figure 4.3, purple
squares). Taking a cue from the known absorption profile of 3, kinetic traces were monitored near
the prominent absorption feature at 520 nm in an attempt to examine the rates of the two reduction
events (see Figure 4.3, inlay). The resulting absorbance vs time data revealed two distinct
processes; the first process is very rapid (occurring over a timescale of ~10 ps) and is assigned as
the reduction of 1 to [Cp*Rh(bpy)]" (2), while the second, comparatively slower, process
(occurring over a timescale of ~1 ms) is assigned as the reduction of 2 to 3 (see Appendix B,
Figures B20-B25). Examining the earliest absorbance vs wavelength data reveals a UV-vis
spectrum 10 ps after the electron pulse that is unique from 1 and 3. This spectrum is assigned to
the le” reduced species, 2, and has absorbance features that span the range of the visible region,
with prominent transitions at 474 (3100 M! cm™) and 723 nm (4900 M™! cm™!, vide supra). The
spectrum of 2 is consistent with other [Cp*Rh(II)] complexes examined by us (41,42); in
particular, the UV-vis spectrum of 2 obtained by PR is comparable to the Rh" complex,

[Cp*Rh(Mexdaf)]*, which exhibits similar, but less intense, transitions at 462 (1400 M! cm™') and
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716 nm (3200 M' cm™). With the spectrum of 2 in hand, we then moved to examine the second

reduction event.
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Figure 4.3. Absorption spectrum of 1 in MeCN before PR (gold squares). The spectrum of 2
obtained after 1e” reduction of 40 mM 1 in MeCN in the presence of 50 mM formate is shown by
green squares (measured at 10 ms after the e pulse). Further reduction of 2 then leads to the
formation of 3 (purple squares, measured at 1 ms after the e pulse). The gold and purple lines are
the UV-vis spectra of isolated 1 and 3, respectively. Shown inset is a transient absorption kinetic

trace measured at 520 nm after PR, with a biexponential fit overlaid in blue.

In foundational work performed by Kdélle and Gritzel, PR was carried out with 1 under aqueous
conditions where they observed the generation of 3, which they attribute to a disproportionation
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event involving 2 equiv. of 2 (31). However, our work in MeCN does not support a kinetic model
involving disproportionation of 2 because when this is considered, the resulting extinction
coefficients are too large for 3. To further confirm this observation, initial rate analysis (43) was
performed to determine the reaction order with respect to 2. PR experiments were performed at
time delays where 2 has already formed, and by controlling the dose, we can generate different
concentrations of 2. Plotting the logarithm of the initial rate of formation of 3 as a function of the
logarithm of the concentration of generated 2 (log(dose) = log([2])), reveals a line with a slope of
1.03 £ 0.07, confirming a first-order dependence on 2 in the conversion of 2 to 3 (see Appendix
B, Figure B25). Thus, a disproportionation mechanism can be ruled out here under our specific
conditions. Instead, the reduction of 2 to 3 here most likely results from the reaction of 2 with
formate. A biexponential fit of the kinetic trace at 520 nm (Figure 4.3, inlay) results in two
observed rates of 2.6 x 10* s and 3.2 x 10° s”!, with the former being attributed to the reduction
of 1 by CO," (since reduction of 1 by the solvated electron will occur on a much faster timescale
that is not resolved in our data), and the latter corresponding to the conversion of 2 to 3 by formate
anion; regarding the faster rate constant, reduction by CO>" is expected to be much slower than
by € solv, meaning the reaction with CO;™ should be rate limiting. Lending support to this kinetic
model, the extinction coefficients for 3 obtained during PR agree well with those obtained from
isolated material (see Figure 4.3); the UV-vis spectrum of 3 exhibits absorption bands that span
the visible region (¢ = 4-17 x 10* M! cm™ in MeCN) and displays strong absorption features
around 511 nm (¢ = 1.7 x 10° M cm™) as well as longer wavelength transitions with vibronic

structure between 650 and 850 nm, presumably arising from delocalization of electron density into
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the bpy ligand (vide infra) (44). Following our interrogation of the reduction events leading to 3,

we then moved to explore the reactivity of 3 with protons.

4.2.3 Initial Proton Transfer and Tautomerization Steps.

Complex 3 reacts readily with weak acids, an observation established in prior work (11). With
this in mind, we set out to determine the rate constant, the reaction order, and molecularity of this
protonation reaction using stopped-flow equipped with UV-Vis or IR detection. Control reactions
rapidly mixing 3 with pure MeCN did not show degradation over the duration of the experiment
(see Appendix B, Figures B26-B29). Next, 3 was rapidly mixed with [HNEt;]" at various
concentrations under pseudo-first order conditions (see Appendix B, Figures B30-S40 and B46-
B49). The prominent absorption feature at approximately 511 nm (vide supra) was used to monitor
the consumption of 3 after rapid mixing with [HNEt:]" (see Figure 4.4a). The spectral changes
observed after the addition of acid illustrate the rapid decay of 3 with isosbestic behavior at 379
and 431 nm, indicating clean conversion to a new molecular species. The decay of the absorbance
at 511 nm occurs monoexponentially, and the resulting observed rate constants (kobs) are plotted
as a function of acid concentration to extract the overall second-order rate constant, k3 = (6.4 +
0.2) x 10* M! 57! (see Figure 4.4b) (43). Notably, after initial protonation (~100 ms), the resulting
UV-vis spectrum did not resemble the experimental spectrum of [(Cp*H)Rh(bpy)]" (see Figure
4.4c). Eager to further interrogate this species, we repeated this protonation experiment with IR
monitoring, providing the first unequivocal evidence for the formation of [Cp*Rh(H)(bpy)]" (4)
based on a characteristic Rh—H stretch at 1920 cm™ (Figure 4.5). Notably, this value is similar to
other Rh—H stretches (19861936 cm™) previously reported for analogous [Cp*Rh] monohydride

complexes ligated by bisphosphine ligands, albeit slightly lower in energy, and is in good
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agreement with our DFT-calculated spectrum (1920 vs 1902 cm’!, respectively, see Appendix B,

Figure B32) (24,26).
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Figure 4.4. (a) Stopped-flow UV-vis spectra for the protonation of 3 with [HNEt3]" to generate 4.
Isosbestic behavior at 379 and 431 nm is denoted by *. (b) Observed rate constants monitored at
511.1 nm as a function of [HNEt3]" concentration. The linear dependence reveals a first-order
dependence on [HNEt3]" and the overall second-order rate constant. (¢) Stopped-flow UV-vis
spectra for the tautomerization of 4 to generate 5. Isosbestic behavior at 370 nm is denoted by *.
(d) Observed rate constants monitored at 399.8 nm as a function of [HNEt;]" concentration. The

slope of zero reveals a zero-order dependence on [HNEt3]".
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Figure 4.5. (a) Stopped-flow IR spectra for the tautomerization of 4 to generate 5. The signal at
1920 cm™! is consistent with a Rh-H stretch. (b) Observed rate constants monitored at 1923 cm’!
as a function of [HNEt3]" concentration. The slope of zero reveals a zero-order dependence on

[HNE‘[3]+.

The UV-vis spectrum of 4 displays a prominent absorption at 400 nm and weaker features that
tail into the visible region. As a result, the full reaction sequence can be monitored at 400 nm
between 1-10 s following the rapid mixing of 3 with [HNEt3]" (see Appendix B, Figures B36-B39)
(45). The resulting absorbance vs time data reveal two distinct chemical steps, where the first step
corresponds to the initial protonation of 3 to generate 4. Following the generation of 4, the
evolution of the absorbance vs wavelength spectra results in a new isosbestic point at 370 nm,
supporting the formation of a new species (see Figure 4.4c). The monoexponential decay of 4 is

monitored as a function of time at 400 nm and the corresponding kobs values are plotted as a
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function of [HNEts]" concentration, revealing a second step that is zero-order in acid (ks = 870 +
30 5!, see Figure 4.4d). This zero-order dependence is further confirmed by monitoring the decay
of the Rh—H stretch at 1920 cm™ during stopped-flow IR (See Appendix B, Figures B34-B35).
These kinetic data are consistent with 4 undergoing hydride-proton tautomerization to generate
[(Cp*H)Rh(bpy)]" (5), and provide tantalizing kinetic and spectroscopic characterization of the
species involved in these proton transfer reactions for the first time. Having identified the sequence
of the elementary protonation and tautomerization reactions, we next set out to further characterize

the steps leading to Cp*H formation using variable temperature kinetic experiments.

Variable temperature kinetic data were collected between 20—40 °C under pseudo first-order
conditions following rapid mixing of 3 with either [HNEt3]" or [DNEt3]" (D incorporation >95%,
see Appendix B, Figure B6). Eyring and Arrhenius plots of In(k,»s/T) as a function of T using 3
reveal the enthalpy of activation (AH*), entropy of activation (AS*), free energy of activation
(AGY), and activation energy (E,), respectively, for the elementary protonation and tautomerization
steps that convert 3 to 4(D) (where 4(D) refers to the protonated (4) or deuterated species (4D)),
and 4(D) to 5(D) (see Table 4.1, and Appendix B, Figures B41-B45 and B50-B67) (46).
Experimentally derived activation parameters for the protonation of 3 with [HNEts]" or [DNEt3]"
([H(D)-NEt3]") reveal values for AH* (H = 8.8 kcal/mol, D" = 9.7 kcal/mol) and AS* (H" =-22.3
cal mol' K!, D" = -21.0 cal mol! K!) at 25 °C that are in good agreement with activation
parameters observed for other proton transfer reactions (47), and with prior calculations for the
protonation of 3 with [HNEt;]" (34). Our experimentally determined AH* and AS* parameters
support the swift protonation of 3 in an associative bimolecular fashion (see Table 4.1). The
separation between the lines in the Eyring plots (see Appendix B, Figure B74) here demonstrate

the attenuation of the reaction rate when using [DNEt;]", supporting the larger AH*. The kinetic
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isotope effect (KIE = kobs /kobs”) measured for the protonation of 3 is 2.2 £ 0.2 at 298 K, a value
that corresponds to a normal primary KIE. Taken together, our activation entropy and KIE data
support a three centered transition state involving the cleavage of the [H(D)-NEts]" bond and
formation of the new [Rh—H(D)] bond in a concerted fashion, enabling handoff of the proton (or

deuteron) to the electron-rich Rh(I) during the generation of 4(D).

Table 4.1. Experimentally determined rate constants and activation parameters for k3m)and k4m).

Reaction Rate AG*©D AH© ASH©
Constant? (kcalmol))  (kcal mol!)  (cal mol' KV)
324 6400 + 200? 14.9+0.9 8.2+0.3 -223+0.8
324D 2900 + 100* 153+04 9.1+0.1 -21.0+0.3
45 870 + 30° 17.7£0.7 14.0=£0.5 -12.2+£0.5
4D->5D 1000 + 30P 18+1 120+ 0.4 -19+1

(a) units are M! s, (b) Units are s (¢) Errors on the activation energy and activation parameters
were derived from the uncertainty of the linear fit of the corresponding Arrhenius and Eyring Plots,

respectively. (d)Values are for T =298 K.

Perhaps more interesting, however, are the Eyring plots describing the tautomerization process
of 4(D) to 5(D). To further examine the tautomerization event, the AH* for the conversion of 4 to
5 was determined experimentally to be approximately 2 kcal/mol higher than the corresponding
transformation involving deuterons (4D to 5D, see Table 4.1). Remarkably, the AS* for the
tautomerization of 4 to 5 is 10 cal mol!' K-! more positive in comparison to the initial protonation
step. The large negative AS* values suggests that the transition state leading to tautomerization

involves associative behavior (43,*). However, we note that this is only one plausible explanation
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and that there are multiple contributions to the activation entropy that must be considered,
including solvation and translational, rotational, and vibrational degrees of freedom (*°,°°). Under
these considerations, the transition state describing the migration of the hydride (deuteride) to the
Cp* ring during tautomerization may be less symmetrical (°'). Thus, this would lead to less
rotational and vibrational degrees of freedom and would also be consistent with the negative AS*
values measured. However, to provide further support for the proposed bimolecular behavior

during the tautomerization step, we performed a KIE analysis.

Superficially, the tautomerization of 4(D) to 5(D) involves hydride (deuteride) migration,
dearomatization of the Cp* ligand, and the formation of a new sp*-hybridized C-H(D) bond. The
measured KIE, which was determined from the activation parameters measured for the
tautomerization of 4(D) to 5(D), is 0.87 £+ 0.09 at 298 K. Intriguingly, inverse KIEs of 0.8-0.9
have been measured for reactions in which a carbon atom undergoes a hybridization change from
sp>- to sp’-hybridized, much like the situation encountered in this work when n’-Cp* is
transformed to n*-Cp*H (52,53,54,55,56). Our measured inverse KIE, in combination with the
experimentally determined AS, is consistent with a plausible mechanism involving NEt; playing
the role of a proton shuttle, effectively facilitating tautomerization of the [Rh—H] to form (Cp*H)
(57). Within this proposed mechanism, the atomistic picture for the hand-off of the proton from
the metal center to the Cp* ring includes a role for exogenous conjugate base, resembling

traditional tautomerization reactions in organic chemistry (°%,%%).
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4.2.4 Roles of Intermediates in Hydrogen Evolution

In prior work, in situ nuclear magnetic resonance (NMR) studies demonstrated that addition of
excess [HNEt:]" to 3 results in the generation of 5, with no observable hydrogen evolution (11).
On the other hand, addition of 2 equiv. of dimethylformamidinium ((DMF-H]", pK, = 6.1) results
in quantitative dihydrogen formation and regeneration of 1. Previously, we have also shown that
[PhNH;3]" reacts with 5 to readily generate dihydrogen (14). Here, to confirm dihydrogen evolution
using 5 and [DMF-H]", 1 equiv. of [DMF-H]" was added to 5 in MeCN solution, and after 10 min,
the headspace of the reaction was injected into a gas chromatograph. The resulting chromatogram
confirms quantitative generation of dihydrogen, closing the catalytic cycle, and poising the system

for further turnover (see Appendix B, Figure B78-B79).

To more closely examine the role of 5 in hydrogen evolution, 5 was rapidly mixed with either
anilinium ([PhNH3]") or [DMF-H]" at various concentrations under pseudo first-order conditions
using a stopped-flow apparatus equipped with a UV-Vis detector (see Appendix B, Figures B68-
B73, and Table B3). When using [PhNH3]" as the proton source, consumption of 5 was monitored
at 400 nm following rapid mixing with [PhNH3]". The spectral changes observed after the addition
of [PhNH3]" illustrate a monoexponential decay of 5 with isosbestic behavior at 325 nm, which
ultimately results in a UV-vis spectrum consistent with 1 (see Figure 4.6, panels (a) and (b)). In a
similar fashion, when [DMF-H]" is rapidly mixed with 5, isosbestic behavior is observed at 326
nm, and the absorbance at 400 nm decays monoexponentially, resulting in a UV-vis spectrum
consistent with 1 (see Figure 4.6). The resemblance of the spectra and isosbestic points when using
either [PhNH3]" or [DMF-H]" suggests the final product(s) absorbing in this region are presumably

the same in both instances.
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Figure 4.6. (a) Stopped-flow UV-vis spectra for the reaction between 5 and [PhNH3]", assigned
to back-tautomerization (k.4) of 5 to generate 4, followed by fast protonation of 4 to regenerate 1
and dihydrogen. Isosbestic behavior at 326 nm is denoted by *. (b) Observed rate of disappearance
of 5 monitored at 399.8 nm as a function of [PhNH3]" concentration. The slope of zero reveals a
zero-order dependence on [PhNH3]". (¢) Stopped-flow UV-vis spectra for the proposed
protonation of 5 by [DMFH]" to generate 6, followed by the fast elimination of dihydrogen to
generate 1. Isosbestic behavior at 325 nm is denoted by *. (d) Observed rate constant monitored
at 399.8 nm as a function of [DMFH]" concentration. The linear dependence reveals a first-order

dependence on [DMFH]" and the overall second-order rate constant ks =230 + 10 M! s™!
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While hydrogen evolution and the regeneration of 1 is observed following addition of [PhNH3]"
or [DMF-H]" to 5, when the kos values are plotted as a function of acid concentration, two
pathways to dihydrogen evolution are apparent. When the respective kobs values are plotted as a
function of [PhNH3]" concentration, a zero-order acid dependence (k« = 260 + 10 s™!, see Figure
4.1) on [PhNH3]" is observed. On the other hand, plotting the resulting ks values as a function of
[DMF-H]" reveal a first-order dependence on acid (ks = 230 = 10 M! 57!, see Figure 4.1). Taking
into account the use of a much weaker acid ([HNEt3]") when determining the rates for the initial
protonation and tautomerization events (vide supra), the second protonation event(s) are
comparatively slower, suggesting that either step k.4 or ks could represent the rate-determining step

in dihydrogen evolution when using [PhNH3]" or [DMF-H]" with this system.

The defining characteristic distinguishing the reactivity of the second protonation event is the
observed zero-order and first-order dependences on [PhNH3]" and [DMF-H]', respectively,
implicating the involvement of two pathways with different intermediates leading to dihydrogen
evolution. When using [PhNH3]" to protonate 5, the observed zero-order dependence is consistent
with a reaction sequence involving relatively slow back tautomerization of 5 to the more reactive
hydride species, 4, followed by comparatively fast reactivity with [PhNH3]" to generate 1 and
dihydrogen. Whereas, when [DMF-H]" is used, our kinetic data are consistent with protonation of
5 at the relatively electron-rich Rh(I) center to generate the plausible, and presumably highly
reactive, [(Cp*H)Rh(H)(bpy)]** (6). This species could then undergo relatively fast intramolecular
reactivity to generate dihydrogen and 1. Notably, prior computational work regarding the
protonation of 5 with [DMF-H]" postulated the accessibility of this pathway (34); the

experimentally determined first-order dependence of H, generation on [DMF-H]" concentration
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shows that 5 is indeed not an off-cycle intermediate, but instead can play a direct role in opening

an additional pathway to dihydrogen evolution.

4.3 Discussion

Our work here has elucidated and clarified the mechanistic details underpinning the elementary
electron- and proton-transfer steps involved in the generation of dihydrogen using the model
system Cp*Rh(bpy). Variable temperature experiments examining the crucial proton-transfer steps
have provided insight into the atomistic details involved in the initial handoff of the proton to the
metal center, followed by the migration of the proton to the Cp* ring. In particular, the
experimentally determined KIEs and activation parameters describing the tautomerization event
provide direct evidence for the involvement of a proton shuttle, despite the fact that the Cp* ligand
is closely associated with the metal center. Based on the known geometry of § from X-ray
crystallography (11), and the computed structure of 4 (34), the distance (ca. 1.57 A) between the
hydride and a sp®-hybridized carbon in the ring would likely be too great for an unassisted proton
transfer, highlighting the necessity of the proton shuttle (57). Notably, the requirement of a proton
shuttle is not problematic because the typical synthetic or bioelectrochemical conditions used to
access 4 or 5 generally involve organic acids and conjugate base pairs, or water, respectively

(11,14, 22, 23,31).

Beyond the initial protonation and tautomerization, the mechanistic path of the second
protonation event is governed by the strength of the acid. Specifically, we have experimental
kinetic evidence that the identity of the acid determines the role of the hydride and Cp*H species,
the intermediates that form, and the rate of dihydrogen evolution. In particular, the hydride

complex, 4, has perhaps been among the most elusive, but hotly pursued, intermediates in
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organometallic rhodium chemistry. In a sense, identification of the hydride here as an intermediate
in dihydrogen evolution confirms the intuition of the field over the past 35 years. However, our
work has provided among the first evidence that the hydride is but one possible protonated
intermediate in this system. More broadly, our work suggests the Cp*H moiety should be actively
considered in mechanistic investigations when both hydride and Cp* ligands are possibly involved
in reactivity. Indeed, Kolle and Grétzel previously investigated the protonation of 3 with
electrochemical measurements in aqueous phosphate buffer (31); following electrolysis,
spectrophotometric data revealed an absorption spectrum that was not consistent with 1, 2, or 3,
and instead proposed 4 as a plausible intermediate. Upon reflection, the observation of the Cp*H
complex, 5, was likely missed in the early work because we now see that the colors of 4 and 5 are
very similar. The fact that these species are similarly colored can be attributed to the non-innocence
of the bpy m-system, which is intimately involved in management of redox load in these
compounds. To this point, 3 exhibits vivid pigmentation, attributable to delocalization of electron
density by n-backbonding into the bpy n-system (44). The properties of bpy thus strongly influence
the catalytic reactivity paradigm observed, reactivity that is not echoed in systems with bidentate
bisphosphine ligands (24,26) or even the closely related 9,9'-dimethyl-4,5-diazafluorene ligand

(42), as well as impart spectral uniqueness to the [Cp*Rh] system.

The Cp*Rh(bpy) system represents one of the sole examples of a case where a metal-bound
protonated Cp-type ligand can be isolated and studied at room temperature. Cp* is not merely a
spectator ligand, and seems to be quite special, particularly in light of the reactivity observed by
Peters and co-workers (16,17). The five methyl groups of Cp* appear to play a key role, imparting
stability in the sense that clean reactivity is observed with this system through all the various

protonations. In the Cp*Rh(bpy) system, the involvement of both initial metal-centered
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protonation as well as the requirement of a proton shuttle in hydride-to-proton tautomerization
appear to engender exclusively endo-protonation, a point of difference from related iron and cobalt
systems (16,17). For robust catalysis to occur with this system, the endo-protonated species is
presumably required for both of the H-H bond forming reaction channels proposed here; if
[PhNH3]" is utilized, back tautomerization is needed, and if [DMF-H]" is used to form a second
hydride with adjacent Cp*H, an acidified C—H bond pointing downward toward the hydride to
promote intramolecular reactivity. On the other hand, since both endo- and exo-species are active
in work with cobalt for H-atom transfer, Cp* ligand-centered H-management could find further

applications and appears worthy of further study.

4.4 Conclusion

In summary, we have described the elementary steps leading to dihydrogen evolution using
Cp*Rh(bpy) as a molecular model. Using PR, we confirmed a first-order dependence on 2, when
3 is generated in MeCN in the presence of excess formate, excluding the plausible
disproportionation mechanism initially proposed for this system in aqueous solution. Following
the reaction of 3 with weak acids, we provide strong kinetic and spectroscopic evidence that
confirms the initial site of protonation is metal centered, forming 4, followed by subsequent
tautomerization to generate 5. To further support our assignments, variable temperature kinetic
data using isotopically labeled acid suggest that NEt3 plays an essential role as a proton shuttle,
facilitating tautomerization of the proton (in the hydride ligand) to form the unusual n*-Cp*H
moiety. 5 reacts further with stronger acids, demonstrating that Cp*H can be an active participant
in dihydrogen evolution, opening viable reaction pathways that depend on the strength of the acid.

Our findings provide key insight into the rates and elementary reduction and protonation steps that
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promote dihydrogen evolution with this system; taken together with the experimental activation
parameters and mechanistic insights gleaned into metal-mediated hydride-proton tautomerism,
these findings provide a springboard for further investigations involving the uncommon but

apparently quite catalytically promiscuous n*-Cp*H moiety.
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Chapter 5

Ultrafast Spectroscopy of [Mn(CQO)3;] Complexes: Tuning the Kinetics of

Light-Driven CO Release and Solvent Binding

This chapter is adapted from a published manuscript: Henke, W.C.,” Otolski,
C.J.,Y Moore, W.N.G., Elles, C.G.,* and Blakemore, J.D.* Ultrafast Spectroscopy
of [Mn(CO)3] Complexes: Tuning the Kinetics of Light-Driven CO Release and

Solvent Binding, Inorg. Chem. 2020, 59, 2178-2187. # Equal contributions
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5.1 Introduction

Manganese tricarbonyl complexes of the form Mn(CO);(*bpy)Br (*bpy = 4,4’-disubstituted—
2,2'-bipyridyl) are promising catalysts for conversion of carbon dioxide (CO2) into carbon
monoxide and/or formate, valuable precursors to chemical feedstocks and commodity
chemicals.!? The synthetic chemistry for the Mn complexes was developed by Wilkinson and co-
workers,* and later extended by Wrighton, Meyer, and others.* These complexes are remarkable
for their ease of preparation and can be synthesized from commercially available or readily
prepared ligands, ®bpy, and the synthon Mn(CO)sBr. Similar synthetic chemistry and catalytic
properties have been demonstrated with analogous rhenium tricarbonyl complexes,
Re(CO)3;(*bpy)Br, which were investigated for catalysis much earlier by Lehn® and Meyer®, and
popularized by Fujita’, Kubiak®, Ishitani®, and others.!® However, considering the significantly
greater abundance of manganese, many research groups have continued to develop new
[Mn(CO);3]-based catalysts. These efforts have led to a remarkable flourishing of reports showing
that a variety of bidentate ligands can support and/or tune the electronic, photo-physical, and

catalytic properties of [Mn(CO)3] complexes.''-!%13

A defining feature that distinguishes the rhenium complexes from their manganese analogues
is markedly better stability upon irradiation with visible light.'* Importantly, many [Mn(CO)3]
complexes are susceptible to speciation'® and/or degradation'® upon exposure to visible light. For
example, our preliminary investigations in organic solvents revealed that Mn(CO)s;(*bpy)Br
complexes begin to decompose within minutes under ambient fluorescent lighting, as evident from
peak broadening in the 'H nuclear magnetic resonance (NMR) spectra. A review describing the

photochemistry of a variety of metal carbonyl species provides context to the light sensitivity of
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Mn(CO)3(*bpy)Br in solution.!” Specifically, the light sensitivity of many first-row transition
metal complexes is often a consequence of the inherent excited-state electronic structure of the
compounds. However, as the light sensitivity of the Mn(CO);(*bpy)Br complexes presents a
potential challenge to their use in electrochemical or, especially, photoelectrochemical systems for
CO: conversion, we became interested in the underlying processes that contribute to speciation

and/or degradation.

Separate from their role as catalysts, the light-induced reactivity of manganese complexes
makes the [Mn(CO)3] moiety a promising motif for developing a relatively new class of putative
therapeutics known as photo-induced carbon monoxide releasing molecules (photo-CORMs). '8
Classic work on the photochemical properties of dimanganese decacarbonyl ([Mn(CO)s]2)
revealed the susceptibility of low-valent manganese complexes to release CO under irradiation
with visible light.!*?* However, [Mn(CO)s], absorbs only very weakly in the visible region, which
is problematic from the standpoint of therapeutic development because UV light does not readily
penetrate the skin.?! The need for efficient activation of photo-CORMs at longer wavelengths has
motivated the development of novel [Mn(CO);3]-based compounds that absorb light in the visible
region. Toward this goal, Schatzschneider and co-workers developed the first [Mn(CO)s]-based
photo-CORM s supported by various tripodal ligands.?* Further work by several research groups
has led to numerous platforms and ligand systems in this family that allow effective photo-induced
CO release.”> Notably, Mascharak and co-workers highlighted the light sensitivity of
Mn(CO);(*bpy)Br complexes, demonstrating that Mn(CO)3("bpy)Br is capable of visible light

induced CO release at 420 nm.>*

Despite the potential role of Mn(CO)3(*bpy)Br complexes in diverse applications ranging from

catalysis to phototherapeutics, the photophysical properties of these compounds have received
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surprisingly little attention. The analogous [Re(CO)s] complexes have been studied with
nanosecond and femtosecond transient absorption spectroscopy, as well as time-resolved infrared
absorption measurements.?>?® Vigek and co-workers in particular have examined various aspects
of the ligand-dependent excited state behavior of [Re(CO)3] complexes bearing diimine-type
ligands, providing important insights into electron transfer behavior and the resulting chemical
reactivity.?’-?® However, to the best of our knowledge, no femtosecond or picosecond pump-probe
experiments have examined the fundamental photochemistry of [Mn(CO)3] complexes bearing
diimine ligands. Only steady-state experiments involving spectroscopic characterization of the
products following bulk photolysis,'> and a nanosecond pulse radiolysis study of the reduction-

induced reactivity of Mn(CO)3(*®"bpy)Br have been reported.?’

In this contribution, we examine the fundamental photochemistry of Mn(CO)s;(*bpy)Br
complexes with disubstituted ligands bearing tert-butyl (1), hydryl (2), trifluoromethyl (3), and
nitro (4) groups (Chart 5.1) following exposure to visible light. Ultrafast transient absorption (TA)
spectroscopy reveals the loss of a CO ligand on the femtosecond timescale, followed by solvent
coordination on the picosecond timescale for 1, 2, and 3 in acetonitrile. The kinetics of these
reactions depend on the identity of the substituents at the 4 and 4’ positions of the *bpy ligand and
correlate well with the Hammett parameters associated with the substituent groups. In contrast
with the results for 1, 2, and 3, TA spectroscopy and gas chromatography (GC) measurements
indicate that 4 does not undergo CO release. Taken together, these observations implicate metal-
to-ligand charge transfer (MLCT) and dissociative ligand field (LF) states in driving the
photoinduced reactivity, and suggest that the relative energies of these electronic states are tuned

through the modification of the supporting ligand. Our results are discussed in the context of
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developing new design principles that could be used to selectively control light-driven CO release

from [Mn(CO);] complexes.

R, CO
~N.. | .co
M
RO Br

R =-'Bu (1), -H (2), -CF3 (3), -NO; (4)

Chart 5.1: Mn(CO)3(*bpy)Br complexes 1-4.

5.2 Results and Discussion

5.2.1 Synthesis and Characterization

In order to study [Mn(CO)s;] complexes with uniformly tuned properties, we prepared
compounds that differ only in the electron donating/withdrawing nature of the substituents in the
4 and 4" positions of the supporting 2,2 -bipyridyl ligand. Complexes 1 and 2 were prepared
according to prior reports'> and new derivatives 3 and 4 were synthesized and isolated using
methods similar to those of Wrighton and co-workers (see Experimental Section for details).*
Overall, no unusual features were encountered for the synthesized complexes. All of the formally
manganese(I) complexes were prepared from Mn(CO)sBr and isolated with inner-sphere bromide
ligands. The compounds have C; symmetry, and are soluble in common organic solvents (e.g.,

acetonitrile, chloroform) (see Figures C1-C5).

The Mn(CO);(*bpy)Br complexes have a variety of useful signatures that can be readily

interrogated using NMR, IR, and electronic absorption spectroscopies. Trends in the spectra can
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be correlated with the ®bpy substituents using Hammett parameters.>* However, the traditional
Hammett parameter (o) does not consider stabilization of partial or full charges in reference to
inductive and resonance effects of the conjugated ligand. These limitations are accounted for in
Brown’s sigma plus parameter (") and Kubota’s sigma minus parameter (), which stabilize
partial or full positive and negative charges, respectively.’'**> To determine which parameter is
most appropriate for a given system or spectroscopic signature, a series of Hammett plots are
constructed to compare goodness-of-fit with ¢*, &, and 6~. For example, the 'H-NMR chemical
shifts for the ortho-pyridyl protons of each complex correlate best with Brown’s 6" parameter (see
Figures C6-C7), in agreement with prior literature.** The correlation with ¢* indicates an inductive

ground-state interaction between the ligand framework and the substituents.

Infrared absorption spectroscopy confirms the presence of the fac-tricarbonyl geometry for each
of the complexes 1-4 in solution (see Figure C8), and demonstrates that the samples are free of
Mn(CO)sBr starting material (associated with absorption bands at 2004 cm ™!, 2046 cm™!, and 2083
cm ). Our results from IR spectroscopy are consistent with previous observations of heteroleptic
carbonyl complexes, as we observe a systematic increase of the C—O stretching frequencies upon
changing the character of the 4,4'-substituents of Rbpy from electron donating to electron
withdrawing.** Hammett plots of the A"-symmetry C-O stretching frequency®’ as a function of
ligand substituent are best fit by the ¢ parameter (R* = 0.993), although the correlations with c*
(R? = 0.989) and ¢~ (R? = 0.945) are not vastly different from the correlation with c (see Figure
C9). This observed correlation of C-O stretching frequencies is in agreement with previous work
on para-substituted isocyanide complexes CpFe(CO)>(CNRPh) and CpMn(CO)2(CNRPh), where

Cp is cyclopentadienyl.’®*” However, as C-O stretching modes are affected principally by -
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bonding effects, the measured range of 15 cm™' for the bipyridyl complexes under investigation
here is consistent with the expected distal influence of the bipyridyl ligand substituents on the Mn

metal center and the CO ligands.

Complexes 1-4 give vividly colored solutions when dissolved in common organic solvents like
MeCN (see Figure C10). Figure 5.1 shows the electronic absorption spectra for all four complexes,
and Table 5.1 lists the transition energies and molar absorptivities for each of the lowest-energy
absorption bands. Plotting the energies of the first absorption band for 1-4 as a function of o~
parameter gives an excellent correlation (R? = 0.998; see Figures C11-C15). On the basis of the
molar absorptivity and comparison with related compounds, the lowest-energy absorption bands
for 1-4 can all be confidently assigned as having significant MLCT character (See Table 5.1).
These findings agree with prior work on Mn(CO)3(diimine)Br complexes showing that the highest
occupied molecular orbital is primarily localized on the Mn center, while the lowest unoccupied
molecular orbital has significantly more ligand character, suggesting that the visible transitions are
primarily MLCT in nature.*® Plotting the molar absorptivity of the lowest-energy absorption bands
of 1-4 as a function of the Hammett parameter also reveals a linear correlation with -, where the
transition strength increases for more electron-donating substituents (see Figure C16). Thus, the
trend in transition strength across all four compounds is roughly linear with ¢~, consistent with
previous studies of transition metal complexes featuring MLCT behavior.*® A likely explanation
for the decreasing transition strength with increasing electron-withdrawing character of the ligand
substituents is reduced overlap of the HOMO and LUMO due to increased localization of the
LUMO on the electron-withdrawing substituents. The electron-donating groups, in contrast,
localize the LUMO closer to the Mn metal center, leading to better overlap with the HOMO and

therefore a stronger MLCT transition. Based on this reasoning, the relatively weak transition for 4
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follows the trend in MLCT transition strengths set by the other three compounds, even though the
lower absorption strength for 4 would typically be associated with a d-d transition. Although we
cannot rule out the possibility of some d-d character in the lowest-energy transition for 4, the strong

correlation of both the transition energies and strengths with ¢~ reinforces our assignment of the

lowest-energy absorption bands as primarily MLCT in nature for all four compounds.
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Figure 5.1: Electronic absorption spectra of 1, 2, 3, and 4 in MeCN (left). Hammett plot of MLCT energy

in eV as a function of the 6~ parameter (right). The best fit line in the Hammett plot reveals a correlation

with R* = 0.998, and a slope of —0.41 + 0.01.
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Table 5.1: Hammett parameters of the ligand substituents and selected spectral parameters for
complexes 1-4.

Compound Hammett parameter (c7) A €
(nm, eV) (M'cm™)
1 -0.13 412, 3.00 2426
2 0.0 415, 2.99 2288
3 0.65 457, 2.71 1502
4 1.27 510, 2.43 228

5.2.2 Transient absorption spectroscopy

Ultrafast transient absorption (TA) spectroscopy probes the reaction dynamics following
MLCT excitation of the [Mn(CO)3] complexes. Based on the shift of the MLCT bands with ligand
substitution, we used excitation pulses at 420 nm for 1 and 2, 470 nm for 3, and 510 nm for 4.
Figure 5.2 shows the evolution of the TA spectra for 1-4 in MeCN. The initial excited-state
absorption bands for compounds 1-3 are double-peaked and partially decay in <1 ps, followed by
the delayed appearance of a narrower absorption band at slightly longer wavelength within ~100
ps. The transient spectra are similar for all three compounds at longer time delays as well, except
for a red-shift of the TA bands that is similar to the shift of the ground-state MLCT bands across
the three compounds. Notably, both the initial excited-state absorption bands and the new features
that appear within ~100 ps follow the same trend as the ground-state MLCT bands of 1-3,
indicating that the ®bpy ligand remains bound to the Mn center for each of the transient species

(see Figure C17).
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Figure 5.2: Transient absorption spectra of 1, 2, 3, and 4 (top to bottom) in MeCN. Left panel

shows spectral evolution, right panel shows the absorption change at a single wavelength. For

reference, the ground-state absorption spectra are scaled by 1/10 and shown as grey lines.

The evolution of the TA spectrum for the nitro disubstituted compound (4), also shown in Figure
5.2, is noticeably different from the other complexes. The initial excited-state absorption band is
stronger, narrower, and decays more slowly than in the other compounds. Furthermore, there is

not a secondary absorption feature that appears on the ~100 ps timescale in the transient spectrum
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of compound 4. Unlike 1-3, the shift in wavelength of the initial TA band of 4 also does not follow
the same trend as the ground-state MLCT bands. The strongly electron withdrawing nitro groups
likely localize the charge in the MLCT state, resulting in a more stable and longer-lived excited

state for 4.

Based on the TA spectroscopy and kinetics, as well as the observation of CO in the headspace
of irradiated samples using GC analysis (see Figures C18-C19), we propose a pathway for the
early speciation process of complexes 1-3 that involves rapid CO loss followed by solvent
coordination, as shown in Scheme 5.1. Optical excitation initially promotes an electron from a
metal d-orbital to the n* orbital of the bpy ligand. The MLCT state is likely to be close in energy
to a ligand field (LF) state with d-d excitation on the metal that has significant antibonding (c*)
character in the equatorial manganese-carbon bonds.*’ The anti-bonding ligand field state is
stabilized by increasing the Mn-CO bond length, which results in a curve crossing that allows
adiabatic population transfer from the MLCT state to the directly dissociative LF state (Figure
5.3). Impulsive release of a CO ligand via the LF state generates an electron-deficient (16 €°), five-
coordinate intermediate, Mn(CO)>(*bpy)Br. In acetonitrile, such an intermediate species is likely
to bind a solvent ligand in order to recover a more stable 18 e configuration. Thus, we attribute
the new signal that rises on the tens of picoseconds timescale to the formation of a solvent-
coordinated complex. Reduced electron back-bonding by the newly associated MeCN ligand
compared with the CO that it replaces explains the red-shift of the MLCT absorption bands of the

solvent-coordinated complexes compared with the initial compounds.
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Scheme 5.1: Proposed mechanism for the initial pathway leading to speciation for complexes 1-
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Figure 5.3: Schematic energy-level diagram illustrating how the change in Mn-CO bond length
affects the curve crossing between MLCT and LF states. The barrier for adiabatic population

transfer increases with decreasing MLCT energy across the series 1-4 (R = '‘Bu, H, CF3, NO»).

A global fit to the TA spectrum of each compound using a bi-exponential function reveals the

time constants for CO loss (t1) and solvent coordination (t2). The global fits give the time constants
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in Table 5.2 and the decay-associated spectra (DAS) in Figures C20-C22 of Appendix C.*! The
time-constants indicate a slightly longer timescale for CO release and a shorter timescale for
solvent coordination as the ligand becomes more electron withdrawing. The trend in 72 is
consistent with formation of a relatively more electron-poor 16 ™ complex in the case of the more

electron-withdrawing ligand for 3, compared with 2 and 1.

In the proposed mechanism, the rate of CO loss is dependent on how quickly the MLCT state
converts to the d-d dissociative LF state. Therefore, the observed rate of CO loss during photolysis
likely depends on the initial relative energies of the MLCT and dissociative LF states. Changing
the substituents on the 4 and 4’ positions of the bpy ligand should leave the metal d-orbitals
relatively unaffected while tuning the ligand n* orbitals to a larger extent. The MLCT energy
depends on w* of the ligand, but the LF energy should be relatively insensitive to substitution, as
illustrated in Figure 5.3. This picture is consistent with the trend that we observe in the timescales
for CO loss in Table 5.2. Changing the substituents on the bpy ligand from electron-donating to
electron-withdrawing stabilizes the MLCT state and therefore increases the barrier to reach the LF
state (Figure 5.3). Accordingly, the increasing electron-withdrawing character of *bpy from 1 to 3
is associated with a corresponding decrease in the rate for CO loss (i.e. increase of t1) due to
stabilization of the MLCT state and, therefore, larger barrier to charge recombination by accessing

the dissociative LF state.
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Table 5.2: Time constants for CO release (t1) and solvent coordination (t2)*

Compound T1 (ps) T2 (ps)
1 0.50 £0.10 39+4
2 0.46 £ 0.10 304
3 0.68 £0.20 18+3

? From global fits to the TA spectra for ~2 mM solutions of 1-3 in MeCN.

As the substituents become even more electron withdrawing, the n* level of the bpy ligand is
pushed substantially lower in energy compared with the occupied metal d-orbitals. In the limiting
case of the N°’bpy complex (4), the MLCT band is > 0.5 eV below that of the prototypical "bpy
complex (2) due to charge stabilization and localization of electron density on the nitro groups.
Thus the MLCT state of 4 is much lower than the dissociative LF state, significantly increasing
the barrier for charge recombination and strongly disfavoring CO loss (see Figure C23 in Appendix
C). Instead, the MLCT state of 4 probably relaxes through a competing mechanism, possibly
intersystem crossing (ISC) to a triplet state that is relatively long lived and persists beyond the

time resolution of our experiment.

5.2.3 Measurement of CO release by infrared spectroscopy

To confirm that the [Mn(CO)s] complexes undergo CO loss followed by subsequent chemical
reactivity in MeCN solvent, a series of photolysis experiments were carried out with infrared
spectroscopic monitoring to interrogate the generation of new species by irradiation of 2 with

visible light. Following 2 min. of irradiation with 415 nm light (at a total lamp power of 175 W),
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unique CO stretches appear in the IR spectrum, including stretches associated with Mn complexes
between 2050-1825 cm™! as well as the diagnostic stretch corresponding to free CO gas dissolved
in MeCN near 2143 cm™' (see Figure C24 for all spectra). Over time, the bands associated with 2
at 1924, 1934, and 2028 cm ™! decrease in intensity, and C—O stretches presumably associated with
Mn-containing photoproducts grow in at 1883, 1961, and 1976 cm™'; two less intense features also
appear at 1856 cm™' and 2050 cm™!, but these features show minor variations in intensity over the
15 min. irradiation time, suggesting they may be associated with metastable intermediates. The
presence of the [Mn(CO)3(bpy)]. dimer can be inferred from related work examining
electrochemical generation of the analogous [Mn(CO)3(®'bpy)], dimer by Kubiak and co-
workers.* As the speciation processes occurring at longer times are likely complex and multistep
in nature, a portion of our future work will be devoted to further exploration by both time-resolved

spectroscopies and more detailed steady-state photolysis experiments.

5.2.4 Involvement of MLCT vs. LF states

Although the changing energy of the MLCT state with ligand substituents is evident from the
shifting of the ground-state absorption bands of 1-4, we have been unable to directly observe the
relative energies of the LF states. The weak d-d transitions are not evident in the absorption spectra,
due to the stronger overlapping MLCT bands. We also attempted to measure the d-d transition for
the analogous bis-pyridine complex, Mn(CO);Br(py): (5), in an effort to determine the relative

energy of the LF state in [Mn(CO)3] complexes (see Figure C25).

Although the synthesis of 5 has been previously reported, the molecular structure of the complex
was not reported. To obtain the structure, we grew single crystals of 5 suitable for X-ray diffraction

(XRD) analysis by vapor diffusion of diethyl ether into a concentrated MeCN solution (see Figures
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C26-C27). Single crystals of the new complexes 3 and 4 suitable for XRD analysis were obtained
with similar conditions (see Figures C28-C30). The expected atomic connectivity and fac-
tricarbonyl geometry were confirmed in each case. While the donor strengths of py and bpy are
similar (both molecules are conjugated imines with roughly the same electronic character), the
average Mn—N bond distance in 5 (2.096(8) A) is significantly longer than that found in the
bipyridyl complexes 3 or 4 (2.051(4) and 2.039(6) A, respectively), indicating a weaker interaction
of the independent pyridyl rings in the (py)2 complex compared with bpy. Eliminating conjugation
between the rings also pushes the n* orbital of py to higher energy and shifts the MLCT band of 5
to shorter wavelength. However, even with the simultaneous blue shift of the MLCT band and
weaker donation by pyridine, we do not observe a distinct d-d transition in the absorption spectrum
of 5. On the other hand, it is interesting to note the presence of a shoulder band near 390 nm in the
absorption spectra of all four diimine complexes (Figure 5.1), as well as §; this band could be
consistent with the presence of an overlapping d-d feature at higher energy than the observed

lowest-energy MLCT bands.

Considering all of these features, the ultrafast TA results show that we can selectively control
the sensitivity of the initial CO release by tuning the orbital energy levels of the
[Mn(CO)3Br(*bpy)] complexes based on ligand substitution. Selectively controlling the loss of a
CO ligand at the femtosecond timescale can lead to improved catalysts and more efficient photo-
CORMs. On one hand, preventing CO release would give more stable catalysts, and on the other
hand, complexes with tunable reactivity could serve as model compounds for regulating the

therapeutic release of CO.
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5.2.5 Secondary reactivity following CO loss

The CO release step is only the beginning of a more complex speciation process for these Mn
complexes. After CO release in MeCN, the resulting electron deficient five-coordinate species
[(Rbpy)Mn(CO).Br] quickly binds a ligand to regain a full 18 e~ valence. Table 5.2 shows that the
time constants for solvent coordination (t2) decrease markedly as the ligand becomes more
electron withdrawing. Complexes with a more electron deficient Mn center due to the electron-
withdrawing “Fbpy ligand (3) bind an acetonitrile more quickly than the complexes bearing

electron-donating ®'bpy (1) or Hbpy ligands (2).

In order to test the solvent dependence of the secondary reactivity occurring upon CO loss, we
also measured the evolution of the TA spectrum of 2 in chloroform (CHCI3). Unlike MeCN, CHCI3

t.* Figure 5.4 shows that the evolution of

is not generally considered to be a coordinating solven
the TA spectrum following MLCT excitation of 2 is very different in the two solvents. Specifically,
the spectroscopic feature that appears on a picosecond timescale and is assigned as solvent-

coordination in MeCN is completely attenuated in CHCIl3, resulting in a broad and featureless

spectrum that persists beyond the duration of our experiment.
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Figure 5.4: Transient absorption spectrum of 2 in CHCI3 (upper panel), and comparison of the
kinetics at 575 nm for 2 in the coordinating solvent MeCN (blue markers) and in the

noncoordinating solvent CHCI3 (red markers).

In both the cases of MeCN and CHCI; as solvent, CO release exposes the coordinatively
unsaturated, 16 e~ metal center to the solvent. Although direct solvent coordination is suppressed
in CHCIs, the electron-deficient, 5-coordinate complex is likely to be susceptible to other
bimolecular reactions, possibly including oxidative addition of CHCl3 or hydrogen atom transfer

from the solvent. The products from any of these reactions, or a combination of them, could be
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responsible for the broad, featureless TA spectrum that develops following excitation of 2 in
CHCI;. Indeed, the reactivity of this complex in CHCI; is consistent with recently reported
transient absorption measurements for Mn tetracarbonyl complexes supported by anionic chelating
ligands.** However, regardless of the subsequent reactivity following solvent coordination, our
results suggest that the feature that grows in at 100 ps in MeCN is likely a solvent coordinated

species, and this event can be controlled based on the choice of solvent.

5.3 Conclusions

Mn(CO)3;(Rbpy)Br complexes are stable in the absence of light, which allowed us to extensively
characterize them using a variety of techniques. Transitions in the NMR, IR, and electronic
absorption spectra are linearly correlated with the Brown ("), Hammett (o), and Kubota (c7)
parameters, respectively, providing insight into how ligand substituents govern electronic
properties at the metal center. In the presence of light, Mn(CO)3;(*bpy)Br complexes 1, 2, and 3
decompose via CO loss, with subsequent solvent coordination in MeCN or other reactions in
CHCl;. Ultrafast TA spectroscopy revealed the previously unknown 5-coordinate and solvento
intermediates in the photo-speciation process. Complex 4 follows a different reaction path that is
likely the result of a long-lived triplet excited state that does not undergo decay to a dissociative
LF (d-d) state. The different behavior of 1-4 illustrates how the reactivity and speciation of these
complexes can be tuned by changing the electronic properties of the bidentate diimine ligand.
Notably, as only limited computational modeling has examined the excited state electronic
structure of Mn(CO);Br(diimine) complexes,*®* further experimental work combined with
computational modeling would be useful in providing new insights into the speciation mechanisms

operative during irradiation. Our ongoing experimental work aims to analyze the structure and
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electronics of the transient species generated upon irradiation using time resolved X-ray absorption

and IR spectroscopies.

5.4 Experimental Section

5.4.1 Potential Hazards:

Working with carbonyl complexes poses a potential hazard of generating the colorless, odorless,
tasteless, and acutely toxic gas carbon monoxide (CO). Work with carbonyl complexes should be
carried out in a well ventilated fume hood and with use of a sensitive CO monitor. The synthesis
of complexes 1-5 involves the displacement of two CO ligands, resulting in generation of a
significant amount of CO during the reaction; this is especially true when working on larger scales,
as has been done in the course of this work (hundreds of milligrams). Additionally, when
complexes 1-5 are exposed to even low-intensity ambient visible light, they readily undergo
photolysis to release CO. Caution should always be exercised when working with metal-carbonyl

complexes.

5.4.2 General Considerations:

Manganese pentacarbonyl bromide (98%, Beantown Chemical Co.), 2,2'-bipyrdiyl (bpy) (98%:;
Alfa Aesar), 4,4'-bis(tert-butyl)-bipyridine (tBu-bpy) (98%, Sigma Aldrich), 2-chloro-4-
trifluoromethyl-pyridine (98%; Oakwood Chemical), fuming nitric acid (90%, Alfa Aesar), and
PCl; (98%, Alfa Aesar) were used as received. 2,2'-bipyridyl-N,N’-dioxide*®, 4,4'-dinitro-2,2'-
bipyridyl-N,N'-dioxide*®, 4,4'-dinitro-2,2"-bipyridyl*® (dnbpy), 4,4'-bis(trifluoromethyl)-2,2'-

bipyridyl  (CFs-bpy)*’,  Mn(CO);Br(pyridine),*®, =~ Mn(CO);Br(2,2"-bipyridyl)!,  and
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Mn(CO)3Br(4,4'-bis(tert-butyl)-2,2 -bipyridyl)> were prepared according to literature methods
with minor modifications. If necessary, the ligands 2,2'-bipyridyl, 4,4'-bis(tert-butyl)-2,2’-
bipyridyl, and 4,4'-bis(trifluoromethyl)-2,2"-bipyridyl can be sublimed (at ca. 80°C and 1 mTorr)

if pre-purification is necessary.

Deuterated NMR solvents were purchased from Cambridge Isotope Laboratories; CD3;CN was
dried over molecular sieves. 'H, °C, and "’F NMR spectra were collected with 400 or 500 MHz
Bruker spectrometers. Spectra were referenced to the residual protio-solvent signal in the cases of
"H and *C.* Heteronuclear NMR spectra were referenced to the appropriate external standard
following the recommended scale based on ratios of absolute frequencies (£).>° '’F NMR spectra
are reported relative to CCIsF. Chemical shifts (3) are reported in units of ppm, and coupling

constants (J) are reported in Hz.

All manipulations were done in dry Np-filled gloveboxes (Vacuum Atmospheres Co.
Hawthorne, CA) or under a N> atmosphere using standard Schlenk techniques unless otherwise
noted. All solvents were of commercial grade and dried over activated alumina using a Pure
Process Technology (PPT; Nashua, NH) solvent purification system prior to use and were stored
over molecular sieves. All chemicals were from major commercial suppliers and used as received

after extensive drying.

IR spectra were collected on a PerkinElmer Spectrum 100 FTIR spectrometer. UV-visible
spectra were collected with an Ocean Optics FLAME-S spectrometer equipped with a DH-Mini
light source. Steady-state photolysis experiments were carried out using an Oriel HgXe arc lamp
operating at 175 W and equipped with an Oriel Cornerstone 130 1/8 m monochromator accessory.

For the experiments in which IR spectroscopic monitoring was used to examine the products of
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photolysis, an appropriate KBr-plate cell was charged with a 17 mM solution of 2 in MeCN under
inert atmosphere, and an initial IR spectrum was collected prior to irradiation. Subsequent short
periods of irradiation (totaling 2, 5, 10, and 15 min) with 415 nm light generated by the HgXe arc
lamp operating at 175 W were followed in each case by collection of a new spectrum in order to

examine evolution of the system over time. These spectra are given in Figure C24.

Elemental analyses were performed by Midwest Microlab, Inc. (Indianapolis, IN).

Single-crystal diffraction data were collected with a Bruker KAPPA APEX/II X-ray
diffractometer. CCDC entries 1922040, 1922041, and 1922042 contain the supplementary
crystallographic data for this paper. These data can be obtained free of charge from The Cambridge

Crystallographic Data Centre via http://www.ccdc.cam.ac.uk/data_request/cif.

The transient absorption measurements used pump and probe pulses derived from the 800 nm
output of a 1 kHz regeneratively amplified Ti:sapphire laser (Legend Elite, Coherent). A portion
of the laser fundamental pumped an optical parametric amplifier with two stages of nonlinear
frequency conversion (TOPAS) to generate the visible pump pulses. The beam diameter at the
sample was 160 um with an energy of 800 nJ per pulse. The relative polarization was set to magic
angle by rotating the pump pulses with a zero-order A/2 wave-plate. We used active background
subtraction by passing the pump beam though a synchronized chopper wheel running at 500 Hz to
block every other pump pulse. Broadband probe pulses with the desired wavelength range were
generated by focusing a small fraction of the fundamental 800 nm laser light into a mechanically
rotating CaF> crystal. The sample is cycled through a flow cell with a path length of 0.5 mm. After
passing through the sample the probe pulse is dispersed using a prism onto a 2069-element CCD

array. Each TA spectrum is an average of 10° laser pulses per time delay.
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Synthesis of Mn(CO);(4,4'-bis(trifluoromethyl)-2,2’-bipyridine)Br (3): To a 50 mL Schlenk
flask equipped with a stir bar was added 4,4'-bis(trifluoromethyl)-2,2'-bipyridine (0.0998 g, .342
mmol) in 50 mL of pentane. Then Mn(CO)sBr (0.0890 g, .324 mmol) was added and the reaction
was brought to reflux under an argon atmosphere. The reaction was monitored by "H NMR until
consumption of the starting material was observed (~ 6 hours). Once the reaction had reached
completion the Schlenk flask was placed into a refrigerator at —20°C for 30 minutes. The resulting
solid is then filtered off with a fritted glass funnel and washed with cold pentane to afford the title
compound as an orange-red solid. Yield: 0.0801 g (48%). 'H NMR (400 MHz, CD;CN): § 9.48
(d, 2H, *Juu = 5.8 Hz), 8.77 (s, 2H), 7.91 (dd, 2H, *Jun= 5.8 Hz, “Jun= 1.8 Hz) ppm. *C{'H}
NMR (176 MHz, CD3;CN): § 185.5, 157.5, 156.4, 141.2 (q, 'Jcr=35.3 Hz), 124.8, 123.9 (q, *Jcr
= 3.5 Hz), 122.6, 121.4 (q, *Jcr = 3.5 Hz) ppm. '°F NMR (376 MHz, CD3sCN) § 65.4 ppm.
Electronic absorption spectrum (MeCN): 208 (32000), 224 (33000), 293 (10000), 374 (1800), 454
nm (1500 M'cm™). IR (THF): vc=02027 (m) (A"), and vc-0 1944 (m) (A""), vc=0 1923 (m) (A")
cm™!. ESI-MS (positive) m/z: 471.9 (100%) (3-Br +NCMe), 472.9 (23%), 474.0 (11%); 430.9
(87%) (3-Br), 431.9 (16%), 432.9 (2%); 429.0 (23%) (3-Br -3CO+2NCMe), 430.0 (4%); 402.9
(17%) (3-Br-CO), 403.9 (3%); 388.0 (20%) (3-Br -3CO+NCMe), 389.0 (4%); 374.9 (22%) (3-
Br-2CO), 375.9 (4%); 346.9 (11%) ((3-Br-3CO), 347.9 (2%) (see Figure C15). Anal. Calcd. for

MnCisHeBrFsN2Os: C, 35.25; H, 1.18; N, 5.48. Found: C, 35.20; H, 1.24; N, 5.46.

Synthesis of Mn(CO)s(4,4'-dinitro-2,2'-bipyridyl)Br (4): To a Schlenk flask equipped with a
stir bar was added 4,4'-dinitro-2,2'-bipyridine (0.3761 g, 1.53 mmol) and 50 mL of Et;O. Then
Mn(CO)sBr (0.4005 g, 1.46 mmol) was added and the reaction was brought to reflux under an
argon atmosphere. The reaction was monitored by '"H NMR until consumption of the starting

material was observed (~ 12 hours). Once the reaction had reached completion the Schlenk flask
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was placed into a -20°C refrigerator for 30 minutes. The resulting solid is then filtered off with a
fritted glass funnel and washed with cold Et,0O to afford the title compound as a purple solid. Yield:
0.6409 g (95 %). 'H NMR (400 MHz, CD3CN): § 9.58 (d, 2H, *Juu = 6.0 Hz), 9.21 (s, 2H), 8.29
(dd, 2H, *Juu = 6.0 Hz) ppm. *C{'H} NMR (176 MHz, CDsCN): § 158.1, 157.1, 156.3, 120.5,
118.2 ppm. Electronic absorption spectrum (MeCN): 223 (1800), 245 (1400), 325 (800), 393
(200), 510 nm (230 M™' cm™). IR (THF): vc=02027 (m) (A"), vc=0 1945 (m) (A""), vc=0 1927 (m)
(A") em™. ESI-MS (positive) m/z: 425.9 (100%) (4-Br +NCMe), 426.9 (17%), 427.9 (3%); 411.0
(31%) (4-Br -2CO+2NCMe), 412.0 (6%) 413.0 (1%); 384.9 (9%) (4-Br"), 385.9 (1%), 386.9 (1%);
383.0 (51%) (4-Br-3CO+2NCMe), 384.0 (9%); 369.9 (7%) (4-Br -2CO+NCMe), 370.9 (1%),
372.0 (1%); 368.0 (20%) (4-Br-CO-20+2H+NCMe), 369.0 (3%) (see Figure C16). Anal. Calcd.

for MnCi13HeBrN4O7 (+1H20): C, 32.32; H, 1.67; N, 11.60. Found: C, 32.52; H, 1.41; N, 11.67.
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Chapter 6

4,5-Diazafluorene and 9,9’-Dimethyl-4,5-Diazafluorene as Ligands

Supporting Redox-Active Mn and Ru Complexes

This chapter is adapted from a published manuscript: Henke, W.C., Hopkins, J.A.,
Anderson, M.L., Stiel, J.P., Day, V.W., and Blakemore, J.D.* 4,5-Diazafluorene
and 9,9’-Dimethyl-4,5-Diazafluorene as Ligands Supporting Redox-Active Mn and

Ru Complexes, Molecules 2020, 25, 3189.
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6.1 Introduction

2,2 -bipyridyl (bpy) is among the most ubiquitous ligands in inorganic and organometallic
chemistry. As a chelating ligand, bpy often binds to transition metals in a bidentate (x*) mode and
can support a variety of compounds with useful photophysical, redox, and/or catalytic properties
[1,2,3,4,5,6,7]. Metal complexes and catalysts bearing bpy-type ligands can be tuned by
appending electron-donating groups (EDG) and electron-withdrawing groups (EWG) to the bpy
ligand; such groups primarily modulate the m-accepting ability of the conjugated framework and,
to a lesser extent, the 6-donating ability of the nitrogen donor atoms. For example, we have recently
used 4,4 -disubstituted-2,2"-bipyridyl (*bpy) ligands to tune the photophysical properties and
light-induced reactivity of Mn(CO);X(*bpy) complexes [8] as well as to modulate the accessible
pathways and efficiency of dihydrogen production by [Cp*Rh] complexes bearing ®bpy ligands
[9]. Such modifications have also been used to tune catalysis of carbon dioxide (CO.) reduction
to carbon monoxide (CO) by [Re(CO);] and [Mn(CO);] complexes [10,11]. With these
observations and many others from the field, *bpy ligands have been found to be uniquely suited
to systematic investigation of transition metal complexes. Furthermore, the wide range of
accessible ®bpy ligands makes them attractive for efforts in rational design of new metal

complexes and molecular catalysts.

Ligands based upon 4,5-diazafluorene (daf) have several features in common with the
workhorse ®bpy ligands, and thus offer a notable alternative for development of new metal
complexes and catalysts [12]. In particular, both daf and bpy have 12e™ m systems and both
commonly bind to metals in a k* fashion. However, daf is distinguished from bpy by its more rigid

structure, attributed to the linking inter-ring sp’-hybridized carbon present in the fused five-
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membered ring. Photochemical studies of metal complexes supported by daf and bpy have mapped
the importance of these features, including involvement of the daf m-system in metal-to-ligand
charge transfer behavior [12,13]. Furthermore, the constrained chelate angle of daf has been
implicated in giving rise to more significant excited-state reactivity than that encountered for bpy

[14].

Unfunctionalized daf features two doubly benzylic C—H bonds at the 9-position, opening
further possibilities for ligand-centered acid/base reactivity that cannot occur with simple 2,2’-
bipyridyl derivatives. Along these lines, Song and co-workers have explored the coordination
chemistry of daf and substituted diazafluorenes, including significant work aimed at leveraging
this unique acid/base chemistry [ 15]. In their work, Song and co-workers have found that the acidic
C—H bonds of daf can undergo deprotonation that results in follow-up reactivity [16,17,18,19,20].
More broadly, Stahl [21,22,23] and several other groups [24,25,26] have developed a number of
catalyst systems supported by diazafluorene ligands. In all these cases, daf and its derivatives seem
to play a decisive role in enabling unique chemistry, confirming the usefulness of the ligands as a

counterpoint to the more common Rbpy family.

As we have found in our own work that redox-active compounds and catalysts can be readily
tuned by substituent effects with ®bpy ligands [8,9], 4,5-diazafluorene-based ligands could be
useful in modulating the structural, electronic, and electrochemical properties of redox-active
compounds more commonly supported by Rbpy derivatives. In particular, the coordination
chemistry of the ligand 9,9’ -dimethyl-4,5-diazafluorene (Medaf) has received less attention than
it deserves [23], as this ligand avoids the acidic C—H bonds present in daf that can readily engage

in non-innocent behavior. Furthermore, reliable methods from Schmidt and co-workers [27] and
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Tetsuya and co-workers [28] are available for preparation of Meodaf, encouraging further

exploration of its chemistry.

Here, we now report the synthesis, characterization, and electrochemical properties of
Mn(CO)3Br(daf) (2), Mn(CO)3;Br(Mexdaf) (3), and [Ru(Mezdaf)3](PFs)2 (5), and compare their
properties to the more common analogues Mn(CO)3(bpy)Br (1) and [Ru(bpy);]*" (4), respectively
(see Chart 6.1 for structures of all compounds). We find that the use of daf and Me,daf ligands in
the complexes leads to unique spectroscopic features in the NMR and electronic absorption
spectra, as well as a characteristic shift in the C—O vibrational frequencies found in the infrared
(IR) spectra of 2 and 3 compared to that of 1. Consistent with these spectroscopic observations,
results from single-crystal X-ray diffraction analysis of 2, 3, and 5 reveal wider chelate angles and
elongated M-N bond lengths in comparison with the analogous bpy complexes. The new
complexes exhibit electrochemical profiles that are akin to those of their bpy analogues,
confirming the similar redox-active natures of bpy, daf, and Me>daf. However, related tests shows
that complexes 2 and 3 are not catalysts for the reduction of CO> to CO, contrasting with the robust
catalytic behavior of 1 [4]. Taken together, these results suggest that Mexdaf is an attractive ligand
for development of new coordination compounds for use in studies of redox chemistry and

catalysis.
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Chart 6.1. Manganese tricarbonyl and ruthenium complexes supported by bpy, daf, and

Me:daf discussed in this study.

6.2. Results and Discussion

6.2.1. Synthesis and NMR characterization of complexes 2, 3, and 5

In order to synthesize the new compounds 2, 3, and 5, we first prepared the daf and Medaf
ligands according to literature procedures starting from 1,10-phenanthroline (phen) (see Scheme
6.1). Oxidation of the unique olefinic functionality within phen results in the production of 4,5-
diazafluoren-9-one (dafone); Wolf-Kishner reduction of dafone with hydrazine hydrate results in
the generation of the desired daf [27]. To generate Medaf, we initially attempted deprotonation of
the daf methylene protons using #—butyllithium, but in our hands this resulted in decomposition.

Instead, we utilized a milder, sterically hindered base, potassium fert-butoxide (tBuOK), to
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deprotonate daf, followed by the addition of iodomethane, to generate the anticipated Me>daf

ligand [28].

Scheme 6.1. The synthetic pathway for the generation of daf and Me.daf. (a) 1. KOH,
KMNO4; H,0, 16 h, 100 “C (b) NH,NH,-H,0; diethylene glycol, 170 °C, (¢) 1. tBuOK 2.

Mel; THF, —10 °C to rt.

With the desired ligands in hand, we next moved to prepare 2 and 3 with synthetic chemistry
developed earlier by Wrighton, Meyer, and others for related bpy and phen derivatives [29,30,31].
Suspension of the appropriate ligand with Mn(CO)sBr in diethyl ether at 38 °C results in the
generation of complexes 2 and 3 in moderate yields, 62% and 73%, respectively. Previously,
Cherry and co-workers have reported the synthesis of the complex [Ru(daf)3](PFs). to examine its
structural properties and photophysical properties [12]. By adapting this literature procedure, the
Me,daf analogue of [Ru(bpy)s;]** could be prepared in a relatively low yield of ca. 17%. As an
aside, we anticipate that the modest yield is likely due to differences in solubility between
[Ru(daf);](PFs)2 and 5 engendered by the methyl groups of Me.daf. Notably, all the compounds
in this study were found to be acutely light sensitive and were handled in the dark or under red
light to the extent possible. Following successful generation of the complexes they were each fully

characterized (see Experimental Section and Figures D1-D9).

To begin characterization of the newly synthesized complexes, we turned to nuclear magnetic

resonance (NMR) spectroscopy. Complexes 2, 3, and 5 each exhibit three resonances in the
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aromatic region of their '"H-NMR spectra with splitting patterns arising from *Ju_u and *Ju_n
coupling; these signals correspond to the hydrogen atoms on the pyridyl rings of the daf and
Me:daf ligands coordinated to their respective Mn and Ru centers (see Figure 6.1). Notably,
complexes 2, 3, and 5 exhibit unique resonances for their daf-methylene and Me>daf-methyl
protons. While complexes 2 and 3 exhibit Cs symmetry in solution, complex 5 shows D; symmetry.
Correspondingly, the six methyl groups belonging to the three Mexdaf ligands coordinated to the
Ru center give rise to a singlet at 1.68 ppm (integrating to 18 H) confirming the successful
preparation of complex 5. The assignment of D3 symmetry suggests that complex 5 is chiral and
thus should be present as a 50:50 racemic mixture (of A and A isomers; vide infra). However,
enantiomers have identical chemical and physical properties and thus we observe no additional

resonances in the NMR spectra for the material isolated here.

Considering the change in symmetry from D; for 5 to Cs symmetry for 2 and 3, unique NMR
resonance in the latter two cases can be readily interpreted. Complex 2 possesses Cy symmetry in
solution and, as a result, the chemical environment of the two protons on the methylene bridge (9-
position) become chemically distinct from each other and are diastereotopic. This results in a
distinctive signal centered at 4.29 ppm. The geminal coupling between the two methylene protons
on daf might be anticipated to give rise to two unique doublets. However, when the frequency of
the coupling constant (2/ = 22.6 Hz) is on the same order of magnitude as the chemical shift
difference (25 Hz) between the two expected resonances, the usual one-to-one value for the
resonance intensities is not observed [32,33]. Instead, a multiplet with intense inner peaks and
weaker outer peaks is obtained, providing a diagnostic signal for the generation of complex 2 (in
general, a phenomenon known in the field as ‘roofing’). The identity of this signal is further

confirmed by '*C-distortionless enhancement polarization transfer (DEPT-135) and 2D 'H-"*C
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heteronuclear single quantum coherence (HSQC) NMR techniques (see Figures D10-D11).
Similarly, complex 3 exhibits Cs symmetry in solution; the methyl groups on the apical carbon are
diastereotopic, with one methyl oriented toward the axial CO ligand and the other oriented toward
the bromide ligand. The difference in the chemical environment between the methyl group protons
gives rise the anticipated diastereotopic resonances; these were observed using 'H and '*C NMR,
providing two signals for the protons (6 1.58 and 1.66 ppm, each integrating to 3 H) and two signals

for the carbons (6 24.4 and 25.3 ppm), confirming the expected structure of 3 in solution.

Ru(Mezdaf)s(PFs)2
Point Group: D;

6.12 6.00 6.22 18.13
Mn(CO)s(Mezdaf)Br

Point Group: Cs

l ” | gl

2.00 2.11 2.13 310 3.13

Mn(CO)s(daf)Br

Point Group: Cs
ZJH-H= 22.6 Hz
2.00 2.03 2.02 2.1

90 88 86 84 82 80 78 76 74 44 42 16 14
Chemical Shift (ppm)

Figure 6.1. Partial "H NMR spectra of 2 (bottom), 3 (middle), and 5 (top) in CD3;CN. Peak

integrations are given beneath each resonance or multiplet in colored text.
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6.2.2. Electronic Absorption, IR, and X-ray Diffraction Studies

Complexes 1-5 are all highly colored and thus we next turned to electronic absorption (EA)
spectroscopy. The EA spectrum for complex 5 exhibits a strong transition at 445 nm with a molar
absorptivity of 13,000 M'cm™ (see Figures D17-D25). The value of the molar absorptivity and
the remarkable similarity of the spectrum to that of complex 4 enables assignment of this transition
as a metal-to-ligand charge transfer (MLCT) [34,35]. This assignment is also consistent with
known ability of daf ligands to enable visible-light induced charge transfer transitions at transition
metal centers, similar to what is observed for complexes bearing bpy [12,13]. The observation of
an MLCT transition for § supported by Mezdaf is also reasonable, since the two methyl groups
installed at the 9 position of daf do not perturb the conjugated system of the two aromatic rings.
The EA spectra for complexes 2 and 3 reveal transitions in the visible region at 410 nm and 411
nm with molar absorptivities of 2,200 M'cm™ and 3,300 M'cm™!, respectively (see Figure 6.2).
Notably, these EA spectra are very similar to complex 1 [8], and based on this similarity, we are

confident that these transitions can also be attributed to MLCT events.

However, a distinguishing feature of the EA spectra of complexes 2 and 3 compared to that
of complex 1 is the presence of four, relatively narrow absorptions in the UV region between 250
and 350 nm. Based on their wavelengths and molar absorptivities, these absorptions can be
assigned as m-m* excitations displaying marked vibronic structure. Such vibronic structure has
previously been observed for titanium complexes bearing diazafluorenide ligands [36], suggesting
that vibronic coupling may be a common feature of the spectral profiles ligated by daf or
substituted diazfluorenes. As expected, the spacing between the sharp transitions is uniform in a

progression from approximately 700 cm™ to 900 cm™. This common observation for 2 and 3
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suggests that the vibronic structure engendered by daf and Medaf are similar in these compounds.
Based on this rich spectroscopic profile, we anticipate that 2 and 3 may behave differently in the
presence of light than the bpy analogue 1, encouraging further work in the future to gain insight

into how these complexes behave following exposure to visible and/or UV light [8].
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Figure 6.2. Electronic absorption spectra for 2 (left panel) and 3 (right panel) in MeCN.

The IR spectra of complexes 1, 2, and 3 confirm that the starting material, Mn(CO)sBr
(associated with absorption bands at 2004 cm™, 2046 cm™!, and 2083 cm™') was consumed during
the synthetic reactions and is not present in the products. The Cs symmetry of a fac-tricarbonyl

complex is expected to give rise to three distinct C—O stretches in IR spectra based on group theory
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analysis. Upon examination of the experimental data, a three-band spectrum is observed and
confirms the expected fac-tricarbonyl geometry for the complexes in THF solution (see Figure
6.3). The complexes have rather similar C-O stretching, likely a consequence of the similar
environment at Mn in all three cases. In particular, C-O stretching frequencies are primarily
affected by n-bonding effects, and as the n-character of bpy, daf, and Mezdaf are not significantly
different, a large shift in the vibrational frequencies for the CO ligands among 1, 2, and 3 is not
expected. On the other hand, the modest shifts that are observable likely arise from the increased
chelate bite angle of daf (2, 82.14(10)") and Me.daf (3, 82.2(3)") compared to bpy (78.80(7)", vide
infra) [37]. As a result of the increased bite angle, the 6-donor power of the nitrogen donor atoms
to the manganese center should be decreased, resulting in a correspond increase in the C—O
stretching frequency due to decreased Mn-to-CO backbonding. In accord with this model, the
vibrational frequencies for 2 and 3 are virtually identical, confirming that the addition of distal
methyl groups at the ligand 9 position does not substantially perturb the structure of Mexdaf in
comparison with daf. To gain further structural insights into the properties of the new compounds,

we next turned to X-ray diffraction analysis (XRD).
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Figure 6.3. FTIR spectra of 1-3 in THF solution.

Vapor diffusion of diethyl ether into a concentrated THF solution of 2, or vapor diffusion of
diethyl ether into a concentrated acetonitrile (MeCN) solution of 3, results in yellow crystals
suitable for single crystal X-ray diffraction studies (see Figure 6.4). The results confirm the
expected fac-geometry of the complexes with two equatorial CO ligands, an axial CO ligand, an
axial bromide, and a k*-daf ligand surrounding the manganese center. Although this is the first
example of a formally Mn(I) complex chelated by daf or Mexdaf, the octahedral geometries of 2
and 3 resemble those of the analogous Mn(CO);(*bpy)Br complexes [8,37]. However, there is a
significant increase in the diimine ligand bite angle for complexes 2 (82.14(10)°) and 3 (82.2(3)")

compared to 1 (78.80(7)’, vide supra). Additionally, the average Mn—N distances for 2 and 3 are
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significantly longer than those of complex 1 (2.118(4) A and 2.109(5) A vs. 2.047(3) A,
respectively) [37]. This is attributable to the rigid polycyclic structure of the daf framework,
enforced by the inter-ring methylene group at the 9 position, which presumably drives poorer
orbital overlap between the metal center and the ligand in the cases of 2 and 3, and results in an

overall increase in the M—N bond distances.

Complex 5 is chiral and possesses D3 symmetry in solution, on the basis of NMR spectra (vide
supra). No measures were taken to obtain enantiomerically pure material, and thus we isolated 5
as the 50:50 racemic mixture of delta (A) and lambda (A) isomers. Vapor diffusion of pentane into
a concentrated acetone solution, or vapor diffusion of pentane into a concentrated 50:50
acetone/THF solution resulted in two separate sets of orange crystals of 5 that were suitable for
single-crystal XRD studies (see Figure 6.4). These two structures, named v74e and q36k
respectively, both provide data confirming the successful synthesis of the [Ru(Me.daf);]*" core
and reveal bond distances and angles that are within error of each other (see the Supporting
Information, Table D3 and D4 for comparisons. On the other hand, q36k represents a higher quality
structure and will be discussed here. As expected, the average chelate angle (N-Ru-N) and
corresponding average Ru—N distances for complex 5 (data from q36k) are larger than in the case
of the famous [Ru(bpy):]*" (82.9(3)° vs. 78.9(2); 2.117(13) A vs. 2.063(6) A) [38,39,40].
Gratifyingly, these values align with structural data previously available for [Ru(daf)s]*",

confirming that use of daf or Mexdaf to form homoleptic Ru(Il) complexes results in wider chelate

angles and longer Ru—N distances in both cases [41].

Overall, observing the increased bite angles of the daf and Mexdaf ligands in complexes 2, 3,
and 5 was gratifying, since these changes should influence the electronic properties and reactivity

at the metal centers in comparison with their bpy-supported analogues. Therefore, we next turned
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to electrochemical methods to probe the redox properties of these systems, with a particular focus
on identifying features that distinguish the daf and Me>daf compounds from their bpy-supported

analogues.

Figure 6.4. Solid-state structures of 2 (left), 3 (middle), and 5 (right, from structure v74e).
Displacement ellipsoids are shown at 50% probability level. Hydrogen atoms (except H14A
and H14B for 2) and outer sphere hexafluorophosphate counteranions and disordered co-

crystallized solvent (for 5, from structure v74e) are omitted for clarity.

6.2.3. Electrochemical Studies

Initial cyclic voltammetry experiments were performed with 4 and 5 to interrogate how
Me:daf behaves under electrochemical conditions in comparison to bpy (see Figure 6.5). As one
scans cathodically, the cyclic voltammetry of the parent bpy-complex 4 exhibits three quasi-
reversible reductions centered at —1.73 V, —1.92 V, and —2.17 V respectively (all potentials are
quoted versus ferrocenium/ferrocene, denoted Fc™®). Based on previous electrochemical studies,
these reductive features can be confidently assigned to ligand-centered events; the complex is

progressively reduced from [Ru'(bpy);]*’, to [Ru'l(bpy)(bpy)]*, to [Rul(bpy)(bpy):], and

227



finally to [Ru'l(bpy )3]” [42,43,44]. This rich manifold of accessible ground-state reductions for 4
highlights the redox non-innocence of the bpy ligand; redox non-innocent ligands continue to grow
in popularity [1,4Error! Bookmark not defined.,45,46] because of their wide-ranging applications

in redox chemistry and small-molecule activation.

We were excited to find that the cyclic voltammetric profile of 5 is remarkably similar to that
of 4. As scanning cathodically with S reveals three quasi-reversible reductions at —1.79 V, —1.99
V, and —2.24 V, respectively; each is centered at a slightly more negative potential than the
corresponding event associated with bpy-complex 4. The more negative reduction potentials likely
arise from the inductive effect of the additional fused five-membered ring and methyl groups of
Mezdaf, resulting in a structure that is overall more electron-rich and slightly increasing the
reduction potentials associated with Mexdaf-centered reductions of 5. Based on the electronic
similarities of bpy and Mexdaf, we can reliably implicate redox non-innocence of the Me>daf
ligand as giving rise to the manifold of reductions observed for 5, similar to the case of bpy in 4.
Considering this situation, we anticipate that S may have significant photochemical reactivity, and

might serve as a useful photosensitizer in future work.

Consistent with the ligand-centered nature of the reductive events measured for 4 and 5, the
difference in the bite angle between Me,daf and bpy does not strongly affect the reductive cyclic
voltammetry of these compounds. However, confirmation that that Me.daf behave as a redox-
active ligand suggests that similar processes may be accessible in the tricarbonyl compounds 2 and

3.
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Figure 6.5. Cyclic voltammetry of 4 (orange) and 5 (purple) in MeCN solution with 0.1 M
TBAPFs supporting electrolyte (working electrode: highly-oriented pyrolytic graphite;
+/0.

pseudo-reference electrode: Ag™"; counter electrode: Pt wire). Ferrocene was used as an

internal potential reference.

The electrochemical behavior of 1 was previously established by Deronzier, Chardon-Noblat
and co-workers [4]. We have confirmed their findings here for comparison purposes (see Figure
6.6); scanning cathodically with 1 in solution, we observe two irreversible reductions with cathodic
peak potentials (Epc) at—1.61 V and —1.83 V, followed by an oxidation at a more positive potential
(Epa=-0.61 V). Based upon extensive mechanistic work from prior studies, the first reduction of

1 is associated with formation of a 19 e~ complex (an electron transfer or E process) which is
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coupled to the loss of bromide that generates a 17 ¢ species (a chemical reaction or C process).
This 17 ¢ complex then dimerizes with itself (C process), forming [Mn(CO)3(bpy)]> in an overall
ECC-type process. [Mn(CO)3(bpy)]2 itself can then undergo reduction at the more negative
potential, breaking the dimer to form [Mn(CO)3(bpy)]™ in an EC-type process. Finally, scanning

anodically, oxidation of [Mn(CO)s(bpy)]> can regenerate the starting material 1.

The cyclic voltammetric profiles of 2 and 3 are very similar to that associated with 1 (See
Figure 6.6). Scanning cathodically with 2 or 3, two irreversible reductions and followed by an
oxidation at more positive potentials during the paired anodic sweep (for 2, E'pyc =—-1.75 V, E?,,
=-2.04V, Epa=-0.62V; for3, E'ye =—1.71 V, E%,c = -2.02 V, Epa = —0.67 V). Qualitatively,
these results suggest that the irreversible reductions corresponding to the ECC and EC processes
exhibited by 1 also occur with 2 and 3. Notably, however, the reduction events associated with 2
and 3 appear significantly broader than those associated with 1, suggesting that heterogeneous
electron transfer is slower with the diazafluorene derivatives. Furthermore, as E', and E%,. are
both more negative for 2 than 3, we anticipate that electron transfer kinetics dominate the potentials
measured for these reductions; Mexdaf might have been expected to engender a more negative
reduction potential for 3 over the case of daf in 2, but the opposite is in fact observed here; this
may be attributable to the influence of the disparate electron-transfer kinetics, which push the
reduction potential (E', ) of 2 to a more negative potential than 3, contrary to the thermodynamic

trend that would be predicted on the basis of the inductive effect of the methyl groups of Mexdaf.
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Figure 6.6. Cyclic voltammogram of complexes 1 (black), 2 (red), and 3 (blue) in MeCN
solution with 0.1 M TBAPFg electrolyte (WE: HOPG, Psuedo Ref: Ag™°, CE: Pt, internal Ref:

FC+/O)-

Encouraged by the similar cyclic voltammetry (CV) behavior displayed by 1, 2, and 3, we also
tested the new compounds for activity towards CO; reduction (see Figures D34-D39) since the
known 1 has been demonstrated to be a robust catalyst for CO generation from CO> [4]. For this
testing, water was added as a proton source (similar to the prior work with 1 described in reference
4) and CO; was sparged through the working solution and electrochemical cell to fully saturate
the atmosphere and solution. Voltammograms collected immediately following these additions

reveal enhancements in the current flowing at both the first and second irreversible reductions
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associated with 2 and 3. The observed current enhancement suggests that significant reduction-
induced reactivity is taking place at the electrode surface. Notably, the overall catalytic
enhancement encountered with 2 is significantly greater than that with 3, suggesting a unique role

of the acidic protons on the methylene bridge of daf in promoting reactivity.

However, controlled potential electrolysis (CPE) coupled to product detection does not
suggest effective catalytic reduction of COs is taking place with 2 and 3. Results from controlled
potential electrolyses at —2.05 V vs Fc*’ for 90 min (see Figures D40 and D41) in a custom two-
compartment electrochemical cell do show that experiments with 2 and 3 produce less Hz and more
CO during the 90 min electrolysis (see Table D1). However, 2 and 3 give low Faradic efficiencies
(27% and 34%) and sub-stoichiometric yields (turnovers of 0.82 and 0.62, respectively) of CO, on
the basis of total charge passed and initial loading of 2 or 3, respectively. As analysis of working
solutions with NMR spectroscopy following electrolysis did not reveal the presence of alternative
products, including formate, we conclude that electrochemical reduction of 2 or 3 in the presence

of H2O and COz leads primarily to decomposition.

On a final note, we wish to note that the chronoamperogram associated with electrolysis of 2
is considerably different than that of 3. The current passed as a function of time widely fluctuated
during the course of the electrolysis (see Figure D40). In particular, the initial current is rather
large but becomes attenuated over the course of the experiment, suggesting undesirable chemical
reactivity may be taking place with the daf ligand. These results suggest that further work is needed
to reveal the precise role of the acidic methylene protons in the daf framework during conditions
of redox catalysis, like those explored here. It should also be noted that both metal- and bpy-
centered reductions have been implicated in effective catalysis of CO; reduction with 1 [47]. As

incoming CO> might therefore be required to interact with both the metal and the ligand, the
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enhanced steric profile of Mexdaf ligand in 3 could negatively impact the approach of CO; and
deactivate the catalyst. Consequently, our future work will include a focus on revealing the

influence of the functionalization pattern of the 9-position of daf on redox chemistry and catalysis.

6.3. Conclusions

We have described the synthesis, characterization, and electrochemical properties of the new
daf- or Mexdaf-supported complexes 2, 3, and 5 and compared the properties of these compounds
to their bpy-supported analogues 1 and 4. When daf and Medaf are bound to Mn or Ru centers,
we observe characteristic spectra that confirm the formation and symmetry of the desired
complexes. In particular, comparisons of bond lengths and geometric parameters confirm that daf
and Mezdaf enforce wider chelate angles and offer weaker o-donation than bpy. Electrochemical
studies of S reveal that Mexdaf is a non-innocent redox active ligand at modestly reducing
potentials, and related electrochemical work with 2 and 3 shows that this ligand-centered reduction
behavior is also accessible in 2 and 3, albeit with apparently slower heterogeneous electron transfer
kinetics that those encountered with analogous 1. Taken together, these studies demonstrate daf
and Mexdaf could be useful for preparation of a variety of new redox-active compounds, building

on the significant body of findings for the workhorse bpy and ®bpy ligands

6.4. Materials and Methods

6.4.1. General Considerations

All manipulations were carried out in dry N»-filled gloveboxes (Vacuum Atmospheres Co.,
Hawthorne, CA, USA) or under an N> atmosphere using standard Schlenk techniques unless
otherwise noted. All solvents were of commercial grade and dried over activated alumina using a
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PPT Glass Contour (Nashua, NH, USA) solvent purification system prior to use, and were stored
over molecular sieves. All chemicals were obtained from major commercial suppliers. Manganese
pentacarbonyl bromide (98%, Strem Chemical Co.), ruthenium chloride hydrate (Pressure
Chemical Co.), and 1,10-phenantrholine (95%, Matrix Scientific) were used as received. The
ligands, 4,5-diazafluorene and 9,9-dimethyldiazafluorene were prepared according to literature
methods with minor modifications [27,28]. 4,5-diazafluorene can be sublimed at ca. 80 °C and 1
mTorr if pre-purification is necessary. Deuterated solvents for NMR studies were purchased from
Cambridge Isotope Laboratories (Tewksbury, MA, USA); CD;CN was dried over molecular
sieves. 'H-, BC-, YF-, and *'P-NMR spectra were collected on 400 or 500 MHz Bruker
spectrometers (Bruker, Billerica, MA, USA) and referenced to the residual protio-solvent signal
in the case of 'H and *C [48]. Heteronuclear NMR spectra were referenced to the appropriate
external standard following the recommended scale based on ratios of absolute frequencies (Z)
[49,50]. 19F NMR spectra are reported relative to CCIsF, and *'P NMR spectra are reported
relative to H3PO4. Chemical shifts (8) are reported in units of ppm and coupling constants (J) are
reported in Hz. Elemental analyses were performed by Midwest Microlab, Inc. (Indianapolis, IN,

USA).

Electronic absorption spectra were collected with an Ocean Optics Flame spectrometer

equipped with a DH-Mini light source (Ocean Optics, Largo, FL, USA).

IR spectra were collected using a Shimadzu IRSpirit Fourier Transform Infrared Spectrometer

in transmission mode using a 0.1 cm liquid IR cell with KBr windows.
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6.4.2. X-ray Crystallography

Single-crystal diffraction data were collected with a Bruker APEX-II CCD diffractometer.
The Cambridge Crystallographic Data Centre (CCDC) entries 1977431, 1994285, 1982214, and
2013030 contain the supplementary crystallographic data for complexes 2, 3, and 5 (v74e and
q36k), respectively. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/data_request/cif, or by emailing data request@ccdc.cam.ac.uk, or by
contacting The Cambridge Crystallographic Data Centre, 12, Union Road, Cambridge CB2 1EZ,

UK fax: +44 1223 336033.

6.4.3.Electrochemistry

Electrochemical experiments were performed in a N»>-filled glovebox, or outside of the box in
an argon flushed electrochemical cell. Dry, degassed MeCN and 0.1 M tetra(n-butyl/)ammonium
hexafluorophosphate (["BusN]'[PF¢]” (Sigma-Aldrich, electrochemical grade) were used as the
solvent and supporting electrolyte; Measurements were carried out with Reference 600+
Potentiostat/Galvanostat (Gamry Instruments, Warminster, PA, USA), or an Electrochemical
Analyzer potentiostat (CH Instruments), using a standard three-electrode configuration. For CV
experiments: the working electrode was the basal plane of highly oriented pyrolytic graphite
(HOPG) (GraphiteStore.com, Buffalo Grove, IL, USA; surface area: 0.09 cm?), the counter
electrode was a platinum wire (Kurt J. Lesker, Jefferson Hills, PA, USA; 99.99%, 0.5 mm
diameter), and a silver wire immersed in electrolyte solution served as a pseudo-reference
electrode (CH instruments). The reference was separated from the working solution by a Vycor
frit (Bioanalytical Systems, Inc., West Lafayette, IN, USA). For CV acid addition experiments:

the working electrode was the basal plane of HOPG (surface area: 0.09 ¢cm?), the counter and
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reference electrodes were platinum wires (99.99%, 0.5 mm diameter). Ferrocene (Sigma-Aldrich,
St. Louis, MO, USA; twice-sublimed) was added to the electrolyte solution at the end of each
experiment; the midpoint potential of the ferrocenium/ferrocene couple (denoted as Fc™) was used
as an external standard for comparison of the recorded potentials. Concentrations of the analytes
for cyclic voltammetry were typically 1 mM. Experiments were typically conducted by first

scanning cathodically, then anodically on the return sweep.

Bulk electrolysis experiments were performed in a custom two-chamber electrochemical cell
equipped with connections to achieve gas-tight operation. The working electrode was the basal
plane of HOPG ((Graphitestore.com, Buffalo Grove, IL, USA; surface area: 10 cm?), the counter
electrode was a platinum wire (99.99%, 0.5 mm diameter), and a silver wire immersed in
electrolyte solution served as a pseudo-reference electrode. The volume of solution held by the

cell in total was 60 mL, with about 105 mL of total head-space volume.

6.4.4. Gas Chromatography

Gas chromatography were collected with a Shimadzu GC-2014 Custom-GC gas
chromatograph with a thermal conductivity detector and dual flame-ionization detectors. A custom
set of 8 columns and timed valves enable quantitative analysis of the following gases: hydrogen,
nitrogen, oxygen, carbon dioxide, carbon monoxide, methane, ethane, ethylene, and ethyne. Argon
serves as the carrier gas. The instrument was calibrated with a standard checkout gas mixture
(Agilent 5190-0519, Santa Clara, CA, USA) prior to experimental runs to obtain quantitative data
for CO and other gases. Calibration curves over a range of 100-35,000 ppm were constructed with

prepared mixture of CO and N> to enable CO quantification.

236



6.4.5 Synthesis

Preparation of Mn(CO)3;(4,5-diazafluorene)Br (2). In the dark, to a 50 mL Schlenk flask
equipped with a stir bar, was added 4,5-diazafluorene (0.0644 g, 0.383 mmol) in 50 mL of diethyl
ether. Then Mn(CO)sBr (0.0998 g, 0.363 mmol) was added and the reaction was brought to reflux.
The reaction was monitored by '"H NMR until consumption of the starting material was observed
to be complete, after approximately 3 hours. Once the reaction had reached completion, the
Schlenk flask was placed into a refrigerator at —20 °C for 30 minutes. The resulting solid was then
filtered off with a fritted glass funnel and washed with cold pentane to afford the title compound
as a yellow solid. Yield: 0.088 g (62%). 'H-NMR (CD;CN, 500 MHz) & 8.85 (d, *Ju-u= 5.3 Hz,
2H), 8.14 (d, *Ju_n= 7.6 Hz, 2H), 7.61-7.58 (dd, *Ju-n= 7.6 Hz, *Ju_n= 5.6 Hz, 2H), 4.29 (d, *Ju-
u=22.6 Hz, 2H) ppm. *C{'H} NMR (176 MHz, CD3CN): § 162.3, 151.3, 137.7, 136.5, 126.9,
37.6 ppm. C{'H}-DEPT-135 NMR & 151.2, 136.4, 126.9, 37.5 ppm. Electronic absorption
spectrum (MeCN): 230 (16000), 297 (9970), 301 (9910), 311 (10100), 320 (10400), 327 (10700),
410 nm (2200 M™' cm™). IR (THF) ): vc=02026 (m) (A’), vc=0 1938 (m) (A”’), and vc-0 1917 (m)
(A’) cm™. ESI-MS (positive) m/z: 348.0 (98%)(1-Br +NCMe), 349.0 (18%), 350.0 (2%); 306.9
(29%) (1-Br"), 307.9 (5%), 308.9 (0.5%); 305.0 (96%) (1-Br —3CO+2NCMe), 306.0 (18%);
264.0 (45%) (1-Br —-3CO+NCMe), 265.0 (7%); 223.0 (100%) (1-Br—3CO), 224.0 (13%). Anal.

Calcd. for MnC14HsBrN2Os: C, 43.44; H, 2.08; N, 7.24. Found: C, 43.38; H, 2.08; N, 7.14.

Preparation of Mn(CQ)3(9,9 -dimethyl-4,5-diazafluorene)Br (3). In the dark, to a Schlenk
flask equipped with a stir bar was added 9,9 -dimethyl-4,5-diazafluorene (0.0749 g, 0.364 mmol)
and 50 mL of diethyl ether. Then Mn(CO)sBr (0.1000g, 0.382 mmol) was added and the reaction

was brought to reflux. The reaction was monitored by '"H NMR until consumption of the starting
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material was observed to be complete, after approximately 3 hours. Once the reaction had reached
completion the Schlenk flask was placed into a —20 °C refrigerator for 30 minutes. The resulting
solid was then filtered off with a fritted glass funnel and washed with cold Et;O to afford the title
compound as a yellow solid. Yield: 0.1098 g (73%). 'H-NMR (CDsCN, 500 MHz) & 8.82 (d, *Ju-
u= 5.3 Hz, 2H), 8.10 (d, *Juu= 7.7 Hz, 2H), 7.59 (dd, 3Juu= 7.7 Hz, *Juu= 5.3 Hz, 2H), 1.66
(s, 3H), 1.58 (s, 3H) ppm. *C{'H} NMR (176 MHz, CD3CN): § 160.3, 151.5, 147.2, 134.0, 127.5,
52.1, 25.3, 24.4 ppm. Electronic absorption spectrum (MeCN): 236 (15000), 301 (11000), 306
(11000), 316 (11600), 324 (12000), 332 (13000), 411 nm (3300 M cm™). IR (THF): vc=02026
(m) (A’), ve=o 1938 (m) (A”’), and vc-o 1915 (m) (A’) em’. ESI-MS (positive) m/z: 251.0
(100%)(1-Br-3CO), 252.0 (15%), 253.0 (1%). Anal. Calcd. for MnC16H12BrN»Os: C, 46.29; H,

2.91; N, 6.75. Found: C, 46.35; H, 3.03; N, 6.97.

Preparation of [Tris(9,9 -dimethyl-4,5-diazafluorene)Ruthenium](PFe): (5). In the dark, to a
three-neck round bottom flask equipped with a stir bar was added 9,9 -dimethyl-4,5-diazafluorene
(0.1000 g, 0.509 mmol), RuCls xH>O (0.0266 g, 0.128 mmol), and Zn° powder (0.0420 g, 0.642
mmol). A 2:1 ethanol:water mixture was used as a solvent to suspend the material, the reaction
mixture was brough to reflux, and was allowed to stir overnight. The resulting bright-orange
solution was then filtered into a flask containing ammonium hexafluorophosphate (0.0438 g, 0.269
mmol), which resulted in immediate precipitation of the desired product. The precipitate was
filtered, and then washed progressively with cold water and diethyl ether. The desired complex
was purified by recrystallization from boiling methanol to afford an orange solid. Yield (0.0210 g,
17%). "H-NMR (CD3CN, 400 MHz) & 8.06 (dd, *Ju_n= 7.8 Hz, *Ju_u= 0.9 Hz, 6H), 7.81 (dd, *Ju-
u= 5.5 Hz, *Juu= 0.9 Hz, 6H), 7.44 (dd, *Juu= 7.8 Hz, *Ju_n= 5.5 Hz, 6H), 1.68 (s, 18H)

ppm.3C{'H} NMR (176 MHz, CD3CN): § 162.8, 152.9, 147.4, 133.4, 127.9, 53.2, 24.5 ppm. '°F
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NMR (276 MHz, CD3CN): § -72.9 (d, 706.4 Hz) ppm.*'P NMR (162 MHz, CD3;CN): § -144.7 (m,
706.4 Hz) ppm. Electronic absorption spectrum (MeCN): 231 (27000), 249 (14400), 256 (13500),
295 (75000), 445 nm (17000 M! cm™). Anal. Calcd. for RuC29H36N6F12P2: C, 47.81; H, 3.70; N,

8.58. Found: C, 47.62; H, 3.70; N, 8.30.
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Chapter 7

Synthesis, structural studies, and redox chemistry of bimetallic [Mn(CO)3]

and [Re(CO);] complexes

This chapter is adapted from a published manuscript: Henke, W.C., Kerr, T.A.,
Sheridan, T.R., Henling, L.M., Takase, M.K., Day, V.W., Gray, H.B., and
Blakemore, J.D.* Synthesis, structural studies, and redox chemistry of bimetallic

[Mn(CO);] and [Re(CO)3] complexes, Dalton Trans. 2021, 50, 2746-2756.
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7.1 Introduction

Tricarbonyl complexes of the Group 7 transition metals (manganese, technetium, and rhenium)

represent a privileged class of complexes that show remarkable versatility in studies of energy

3 7

science,">* therapeutics,*> and electrocatalysis.*” The facile syntheses and numerous
spectroscopic handles presented by these compounds have enabled fundamental insights to be
gained over the years into how their structures give rise to useful properties as photosensitizers,
carbon monoxide releasing molecules (CORMs), and electrocatalysts. The synthetic chemistry for

the tricarbonyl complexes, which was developed early by Wrighton,® Meyer,” and Miguel,' has

led to explosive growth in research on [Re(CO)3]' 12131415 and [Mn(CO)3]'617:18:19:20 chemistry.

In particular, diimine ligands are often used to support these tricarbonyl complexes; these
ligands are attractive because they are readily prepared, easily derivatized, and make stable chelate
complexes. Notably, 2,2 -bipyridyl (bpy) and 4,4’-disubstituted-2,2"-bipyridyl (*bpy) ligands
have been frequently used in this area; installation of electron-donating or electron-withdrawing
groups on the bpy ligand can readily tune the chemical, photophysical, and redox properties of the
resulting complexes.?! In one study, Kubiak and co-workers utilized a range of electron-donating
and electron-withdrawing Rbpy ligands to generate a series of [Re(CO)3] complexes that revealed
ligand influences on the production of carbon monoxide (CO) from carbon dioxide (CO,).??
Bocarsly and co-workers carried out related work with the [Mn(CO)3] unit; the electron-donating
and electron-withdrawing ®bpy ligands were shown to modulate the electrocatalytic properties of
these complexes in a similar fashion.?> More recently, some of us have been exploring the related
coordination chemistry of [Mn(CO);] complexes bearing 4,5-diazafluorene (daf) ligands.?* In

comparison to Mn(CO)3;Br(bpy), Mn(CO)s(daf)Br displays an increased bite angle which
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moderates the o-donating and m-accepting abilities of daf, resulting in a unique electrochemical
profile. Use of daf thus represents a complementary method for tuning often accomplished via
traditional inductive effects. Considered together, these cases provide an appealing snapshot of the

influence that diimine-type ligands can have on the properties of Group 7 tricarbonyl complexes.

An alternative strategy for tuning the properties of metal complexes involves development of
heteromultimetallic systems.?>?® In such structures, the influence of one metal upon a second can
be leveraged to engender new properties that are inaccessible with a single metal center alone. To
accomplish work in this area, ditopic ligands are needed which can bring two metals into close
proximity.?”-2%:2%:30 In part thanks to their stability, [Mn(CO)3] and [Re(CO);] moieties can be
brought into close proximity. Several approaches have been employed for this purpose, including

' metal organic frameworks (MOFs),*? and multidentate ligands.** In

tethering alkyl groups,’
particular, the chelating ligand 2,2'-bipyrimidine (bpm) is attractive for this purpose, as it offers
direct synthetic access to both monometallic and bimetallic complexes. Superficially, bpm and bpy
are similar ligands; however, the additional N-atoms in the bpm framework result in modulated
donor properties compared to bpy. Synthetically, bpm is perhaps best known for effectively
bridging Ru centers,**3* but it has also been successfully deployed to bridge between [Re(CO)s3]

motifs.3%37

In the 1980s, Vogler and co-workers first prepared the monometallic complex Re(CO);Cl(bpm)
(1).% Taking advantage of the additional bis-chelate site contained within 1, they also synthesized
the homobimetallic complex [Re(CO)3;Cl]o(bpm).*® This species was also explored by Juris and
co-workers*® as well as Kaim and Kohlman.* In their report, elemental analysis data and emission
spectroscopic properties were described for the characterization of [Re(CO);Cl]>(bpm). However,

considering the structure of [Re(CO)3;Cl]2(bpm), there are two possible isomers, a situation
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recognized early by the others working in this arena.*®* A syn isomer is possible which orients
the halide ligands in the same direction (2-syn), as well as an anti isomer that orients the halides
in opposite directions (2-anti).*>*! Vogler and co-workers did not explicitly state whether they

37,38,39,40 and our

were working with isomerically pure complexes, but based on previous studies
work here (vide infra), we conclude that they were indeed studying a mixture of the 2-syn and 2-
anti isomers (see Chart 7.1). More recently, Bocarsly and co-workers*® and Jain and co-workers*?
showed that the related monometallic Mn complexes Mn(CO);Br(bpz) (3) and Mn(CO)3;Br(bpm)
(4) can be prepared. In light of the considerable interest in [Mn(CO)3] complexes as catalysts and

photoactive compounds,’?!

we were surprised to see that bimetallic complexes containing
[Mn(CO)3] moieties bridged by the bpm ligand have not been reported. Furthermore, there have
been no prior crystallographic studies of either mono- or bimetallic [Mn(CO)3] bpm complexes,
motivating structural work to complement findings available regarding the structures of [Re(CO)3]

complexes with bpm, 40:43:44.45.46.47

Here, we report the syntheses, solid-state structures, and electrochemical properties of a family
of [Re(CO)3] and [Mn(CO)s] complexes, including compounds [Mn(CO)3Br]>(bpm) (isolable as a
mixture of 5-syn and S5-anti) and [Re(CO)3;Br(bpm)Mn(CO);3Br] (also isolable as a mixture of 6-
syn + 6-anti, see Chart 7.1). Consistent with prior work on homo-bimetallic Re compounds of
bpm, both the syn and anti isomers of [Mn(CO)3;Br]2(bpm) and [Re(CO);Br(bpm)Mn(CO)3Br] are
accessible based on NMR spectroscopy; the isomers are confirmed here by crystallographic studies

36,323 and 4* have also

of 5-syn, 5-anti, and 6-syn. New solid-state structures of 1,’¢ 2-anti,
been collected for comparison to these new bimetallic compounds. In agreement with prior

21,48

findings on [Mn(CO)s(diimine)] complexes, all of the [Mn(CO)s]-containing compounds

reported here are acutely light-sensitive. We find that the homo- and hetero-bimetallic Mn
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complexes undergo reduction at more positive potentials compared to their monometallic

counterparts. Related electron paramagnetic resonance (EPR) studies reveal that chemical

reduction of [Re(CO);Cl]2(bpm), which displays similar electrochemical properties to our new Mn

compounds, involves a first ligand-centered reduction.***° Taken together, our studies suggest that

the presence of a second tricarbonyl unit leads to a strong inductive effect that shifts the ligand-

centred reduction process to more positive potentials in the cases of all the bimetallic compounds.

2-syn
syn-[Re(CQO)3;Ci]o(bpm)

CcO N CO

OC., 4 .Ns_N. A .CO
Mn” “{Mn),
OC/‘WT??\ N I N / "TACO

Br S Br

5-syn
syn-[Mn(CQ)sBr]>(bpm)

N CcO
N "*-I N ”-;i/“‘l‘m‘%““co
NZN"" ] ~CO
<~ Br
6-syn

syn-[Re(CO);Br(bpm)Mn(CO)3Br]

Chart 7.1: [Re2], [Mn2], and [ReMn] bimetallic complexes described in this study. The

=
2-anti
anti-[Re(CO)sClj,(bpm)

CO N Br

OC ey, ’ ,.-.N Nn, ‘;\CO
/M N~ I /ﬂ Mn|
OC” " NN | ~CO
Br - CO
5-anti

anti-fMn(CO) ;Br],(bpm)

6-anti

anti-[Re(CQO)3Br(bpm)Mn(CQ)3Br]

dirhenium compounds were prepared according to Vogler and co-workers.*
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7.2 Results and Discussion

7.2.1 Synthesis and spectroscopic characterization

The synthons Re(CO)sCl, Re(CO)sBr, and Mn(CO)sBr were obtained from commercial
suppliers, and monometallic 1, 3, and 4 were prepared according to the literature.”*- %> Of
particular interest to our group was the work carried out by Vogler and co-workers,*® who reported
the synthesis of the bimetallic complex, [Re(CO):Cl]2(bpm). Following their reported synthetic
procedure, we isolated [Re(CO);Cl]o(bpm) as a mixture of 2-syn and 2-anti isomers; the
appearance of the "H nuclear magnetic resonance (NMR) spectrum of the isolated material (see
Figure E7) and the solid state structural data (see Figures E35-E36) confirm the presence of both
the expected isomers.’” Encouraged by these previous reports and keeping in mind that
[Re(CO)3Cl]2(bpm) can be isolated as a mixture of syn and anti isomers, our group pursued the
synthesis of new homo- and heterobimetallic complexes bearing the [Mn(CO)3] moiety using the

bpm framework (see Scheme 7.1).
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Scheme 7.1: Synthetic pathway for the generation of homo- and hetero-bimetallic

complexes.

Due to the light sensitivity of these complexes, all reactions containing Mn were performed in
the dark. In a refluxing suspension of toluene, Mn(CO)sBr and bpm were combined in the
appropriate stoichiometry (2 equiv. to 1 equiv., respectively) to generate [Mn(CO)3Br]2(bpm),
resulting in the formation of a mixture of the syn and anti isomers (5-syn and 5-anti) in a good
yield of 91%. The synthesis of the syn and anti isomers that are contained in the analogous
[Re(CO)3Br(bpm)Mn(CO);Br] (6-syn and 6-anti) was accomplished by first generating the light-
stable monometallic complex 1-Br (Re(CO);Br(bpm)); Re(CO)sBr was selected as the transition
metal precursor to ensure that there would be no halide scrambling in solution upon formation of
the bimetallic complex. Following the generation of 1-Br, 1 equiv. of Mn(CO)sBr was added to

the solution to generate [Re(CO);Br(bpm)Mn(CO);3Br], also as a mixture of 6-syn and 6-anti

253



isomers in a good yield of 89%. Following successful generation of the mixtures of the desired
complexes, they were each fully characterized (see Experimental Section and Supporting
Information). Separation of the isomers of these new compounds was not pursued, although it may

be possible based on our crystallographic studies (vide infra).

To begin characterization of the newly synthesized bimetallic complexes, we turned to 'H
NMR spectroscopy (see Figures E1-E7). In solution, complexes [Mn(CO)3;Br]o(bpm) and
[Re(CO)3Br(bpm)Mn(CO);Br] exist as a mixture of isomers with resonance splitting patterns
arising from the *Juu and *Juu coupling in the aromatic region of their "H-NMR spectra. These
signals correspond to the hydrogen atoms on the bpm ligands coordinated to their corresponding
Mn and Re centers. The isomers 5-syn, 5-anti, 6-syn and 6-anti exhibit C>,, C, Cs, and C;
symmetry in solution, respectively, and this results in resonances that clearly distinguish the
isomers of the homobimetallics 5-syn and 5-anti from the heterobimetallics 6-syn and 6-anti. The
"H-NMR spectrum of the mixture containing 5-syn and 5-anti exhibits four unique protons in total
which confirms that both the isomers are present. The different isomers of [Mn(CO)3Br]>(bpm)
are discernible from one another based on their different signal intensities; each isomer has a
corresponding triplet at d 7.85 or 7.88 ppm (integrating to 2H) and doublet at d 9.43 or 9.46 ppm
(integrating to 4H) in the aromatic region. The isomers of [Mn(CO);Br]>(bpm) are present in an
approximately 3:1 ratio based on the relative integration of the separated resonances at d 9.43 and
9.46 ppm. Identifying which pair of resonances belongs to the 5-syn or S-anti isomers based on
the "H-NMR spectrum alone was not pursued here. Nonetheless, the expected connectivity of both

1somers in solution is confirmed.

Considering the change in symmetry from C>, and C>, for 5-syn and 5-anti to Cy symmetry for

6-syn or 6-anti, we observed a significant change in the number of unique protons in the aromatic
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region of the 'H-NMR spectrum. The decrease in the symmetry for 6-syn and 6-anti of
[Re(CO)3Br(bpm)Mn(CO);Br] in comparison to the 5-syn and S-anti isomers of
[Mn(CO)3Br]2(bpm) results in a 'TH-NMR spectrum with peak groupings at 9.52, 9.27, and 7.86
ppm (integrating to 2H, 2H, 2H, respectively). Additionally, there is another resolved isomer with
peak groupings at 9.55, 9.30, and 7.89 ppm (integrating to 2H, 2H, 2H). The isomers are present
in an approximately 2:1 ratio based on the integration of the separated resonances at d 9.52 and
9.55 ppm. 'H-NMR alone did not identify which set of resonances belongs to 6-syn or 6-anti, but

did confirm the expected connectivity in solution.

The bimetallic complexes [Mn(CO);Br]2(bpm) and [Re(CO);Br(bpm)Mn(CO);Br] have
carbonyl ligands and are vividly colored in solution and thus we next turned to investigate their
vibrational and absorption characteristics using infrared (IR) and electronic absorption (EA)
spectroscopy (see Figure 7.1, and Figures E9 and E10-E13). The IR spectrum of 5-syn and 5-anti
exhibits CO vibrational bands at 2031, 1952, and 1936 cm™!, while the spectrum for 6-syn and 6-
anti displays bands at 2028, 1951, 1935, and 1914 cm™'. The observation of the additional band in
the analysis of 6-syn and 6-anti compared to S-syn and S-anti is consistent with the decrease in
symmetry for the heterobimetallic compounds (C>, and C3;, for 5-syn and S-anti to C; for 6-syn

and 6-anti).
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Figure 7.1: Electronic absorption spectra for 4, S-syn + S-anti, and 6-syn + 6-anti in MeCN

solution.

The EA spectrum of the mixture of 5-syn and 5-anti isomers of [Mn(CO)3Br]>(bpm) exhibits
two transitions in the visible region at 369 nm and 510 nm with molar absorptivities of 1600 M
cm™! and 800 M cm!, respectively. The values of the molar absorptivities and the similarity of
the spectrum to those of Mn(CO);Br(bpy) and 4 (337 nm, 800 M™! em™!; 430 nm, 600 M! cm™)
enables their assignment as metal-to-ligand charge transfer (MLCT) transitions.”' Notably, the
molar absorptivities associated with the charge transfer transitions in the syn and anti isomers of
[Mn(CO)3Br]2(bpm) are greater than those observed for the analogous monometallic 4, which
confirmed that the presence of the additional [Mn(CO)s] unit plays a role in the light absorption
properties of these complexes. We also investigated the EA properties of the mixture of 6-syn and
6-anti in the heterobimetallic compound [Re(CO)3:Br(bpm)Mn(CO);Br]; the spectrum displays a

similar absorption profile to 4 and the isomers of [Mn(CO)3Br]2(bpm), with features at 364 nm
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(5800 M! cm™) and 515 nm (2300 M! em™). The molar absorptivities of the electronic transitions
associated with the syn and anti isomers of [Re(CO);Br(bpm)Mn(CO);Br] are three times greater
than the comparable peaks in [Mn(CO);Br]2(bpm), and seven times greater than those associated
with the monometallic complex 4. These results suggest that the presence of a second tricarbonyl
moiety increases the EA intensity, and suggest a distinct role for the heavier metal rhenium in

engendering efficient light absorption.>?

7.2.2 X-ray diffraction studies

The syntheses of the monometallics 1, 3, and 4, and the bimetallic complex
[Re(CO)3ClJ2(bpm) (2-syn and 2-anti) have been previously described, but their solid-state
structures have not been reported to the Cambridge Structural Database (CSD).>* To gain further
insight into the properties of both the newly prepared and previously reported complexes, we
turned to single crystal X-ray diffraction (XRD) analysis and report here seven new solid-state
structures (see Figures 7.2 and E33-E43). The results confirm the expected fac-geometry of 1, 3
and 4 with two equatorial CO ligands, an axial CO ligand, an axial halide, and the associated k*-
diimine ligand surrounding the rhenium or manganese center in each case. Based on the previous
NMR analyses of [Re(CO);Cl]2(bpm), [Mn(CO);Br]2(bpm), and [Re(CO)3:Br(bpm)Mn(CO);Br],
we anticipated that either or both of the syn and anti isomers could in principle be present in the
solid-state. The results here confirm the presence of 2-syn, 2-anti, S-syn, S-anti, and 6-syn in our
solid-state samples; the syn isomers feature halides oriented in the same direction, and the anti
isomers feature halides oriented in opposite directions. The structure for 2-anti, in particular,
reveals packing disorder (apparent in the axial chloride and CO ligands) driven by the presence of

both 2-anti and 2-syn in the crystal unit cell; 2-anti and 2-syn are present in an 80:20 ratio. As 2-
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anti predominates in the structure, we will refer to the structure here as being associated with the
2-anti isomer. On the other hand, the packing disorder encountered for 2-anti was not present in
the data for 5-syn, 5-anti, or 6-syn (see Figures E39-E43). Indeed, we were pleased to find that
the individual crystals of S5-syn and S-anti were visually distinguishable from one another in the
vial; careful crystal harvesting ultimately led to their separate and unique solid-state structures. In

the case of the heterobimetallic complex, only crystals of 6-syn could be obtained.

The structures of the monometallic complexes 1, 3, and 4 closely resemble the well-known bpy-
based complexes Re(CO);X(bpy) (X = Cl, Br) and Mn(CO);Br(bpy).>*>>>¢ A comparison of
relevant bond lengths and angles of the monometallic Re complex 1 from this study with the
structurally analogous complexes Re(CO);X(bpy) (X = Cl, Br) revealed very similar average Re—
N distances of 2.172(4) A (1), 2.175(7) A (Cl), and 2.166(16) A (Br) with N-Re—N bite angles
of 74.85(9)° (1), 74.9(2)° (Cl), and 74.7(4)° (Br), respectively. Comparing the monometallic Mn-
based complex 4 with the structurally similar complex Mn(CO)Br(bpy) revealed average Mn—N
distances of 2.046(2) and 2.043(6) A, and N-Mn—-N bite angles of 79.5(3)° and 78.9(15)°,
respectively. For both Re and Mn, we thus found that the presence of the additional nitrogen atoms
on the bpm ligand does not induce significant structural changes in comparison to the complexes
ligated with bpy. However, the bpm ligand has the attractive ability to chelate an additional
tricarbonyl moiety to generate homo- and hetero-bimetallic complexes (see Table 7.1 and Figure

7.2).
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Table 7.1: Selected bond lengths and distances in complexes 1, 2-anti, 3, 4, 5-syn, 5-anti, and 6-

syn.
Compound Re-COax Re-COkq Re-N Re-Halide Mn-COax  Mn-COkq Mn-N Mn- BPMc-c
@A) @A) @A) @A) @A) @A) @A) Halide @A)
A
1 1.894(6) 1.920(3), 2.171(2), 2.484(1), 1.484(4)
1.926(3) 2.172(3) 2.31(3)
2-anti 1.894(15), 1.934(7), 2.192(5), 2.455(3), 1.46(1)
1.96(4) 1.911(7) 2.189(5) 2.43(2)
3 1.813(1) 1.825(1), 2.028(1), 2.5255(2) 1.460(2)
1.827(1) 2.038(1)
4 1.8257(17)  1.812(2), 2.045(1), 2.5332(3) 1.481(2)
1.820(2) 2.048(1)
5-syn 1.805(14) 1.806(9), 2.062(6), 2.521(2) 1.46(2)
1.806(9) 2.062(6)
5-anti 1.843(10) 1.81(1), 2.061(7), 2.503(2) 1.44(2)
1.82(1) 2.061(7)
6-syn 1.933(14) 1.921(12), 2.161(3), 2.614(2) 1.825(16) 1.82(2, 2.092(8), 2.497(9) 1.451(7)
1.921(12) 2.161(3) 1.82(2) 2.092(8)

& )

@— o )
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st 7‘1' D -
'S ¢
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Figure 7.2: Solid-state structures of 2-anti (upper-left), S-syn (upper-right), S-anti (lower-right),
6-syn (lower-left). Displacement ellipsoids are shown at 50% probability level. Hydrogens and

co-crystallized solvents are omitted for clarity.
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Comparison of 1 with the homobimetallic 2-anti revealed similar Re-COax and Re—~COgq bond
distances between the two complexes. A similar evaluation of the Mn-based monometallic
complex 4 with the bimetallic complexes S-syn and S-anti showed that the Mn—COax and Mn—
COgq bond distances remain indistinguishable within error as well. Thus, although the introduction
of a second tricarbonyl moiety has a large effect on the electronics of the bimetallic complexes,
this does not appear to correlate to significant structural changes when comparing the [M(CO)s]
units within 1, 2-anti, 4, 5-syn and S-anti. On the other hand, there is a slight contraction in the
metal-halide distances between the monometallic and homobimetallic complexes bearing the same
transition metals, suggesting modulation of the donor power of the bpm ligand upon coordination
of a second tricarbonyl unit. Furthermore, there are changes associated with the M—N bond
distances, N-M—N bond angles, and dc—c bond distances (dc—c refers to the distance between the
two central carbons connecting the individual pyrimidine rings) that result from the introduction

of the second tricarbonyl unit.

In accord with these findings, comparison of 1 with 2-anti, and 4 with 5-syn and 5-anti revealed
elongation of the M—N bond lengths upon introduction of the second tricarbonyl unit. This likely
occurs because initial introduction of a transition metal causes the bpm bite angle to narrow in an
effort to facilitate metal binding. However, when a second metal tricarbonyl unit is introduced into
the open site of a monometallic bpm complex, the nitrogen atoms are pulled back so that the
optimal bite angle for both metal centers is established. Consistent with this proposal, we see a

small increase in the bite angle upon generation of the homobimetallic complexes (see Table 7.2).
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Table 7.2: Selected bond angles in complexes 1, 2-anti, 3, 4, 5-syn, 5-anti, and 6-syn.

Compound | Nj-Re-N»  Ni-Mn-N;
1 R O E—
2-anti 75.15(19)° —mmemmeeee-

3 | 79.04(4)°

4 | - 78.68(5)°
S-syn | oo 79.5(3)°
S-anti | -----oeee- 79.7(3)°
6-syn 75.94(14)° 78.9(4)°

Further examination of the bond lengths around the bpm ligand for our series of complexes
revealed a trend in the dc_c bond distances; a slight contraction was observed when comparing the
monometallic complexes to the bimetallic complexes. The solid-state structure of free bpm showed
that the dc_c bond length is 1.497(4) A.>” When we introduce Re or Mn to form a monometallic
complex, we observed a small initial contraction of dc_c, which is exacerbated further with the
addition of a second metal to form the bimetallic complexes. This indicates that there is active
backdonation from the transition metal to bpm and suggests that backbonding is further increased
when a second metal is present. This trend was exciting to see since the C—C bond that binds the
two pyridyl rings of bpy has also been observed to contract when [Cp*Rh(bpy)CI]PFs is reduced
to Cp*Rh(bpy).’®>° Thus, some degree of backdonation from the electron-rich Re(I) and Mn(I)

metal centers into the n* orbitals of bpm may be present in these systems.

Overall, there are similar trends in the metrical parameters for both the manganese- and
rhenium-containing species characterized here. This speaks to the modularity of the [M(CO)s]
units (M = Mn, Re) as judged by this structural work on the bpm framework. The inductive
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presence of an additional metal tricarbonyl unit, although giving rise to subtle changes to the solid-
state structures, provides more pronounced effects on the electronic structure, as assessed by the
EA spectroscopy. Consequently, we turned to cyclic voltammetry to identify further features that

could distinguish the monometallic and bimetallic complexes

7.2.3 Electrochemistry

The electrochemical properties of 1, 3 and 4 have been previously described and were
reconfirmed here for comparison to results on our new compounds (see Figures E17-E31).23%
Cyclic voltammetry (CV) experiments using the monometallic complexes 1 and 4 were conducted
with specific interest in determining the impact the additional nitrogen atoms on the bpm ligand
could have on their electrochemical behavior with respect to the well-known analogues,
Re(CO);Cl(bpy)®*? and Mn(CO);Br(bpy).”** Based on prior studies, the electrochemical profile
of Re(CO)3;Cl(bpy) exhibited an initial quasi-reversible ligand-centered reduction at —1.78 V
followed by an irreversible metal-centered reduction at —2.16 V (all potentials are quoted versus
ferrocenium/ferrocene, denoted Fc™°).2 As expected, the CVs of 1 are strikingly similar to
Re(CO)3Cl(bpy); an initial quasi-reversible reduction centered at —1.42 V was followed by an
irreversible reduction at —1.91 V. These results indicate that Re(CO);Cl(bpy) and 1 behave in a

similar fashion.

Mn(CO)3Br(bpy) and 4 exhibit comparable CVs. Based on previous reports regarding
Mn(CO)3Br(bpy), the CV of this compound exhibits two irreversible reductions at —1.61 V and
~1.83 V, coupled with an oxidation at —0.61 V.”** The presence of two irreversible reductions,
while a more challenging case, can be readily explained and is consistent with a previously

proposed mechanism.”® For the purpose of subsequent comparisons, the first irreversible wave
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can be attributed to a Mn-centred reduction that results in a 19¢~ complex that loses the bound
halide ligand, generating a transient 17e” complex that dimerizes to form the 18e™ complex,
[Mn(CO)3(bpy)]2. [Mn(CO)3(bpy)]2 can then be reduced at the more negative potential, a process
that results in cleavage of the dimer to generate the formally 18¢™ complex [Mn(CO)3(bpy)] .
Scanning anodically, the oxidation of [Mn(CO)s3(bpy)]> can also be observed at a more positive
potential. 4 thus behaves similarly to Mn(CO);Br(bpy), showing two irreversible reductions at
—1.37 Vand —1.58 V, and two irreversible oxidations at —1.36 and —0.42 V. Notably, in comparison
to Mn(CO)3Br(bpy), complex 4 shows an additional oxidative feature at —1.36 V, suggesting that
the electron-withdrawing ability of the additional nitrogen atoms present on bpm stabilizes one of
the reduced forms. Nonetheless, these findings suggest that the presence of the additional nitrogen
atoms on bpm do not significantly impact the electrochemical profile, in terms of the number of
the observable reduction events. However, the presence of the nitrogen atoms on the bpm ligand
results in a noticeable inductive effect that shifts the reduction potentials of complexes 1 and 4 by

ca. 250 mV in comparison to their corresponding bpy-based complexes.

With these results in hand, we investigated the cyclic voltammetry of the synthesized homo-
and hetero-bimetallic complexes (see Figure 7.3). In each instance, [Re(CO)s;Cl]2(bpm),
[Mn(CO)3Br]2(bpm), and [Re(CO);Br(bpm)Mn(CO);Br] were interrogated as the mixture of their
corresponding syn and anti isomers. These bimetallic compounds exhibit distinct electrochemical
profiles in comparison to their monometallic analogues 1 and 4 (see Figure E24). In particular, the
initial reduction for each of the bimetallic systems is quasi-reversible and at much more positive
potentials than their comparable monometallic complexes (see Figure 7.3). The observation of an
initial, quasi-reversible reduction is common for monometallic [Re(CO)3]-based diimine systems,

but is not observed for most [Mn(CO)3]-based diimine systems. This suggests that the presence of
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an additional tricarbonyl moiety results in an inductive effect that shifts the initial reduction to
much more positive potentials, significantly moderating the potential needed to introduce an
electron into these systems. As a result, the first reduction for the isomers of [Re(CO);Cl]>(bpm)
is shifted by +600 mV and the first reduction for the isomers of [Mn(CO);Br]2(bpm) is shifted by
+380 mV in comparison to 1 and 4, respectively. Intriguingly, the first reduction of the mixture of
syn and anti isomers of [Re(CO);:Br(bpm)Mn(CO);Br] falls in between the two homo-bimetallic
complexes, further signifying that the electronic characteristics of this system are averaged

between the two homobimetallics.

Current Density (mA cm™2)

-1.2 -1 -0.8 -0.6 -0.4

Potential (V vs. Fc*)

Figure 7.3: Cyclic voltammetry of [Re(CO):Cl]2(bpm) (2-syn and 2-anti, black),
[Re(CO)3Br(bpm)Mn(CO);Br] (6-syn and 6-anti, blue), and [Mn(CO)3Br]2(bpm) (5-syn and 5-

anti, red), in MeCN solution with 0.1 M TBAPFs supporting electrolyte (working electrode:
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highly oriented pyrolytic graphite; pseudo reference electrode: Ag*’; counter electrode: Pt wire).

Ferrocene was used as an internal potential reference.

More negative cathodic scans with each bimetallic complex led to further unique
electrochemical reductions; these are mostly irreversible and can tentatively be assigned to metal-
centered events (see Figures E22-E23). In particular, after the initial quasi-reversible reduction,
the isomers of [Re(CO)3Cl]2(bpm) undergo a further quasi-reversible reduction at —1.46 V
followed by an irreversible reduction at —2.37 V. CVs of the homobimetallic Mn species are more
complex; the mixture of isomers displayed irreversible reductions at —1.49 V and —2.14 V, as well
as several oxidations, suggesting that there are coupled chemical reactions that result in formation
of multiple new species. For the mixture of syn and anti isomers of [Re(CO);Br(bpm)Mn(CO);Br],
three additional irreversible reductions are observed at —1.40 V, —1.93 V, and -2.27 V, as well as
several oxidations, implying that this complex also undergoes reduction-induced chemical
reactivity, the products of which have not been investigated here. However, the value of the
comproportionation constant Kc for the singly reduced, paramagnetic intermediate (vide infra) can
be computed for [Re(CO);Cl]o(bpm) based upon the difference between the first and second
reduction potentials.®! This value is estimated to be 10'*%, a high value consistent with the large
separation (640 mv) between the first and second reductions of [Re(CO);Cl]>(bpm) that indicates

strong coupling between the redox-active centers here.

7.2.4 Electron paramagnetic resonance studies

Based on the electrochemical profile of the mixture of syn and anti isomers of
[Re(CO)3Cl]2(bpm), we next set out to study the chemical reduction of these complexes in order

to provide evidence for the assignment of the initial reductions as either ligand- or metal-based.
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Specifically, we targeted the le™ chemical reduction of the mixture of syn and anti isomers of
[Re(CO)3ClJ2(bpm) to complement previously reported spectroelectrochemical (SE) electron
paramagnetic resonance (EPR) results of 1 and [Re(CO);Cl]2(bpm).***?%%2In an in situ reduction
experiment, treatment of the mixture of syn and anti isomers of [Re(CO);Cl]>(bpm) with 1.0 equiv.
of cobaltocene (Cp2Co, E1p=—1.34 V vs. F¢"%)% in CD;CN resulted in a rapid color change;
analysis by 'H NMR revealed the presence of cobaltocenium ([Cp2Co]* at 5.66 ppm, see Figures
E8 and E32) as the primary diamagnetic product.® Simultaneously, the disappearance of the
signals associated with the mixture of syn and anti isomers of [Re(CO)3;Cl]2(bpm) confirmed
conversion of the diamagnetic starting materials into paramagnetic products. Although these
products could not be isolated cleanly due to similar solubility profiles with [Cp.Co]", EPR was
used to interrogate the mixture further. For the EPR analysis, the syn and anti isomers of
[Re(CO)3Cl]2(bpm) were dissolved in toluene, frozen in a quartz EPR tube held at 78 K, and an
equimolar solution of Cp,Co was layered on top; the entire sample was then refrozen. The air-
sensitive sample was then brought out of the glovebox, frozen in liquid nitrogen, and transported
to the EPR spectrometer. When the sample was ready for measurement, it was briefly thawed to

allow the two layers to mix and then quickly refrozen before interrogation by EPR spectroscopy.

EPR data for the sample revealed an isotropic signal at g = 2 (see Figure 7.4), consistent with
formation of a bpm ligand-centered radical. This result mirrors findings from the prior work based
upon spectroelectrochemical methods carried out by Kaim and Kohlmann.** Our experimental data
was modelled using the Easyspin® package in MATLAB; a satisfactory match between the
experimental data and the simulated data was obtained with a single-component system centered
at g =1.999, consistent with the expected similarity of the singly reduced forms of the syn and anti

isomers of [Re(CO);Cl]o(bpm). Thus, the EPR signal observed upon the first electrochemical
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reduction can be assigned to a ligand-centered radical. Based on the similar voltammetric
properties among all the bimetallic species, we anticipate that the first reductions of

[Mn(CO)3Br]2(bpm) and [Re(CO):Br(bpm)Mn(CO)3Br] are also ligand centered.

7.3 Conclusions

The novel bimetallic complexes [Mn(CO)3Br]>(bpm) and [Re(CO);Br(bpm)Mn(CO);Br] were
synthesized as an inseparable mixture of syn and anti isomers in solution; the compounds displayed
characteristic spectra that confirm their expected symmetry characteristics. The solid-state
structures of 1, 2-anti, 3, 4, S5-syn, S-anti, and 6-syn provided data for comparison of metrical
parameters that differentiate the monometallic and bimetallic complexes. In particular, the data
suggest that an inductive effect arises from incorporation of an additional tricarbonyl unit in the
bimetallic compounds. The inductive effect was confirmed using cyclic voltammetry; shifts of
greater than 380 mV were measured for the initial reductions of the bimetallic species in
comparison to their monometallic analogues. Experimental EPR data and simulations for one
derivative suggest that these initial reductions are ligand centered. Taken together, these studies
confirm that 2,2'-bipyrimidine is a useful ligand for formation of modular bimetallic metal

tricarbonyl complexes.

7.4 Experimental Section

7.4.1 General considerations

All manipulations were carried out in dry N»-filled gloveboxes (Vacuum Atmospheres Co.,
Hawthorne, CA, USA) or under an N> atmosphere using standard Schlenk techniques unless

otherwise noted. All solvents were of commercial grade and dried over activated alumina using a
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PPT Glass Contour (Nashua, NH, USA) solvent purification system prior to use, and were stored
over molecular sieves. All chemicals were obtained from major commercial suppliers. Manganese
pentacarbonyl bromide (98%, Strem Chemical Co.) rhenium pentacarbonyl bromide (98%, Strem
Chemical Co.), rhenium pentacarbonyl chloride (98%, Strem Chemical Co.), 2,2 -bipyrimidine
(95%, Sigma Aldrich), and 2,2"-bipyrazine (97%, TCI Chemicals) were used as received.
Re(CO);Cl(bpm),*® [Re(CO);Cl]2(bpm),*® Mn(CO);Br(bpz),”> and Mn(CO);Br(bpm)* were
prepared according to previously reported literature procedures. Deuterated solvents for NMR
studies were purchased from Cambridge Isotope Laboratories (Tewksbury, MA, USA); CD;CN

was dried and stored over 3 A molecular sieves.

"H NMR spectra were collected on 400 MHz Bruker spectrometers (Bruker, Billerica, MA,
USA) and referenced to the residual protio-solvent signal. Infrared spectra were collected on a
PerkinElmer Spectrum 100 Fourier transform infrared spectrometer. Electronic absorption spectra
were collected with an Ocean Optics Flame spectrometer equipped with a DH-Mini light source
(Ocean Optics, Largo, FL, USA) using a quartz cuvette. Experimental high resolution mass
spectrometry data were collected on a LCT Premier mass spectrometer equipped with a
quadrupole, time-of-flight mass analyzer, and an electrospray ion source, or with a PE SCIEX API
365 triple quadrupole spectrometer. Predicted mass spectrometry data were obtained from
PerkinElmer Informatics’ ChemDraw Professional Suite. Continuous-wave electron paramagnetic
resonance spectra were collected at X-band with a Bruker EMX spectrometer using a high-
sensitivity perpendicular-mode cavity (4119HS-W1). Temperature control was achieved with an
Oxford ESR 900 flow-through cryostat. Elemental analyses were performed by Midwest Microlab,

Inc. (Indianapolis, IN, USA).
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7.4.2 X-Ray diffraction procedures

Crystals were mounted on polyimide MiTeGen loops with STP Oil Treatment and placed under
a nitrogen stream. Low temperature (100 K) X-ray data were collected on a Bruker AXS D8
KAPPA diffractometer with an APEX II CCD detector and TRIUMPH graphite monochromator
running at 50 kV and 30 mA with Mo radiation (K, = 0.71073 A) for 1 and on a Bruker AXS D8
VENTURE KAPPA diffractometer with PHOTON 100 CMOS detector and Helios focusing
multilayer mirror optics running at 50 kV and 1 mA using Cu radiation (K, = 1.54178 A) for 5-
syn and 5-anti and using Mo radiation (K, = 0.71073 A) for 2-anti, 3, 4, and 6-syn. Totals of
2374 (1), 2053 (2-anti), 2444 (3), 1206 (4), 1338 (5-syn), 2013 (5-anti), 884 (6-syn), 0.5° or
1.0° -wide @- or ¢-scan frames were collected with counting times of 10-20 seconds (1), 4-30
seconds (2), 1-10 seconds (3), 1-20 seconds (4), 5-60 seconds (5-syn), 1-15 seconds (5-anti), and
2-60 seconds (6-syn). Preliminary lattice constants were obtained with the Bruker Apex2 Software
Suite.®® Integrated reflection intensities for all compounds were produced using SAINT in the
Bruker Apex2 Software Suite. Each data set was corrected empirically for variable absorption
effects with SADABS®’ using equivalent reflections. The Bruker software package SHELXTL
was used to solve each structure using intrinsic direct methods phasing. Final stages of weighted
full-matrix least-squares refinement were conducted using F,? data with SHELXTL®® or the Olex2
software package equipped with XL®. All non-hydrogen atoms were refined anisotropically. All
hydrogen atoms were included into the model at geometrically calculated positions and refined
using a riding model. The isotropic displacement parameters of all hydrogen atoms were fixed to
1.2 times the U value of the atoms they are linked to. The relevant crystallographic and structure

refinement data for all seven structures are given in Table E1.
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7.4.3 Electrochemistry

Electrochemical experiments were carried out in a nitrogen- filled glove box (in the dark for
Mn-containing samples). 0.10 M tetra(n-butylammonium) hexafluorophosphate (Sigma-Aldrich;
electrochemical grade) in acetonitrile served as the supporting electrolyte. Measurements were
made with a Gamry Reference 600 Plus Potentiostat/ Galvanostat using a standard three-electrode
configuration. The working electrode was the basal plane of highly oriented pyrolytic graphite
(HOPG, GraphiteStore.com, Buffalo Grove, Il1.; surface area: 0.09 cm?), the counter electrode was
a platinum wire (Kurt J. Lesker, Jefferson Hills, PA; 99.99%, 0.5 mm diameter), and a silver wire
immersed in electrolyte served as a pseudo-reference electrode (CH Instruments). The reference
was separated from the working solution by a Vycor frit (Bioanalytical Systems, Inc.). Ferrocene
(Sigma Aldrich; twice-sublimed) was added to the electrolyte solution at the conclusion of each
experiment (~1 mM); the midpoint potential of the ferrocenium/ferrocene couple (denoted as
Fc*) served as an external standard for comparison of the recorded potentials. Concentrations of

analyte for cyclic voltammetry were typically 1 mM.

7.4.4 Synthetic procedures

Synthesis of [Mn(CO)3;Br]2(bpm)] (5). In the dark, 2,2 -bipyrimidine (0.0996 g, 0.630 mmol)
was dissolved in toluene (35 mL). Mn(CO)sBr was added (0.3563 g, 1.30 mmol) and the solution
refluxed under N for 4 hours. The solution was then allowed to cool, the precipitate collected by
vacuum filtration, and washed with diethyl ether. The pure solid was then dried under vacuum
before storing in the dark (0.3408 g, 91% yield). '"H NMR (400 MHz, CD;CN) & 9.43 (d, *Jun=
5.5 Hz, 4H), 7.85 (t, *Jun= 5.5 Hz, 2H). Resolved isomer: & 9.46 (d, *Jun= 5.5 Hz, 4H), 7.88 (t,

3Jun= 5.5 Hz, 2H). A comparison of the resolved doublet peaks near & 9.45 ppm revealed that the
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desired product was present in two isomeric forms in the ratio 3.14 to 1. High Resolution ESI-MS
(positive) m/z: expected 555.8497; found 555.8495 (5 — Br + NCMe). Electronic absorption
spectrum (MeCN): 250 (4200), 369 (1600), 510 nm (750 M! cm™). IR (THF): vc=02031 (m), vc-o0
1952 (m), and vc=0 1936 (m) cm!. Anal. Calcd. for Mn2C14HeBraN4Os: C, 28.22; H, 1.01; N, 9.40.

Found: C, 28.00; H, 1.11; N, 9.21.

Synthesis of [Re(CO);Br(bpm)Mn(CO)3Br] (6). 2,2 -bipyrimidine (0.1516 g, 0.959 mmol) was
dissolved in toluene (35 mL). Re(CO)sBr was added (0.3478 g, 0.856 mmol) and the solution
refluxed under N for 22 hours. The solution was then allowed to cool and the resulting precipitate
collected by vacuum filtration and washed with diethyl ether. The pure solid was then dried under
vacuum. In the absence of light, a portion of pure product (0.0996 g, 0.245 mmol) was dissolved
in toluene (35 mL). Then Mn(CO)sBr was added (0.0557 g, 0.203 mmol) and the solution refluxed
under N for 12 hours. The solution was then allowed to cool and the resulting precipitate collected
by vacuum filtration and washed with diethyl ether. The pure solid was then dried under vacuum
before storing in the dark (0.1313g, 89% yield). '"H NMR (400 MHz, CD3CN) § 9.52 (dd, *Jun =
5.6 Hz, “Jun= 1.7 Hz, 2H), 9.27 (dd, *Juu= 5.6 Hz, *Juu= 1.7 Hz, 2H), 7.86 (t,*Jun= 5.6 Hz,
2H) ppm. Resolved isomer: & 9.55 (dd, *Jun= 5.6 Hz, *Jun= 1.7 Hz, 2H), 9.30 (dd, *Juu= 5.6
Hz, “Jun= 1.7 Hz, 2H), 7.89 (t, *Jun= 5.6 Hz, 2H) ppm. A comparison of the resolved doublet
peaks near 6 9.54 ppm revealed that the desired product was present in two isomeric forms in the
ratio 1.80 to 1. High Resolution ESI-MS (positive) m/z: expected: 687.8674; found: 687.8672 (6
— Br~ + NCMe). Electronic absorption spectrum (MeCN): 243 (28000); 365 (5800); 515 nm (2200
M em™). IR (THF): vc=0 2028 (m), vc=o 1951 (m), and vc-o 1935 (m), 1914 (m) cm’!. Anal.

Calcd. for MnReC14HsBraN4Og: C, 23.12; H, 0.83; N, 7.70. Found: C, 23.14; H, 0.85; N, 7.61.
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8.1 Summary and Future Outlook

The results described in Parts I and II of this dissertation characterize the intermediates involved
in catalytic dihydrogen evolution with [Cp*Rh] and carbon monoxide release from [Mn(CO);3]
complexes using synthesis, electrochemistry, single-crystal X-ray diffraction, and time-resolved
spectroscopy. We have utilized model [Cp*Rh] and [Mn(CO)s] complexes which can readily be
supported by a variety of bidentate chelating ligands including ®bpy (R = tBu, H, CF3, or NO,)
derivatives, bpm, daf, and Mexdaf. Electrochemical measurements were used to establish the
formal oxidation states accessible to these systems and have provided insight into redox-induced
follow-up chemical reactivity. Exquisite single-crystal X-ray diffraction measurements performed
by Victor W. Day provided the key bond lengths and angles for many of the synthesized complexes
described in this dissertation. Lastly, we have shown that time-resolved spectroscopic
measurements, including approaches that combine pulse radiolysis, stopped-flow, and transient
absorption techniques are well-suited to mapping the sequential elementary steps that lead to H

evolution or CO release using [Cp*Rh] or [Mn(CO)3;] model systems, respectively.

In Chapter 2, we discussed the widespread adoption of electrochemical measurements in
organometallic chemistry. The availability of these sensitive and robust techniques has been made
possible by the potentiostat. The extensive adoption of the potentiostat in many laboratories has
led to substantial growth in the electrochemical investigation of redox processes in diverse
compounds that are of interest to organometallic chemists. Modern electrochemical materials,
methods, and techniques have assisted in interpreting chemical reactivity that can be promoted at
electrode surfaces. Cyclic voltammetry and controlled potential electrolysis experiments have
provided important insights and continue to provide a window into numerous applications in the

fields of redox chemistry and catalysis. Voltammetry experiments can reveal the reduction
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potential(s) associated with redox events; the exact nature of the products from these redox events
can then be probed with stoichiometric redox reagents in chemical syntheses. The thermodynamic,
kinetic, and mechanistic data provided by the cyclic voltammetric experiment informs design
principles that can be used to generate organometallic complexes and catalysts with tailored
properties. Further, the shapes of redox waves in cyclic voltammetry can provide crucial
information about the nature of electron transfer events and chemical reactions that precede or
follow them, offering insights difficult to obtain with other techniques. This is particularly
important in the field of electrocatalysis, in which the efficiency and selectivity of a given catalyst
can be investigated by coupling electrolysis methods to product analysis. Considering all the useful
opportunities afforded by electrochemical methods, the future of electrochemistry is bright and

will continue to expand to future organic, inorganic, and organometallic systems.

In Chapter 3, we described the synthesis and characterization of a new series of [Cp*Rh]
complexes supported by diazafluorene-type ligands. On the basis of structural, spectroscopic, and
electrochemical evidence, 9,9'-dimethyl-4,5-diazafluorene (Mexdaf) can be concluded to be
capable of stabilizing low-valent complexes through charge delocalization and n-backbonding that
is reminiscent of behavior more commonly encountered with complexes of 2,2'-bipyridyl and its
analogues. In this work, a comprehensive set of solid-state structures from X-ray diffraction
analysis was used to highlight the bond lengths and angles that distinguish diazafluorene
complexes from analogues bearing more common ligands. On the basis of clean electrochemical
behavior for the [Cp*Rh] species supported by Meodaf, a spectrochemical titration was carried out
with Cp,Co that revealed the unique spectroscopic signatures of Rh(III), Rh(II), and Rh(I)
supported by Mexdaf. The charge delocalization implied by the spectroscopic results for

Cp*Rh(Mexdaf) was confirmed by related X-ray diffraction analysis for this compound, which
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showed bond length changes in the intra-Me>daf framework consistent with sharing of electron
density from the formally [Cp*Rh!] core into the LUMO of Me,daf via n-backbonding. From this
work, we can conclude that use of Mexdaf in place of dafone or daf avoids detrimental reactivity
under highly reducing conditions and, thus, Me.daf represents a useful new ligand for use in

reductive chemistry and electrochemistry.

In a similar fashion, in Chapter 6, we described the synthesis, characterization, and
electrochemical properties of the new daf- or Mexdaf-supported complexes Mn(CO);Br(daf),
Mn(CO)3;Br(Mezdaf), and [Ru(Mexdaf);]*" and compared the properties of these compounds to
their bpy-supported analogues Mn(CO)3;Br(bpy) and [Ru(bpy)s;]**. When daf and Me,daf are
bound to Mn or Ru centers, we observed characteristic spectra that confirmed the formation and
symmetry of the desired complexes. In particular, comparisons of bond lengths and geometric
parameters confirm that daf and Mexdaf enforce wider chelate angles and offer weaker c-donation
than bpy. Electrochemical studies of [Ru(Mezdaf)s]** reveal that Me,daf is a non-innocent redox-
active ligand at modestly reducing potentials, and related electrochemical work with
Mn(CO)3Br(daf) and Mn(CO)3;Br(Mexdaf) shows that this ligand-centered reduction behavior is
also accessible in Mn(CO);Br(daf) and Mn(CO);Br(Me,daf), albeit with apparently slower
heterogeneous electron transfer kinetics than those encountered with analogous Mn(CO);Br(bpy).
Taken together, these studies demonstrate daf and Mexdaf could be useful for the preparation of a
variety of new redox-active compounds, building on the significant body of findings for the
workhorse bpy and Rbpy ligands. Future work involving the use of diazafluorene ligands could
examine the use of the redox-active ligand Merdaf in place of bpy in reductive catalytic
applications. This possibility is also supported by the results from Chapter 3, making Mexdaf an

especially attractive target for future developments.
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In Chapter 4, we described the elementary steps leading to dihydrogen evolution using
Cp*Rh(bpy) as a molecular model complex. Using pulse radiolysis (PR), we confirmed a first-
order dependence on [Cp*Rh(L)(bpy)]" during the generation of Cp*Rh(bpy) in MeCN. In prior
work, disproportionation was postulated to lead to the reduction of [Cp*Rh(L)(bpy)]” under
aqueous conditions. However, under our specific conditions here in MeCN solvent, this
disproportionation mechanism does not appear to be operative based on initial rate analysis and
the known molar absorptivity of the final reduced metal-containing product, Cp*Rh(bpy). Instead,
the available data suggest that formate (HCOO~) could serve as a one-electron reductant in our
system, converting [Cp*Rh(L)(bpy)]" to Cp*Rh(bpy). Alternatively, carbon dioxide anion radical
(CO27) could serve as the reducing agent to generate Cp*Rh(bpy), as this species could be present
under the conditions of pulse radiolysis as well. Following reaction of Cp*Rh(bpy) with weak
acid, kinetic and spectroscopic evidence confirmed that the initial site of protonation is the Rh
metal center, leading to formation of [Cp*Rh(H)(bpy)]"; this hydride generation is followed by a

tautomerization step to generate [(Cp*H)Rh(bpy)]".

To provide greater detail regarding these assignments, variable temperature kinetic data were
collected using isotopically labeled acids. The results suggest that NEt;/HNEt;" plays an essential
role as a proton shuttle, facilitating tautomerization of the hydride ligand to form the uncommon
n*-Cp*H moiety. Moreover, we showed that [(Cp*H)Rh(bpy)]" reacts further with stronger acids,
demonstrating that n*-Cp*H is not an off-cycle intermediate, but instead is an active participant in
dihydrogen evolution, contributing to a viable pathway that depends on the strength of the acid.
Our experiments enabled direct quantification of the reaction rates associated with the individual
elementary reduction and protonation steps that lead to dihydrogen evolution. Thus, taken together,

our work provides an unprecedented level of atomistic detail regarding the mechanisms underlying
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both metal-mediated proton-hydride tautomerization as well as catalytic H, evolution with this
system; the data could serve as a springboard for further investigations involving the unique n*-
Cp*H moiety. Future work in this area could explore the linear free energy relationships
underlying individual elementary steps leading to hydrogen evolution using substituted bpy
ligands, as in Cp*Rh(*bpy) (R = OMe, tBu, and CF3). In particular, the linear free energy
relationship underlying the hydride-to-proton tautomerization involved in the formation of the
uncommon n*-Cp*H moiety could provide insight into the role of the diimine ligands in promoting
this reactivity. Such an effort could address the lingering, deeper questions regarding 1) the origin
of the phenomenon of n*-Cp*H formation, and ii) the role of this reaction in enabling Hx evolution

with [Cp*Rh] complexes.

In Chapter 5, we discussed the light sensitivity of Mn(CO)3(*bpy)Br (R = tBu, H, CF3, or NO»)
complexes in the context of CO release and catalytic CO, reduction. Mn(CO)3(*bpy)Br complexes
are stable in the absence of light, which allowed us to extensively characterize them using a variety
of techniques. Transitions in the NMR, IR, and electronic absorption spectra are linearly correlated
with the Brown (c"), Hammett (o), and Kubota () parameters, respectively, providing insight
into how ligand substituents govern electronic properties at the metal center. In the presence of
light, Mn(CO)3(*bpy)Br complexes 1, 2, and 3 decompose via CO loss, with subsequent solvent
coordination in MeCN or other reactions in CHCIl;. Ultrafast TA spectroscopy revealed the
previously unknown five-coordinate and solvento intermediates in the photo-speciation process.
Complex 4 follows a different reaction path that is likely the result of a long-lived triplet MLCT
excited state that does not undergo decay to a dissociative ligand field (d-d) state. The unique
behaviors of 1-4 illustrate how the reactivity and speciation of these complexes can be tuned by

changing the electronic properties of the bidentate diimine ligand. Notably, as only limited
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computational modeling has examined the excited-state electronic structure of
Mn(CO)3Br(diimine) complexes, further experimental work combined with computational
modeling would be useful in providing new insights into the speciation mechanisms operative
during irradiation. Experimental work that may continue in the years ahead will aim to better
further characterize the structure and electronics of the transient species generated upon irradiation
using time-resolved X-ray absorption and IR spectroscopies. Given the ultrafast nature of the
initial CO loss for most of these systems, the [Mn(CO)3] platform is an excellent model for X-ray
free electron laser (XFEL) studies. XFEL work with these systems would provide detailed
structural and electronic information about the earliest species generated following exposure to
light and understanding the properties of these species could form the basis of accessing ground

rules for the design of more light-stable systems.

In Chapter 7, we described the synthesis of two new homo- and hetero-bimetallic complexes,
[Mn(CO)3Br]2(bpm) and [Re(CO)3;Br(bpm)Mn(CO)3Br], which were synthesized as inseparable
mixtures of syn and anti isomers in solution; these compounds displayed characteristic spectra that
confirmed their expected symmetry characteristics. The solid state structures of Re(CO)3;Cl(bpm),
anti-[ {Re(CO3)Cl}2(bpm)], Mn(CO)3Br(bpz) (bpz = 2,2'-bipyrazine), Mn(CO);Br(bpm), syn- and
anti-[ {Mn(CO3)Br}2(bpm)], and syn-[Mn(COs3)Br(bpm)Re(CO);Br]) provided data for
comparison of metrical parameters that differentiate the monometallic and bimetallic complexes.
In particular, the data suggest that an inductive effect arises from incorporation of an additional
tricarbonyl unit in the bimetallic compounds. The inductive effect was confirmed using cyclic
voltammetry; shifts of greater than 380 mV were measured for the initial reductions of the
bimetallic species in comparison to their monometallic analogues. Experimental EPR data and

simulations for one derivative suggest that these initial reductions are ligand centered. Taken
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together, these studies confirm that 2,2'-bipyrimidine is a useful ligand for formation of modular
bimetallic metal tricarbonyl complexes. In future work, these systems could serve as a particularly
useful models for high-energy X-ray scattering and pair distribution function analysis
(HEXS/PDF); these techniques are used to reveal the structure of complexes in homogeneous
solution and can distinguish differences between structures in solution- and the solid state. The
homo- and hetero-bimetallic complexes discussed in Chapter 7, would be particularly useful for
HEXS/PDF due to the presence of two transition metal centers, which would lead to useful
scattering signatures. Additionally, these data in homogenous solution could be readily compared
to the solid state data that is already available. And finally, an attractive further avenue for research
could focus on testing these complexes as potential CO> reduction catalysts. This work could
leverage the potential catalytic benefits of having two metal centers in close proximity during CO:
reduction, a situation that could promote multielectron catalysis by enabling redox load

management across the closely spaced metal centers.

Moving forward, it is becoming clear that renewable resources, such as wind and solar energy,
have the potential to power the world. However, because the wind is not always blowing and the
sun is not always shining, humanity stands before a great challenge: learning how to store energy
from renewable resources—both at fundamental and practical levels. If we are ambitious, we will
continue to confront this problem head-on with basic research aimed at understanding how
molecular reactivity, structure, and function can be leveraged for storage of energy in the form of
chemical bonds. In this dissertation, particular attention was focused on development of such
chemistry with complexes that utilize the third-row transition metal rhodium and the first-row
transition metal manganese. In Chapter 4 of this dissertation, time-resolved spectroscopic

experiments provided a window into fundamental energy storage using Cp*Rh(bpy). Cp*Rh(bpy)
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is an efficient and selective catalyst for H> evolution, and at room temperature we can watch the
elementary reduction and protonation steps involved in this catalysis unfold as Cp*Rh(bpy)
facilitates the coupling of two electrons and two protons to form H,. Unfortunately, Cp*Rh(bpy)
likely does not represent a practical solution for energy storage in the form of Hz, due to a
scalability challenge; the cost of rhodium as well as its overall scarcity would become prohibitive
when considering H» evolution with this system in an industrial setting and at scales large enough
to impact the energy use in society. Thus, future studies of fundamental energy storage should
likely focus on work with Earth-abundant elements, such as first-row transition metals. On the
other hand, noble metals like rhodium are highly recyclable, form complexes with high stability,
and reliably undergo attractive two-electron reactivity; we anticipate that these positive features
will keep rhodium and other less-abundant metals competitive, particularly in the realm of model

chemistry, for many years to come.

Making the general statement, “We should utilize Earth-abundant elements in catalytic
systems,” is straightforward to articulate, but many challenges will need to be addressed to make
this guiding concept a reality. Earth-abundant first-row transition metal complexes tend to be more
reactive and difficult to study than their analogous based on second and third row metals. As an
example, Mn(CO)3;(bpy)Br is a catalyst that utilizes the Earth-abundant metal manganese for the
reduction of CO2 to CO. However, as we discussed in Chapter 5 of this dissertation,
Mn(CO)3(*bpy)Br complexes (where R = tBu, H, CF3, and NO) are inherently sensitive to visible
light; this is a characteristic that is not shared by the analogous third-row transition metal complex
Re(CO)3(bpy)Cl. Thus, as we showed with rhodium in Chapters 3 and 4, third-row transition metal
complexes can be used as valuable model systems to learn more about reactivity that might also

be harnessed in first-row transition metal systems. In Chapter 5, we discussed the photo-driven
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speciation pathway of Mn(CO)s3(bpy)Br complexes (particularly at early times in the pathway) in
an effort to elucidate design principles that could be used to develop more light-stable catalysts in
the future. Moving forward, it seems that we will need to learn to work with abundant transition
metal complexes, harness their reactivity, and generate efficient catalysts that utilize abundant
feedstocks (H2O, N2, O2 COa, etc.). Understanding the inherent reactivity of Earth-abundant metals
will be crucial for the development of large-scale chemical energy storage solutions and these

efforts appear to be essential for securing a clean and sustainable future.
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Figure A3: ’F-NMR spectrum (471 MHz, CD3CN) of 1.
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Figure A4: 'H-NMR spectrum (500 MHz, CD3CN) of 2.

10Tf =
== 8
NP~ a
s O
== ® o — N 0O O
H < ™20 oA x A
— o0 00 I\ IS 0O - 1 3
© TN A N N ~ !
i ™ = - [s) 3 e)] ™M o))
I J JJ

|
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
Chemical Shift (ppm)

_
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Figure A6: ’F-NMR spectrum (471 MHz, CD3CN) of 2.
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Figure A7: '"H-NMR spectrum (500 MHz, CD3CN) of 3.
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Figure A11: ’F-NMR spectrum (376 MHz, CD;CN) of 1-NCMe.
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Figure A14: ’F-NMR spectrum (376 MHz, CD3;CN) of 2-NCMe.
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Figure A17: "F-NMR spectrum (376 MHz, CD3CN) of 3-NCMe
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Figure A26: Experimental and simulated field-dependence study of 2-NCMe. As the strength of
the magnetic field increases, the resonances that arise from the geminal coupling of the
diastereotopic protons become better resolved. The simulated spectra were generated using the
spin simulation functionality within MestReNova. The diastereotopic protons of 2-NCMe were
modeled as an AB spin system, with a coupling constant of 21.2 Hz and the appropriate
spectrometer operating frequency. A slight impurity, denoted by *, is present in the experimental

spectrum.
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Mass Spectra
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Figure A27: ESI-mass spectrum of 1. The experimental data is shown in black and the predicted

data is shown in red. The expected parent peak represents 1 — OTT.
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Figure A28: ESI-mass spectrum of 2. The experimental data is shown in black and the predicted

data is shown in red. The expected parent peak represents 2 — OTT.
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Electronic Absorption Spectra
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Figure A31: Electronic absorption spectrum of 1 in MeCN
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Figure A32: Absorbance vs concentration plot of 1 in MeCN monitored at 382 nm.
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Figure A33: Electronic absorption spectrum of 2 in MeCN.
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Figure A34: Absorbance vs concentration plot of 2 in MeCN monitored at 391 nm.
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Figure A35: Electronic absorption spectrum of 3 in MeCN.
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Figure A36: Absorbance vs concentration plot of 3 in MeCN monitored at 389 nm.

311



Wavelength (eV)

6 5 4 3 25 2 1.5
I 1 I 1 I 1 I

q/)\

o

X 20 F

£

(&)

S

>

=

€

o 10

(@)

(/)]

o)

<

&

(@)

=

200 400 600 800

Wavelength (nm)

Figure A37: Comparison of the electronic absorption spectra of 3 (purple) and Cp*Rh(bpy)
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Electrochemical Data
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Figure A38: Cyclic Voltammetry of 1 (purple) in 0.1 M TBAPFs/MeCN solution. The black

trace is the blank taken prior to the beginning of the experiment.
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Figure A39: Cyclic Voltammetry of 1-NCMe (purple) in 0.1 M TBAPFs/MeCN solution. The

black trace is the blank taken prior to the beginning of the experiment.
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Figure A40: Scan rate dependence studies (left) and peak cathodic current density of the first

electron transfer event as a function of the square root of scan rate (right) for complex 1-NCMae.
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Figure A41: Scan rate dependence studies (left) and peak anodic and cathodic current density of

the second electron transfer event as a function of the square root of scan rate (right) for complex

1-NCMe.
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Figure A42: Cyclic voltammetry of free dafone ligand (purple) in 0.1 M TBAPFs/MeCN
solution. The black dashed line is the blank taken prior to addition of dafone to the

electrochemical cell.
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Figure A43: Cyclic voltammetry of 2 (red) in 0.1 M TBAPFs/MeCN solution. The black dashed

line is the blank taken prior to the beginning of the experiment.
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Figure A44: Cyclic Voltammetry of 2-NCMe (red) in 0.1 M TBAPFs/MeCN solution. The

black dashed line is the blank taken prior to the beginning of the experiment.
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Figure A45: Scan rate dependence studies (left) and peak anodic and cathodic current density of
the first electron transfer event as a function of the square root of scan rate (right) for complex 2-

NCMe.
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Figure A46: Scan rate dependence studies (left) and peak anodic and cathodic current density of

the second electron transfer event as a function of the square root of scan rate (right) for complex

2-NCMe.

321



bt
w
T
!

o

Current Density (mA cm?)
5 &
[e)) w

o
©

Potential (V vs. Fc*'°)

Figure A47: Cyclic Voltammetry of 3 (blue) in 0.1 M TBAPFs/MeCN solution. The black

dotted line is the blank taken prior to the beginning of the experiment.
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Figure A48: Cyclic Voltammetry of 3-NCMe (blue) in 0.1 M TBAPFs/MeCN solution. The

black dashed line is the blank taken prior to the beginning of the experiment.
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Figure A49: Scan rate dependence studies (left) and peak anodic and cathodic current density of

the first electron transfer event as a function of the square root of scan rate (right) for complex 3-

NCMe.
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Figure AS0: Scan rate dependence studies (left) and peak anodic and cathodic current density of

the second electron transfer event as a function of the square root of scan rate (right) for complex

3-NCMe.

325



02 I ' I v ] v I ' I v I ' I
& of
S
(&)
<
£
3,-0.2 B .
R,
C
()
O
S04 .
—
]
O

06 | — — Blank _

' Free Me,daf Ligand
| . | . | s | : | : | : |

-2.5 -2 -1.5 -1 -0.5 0 0.5
Potential (V vs. Fc*’?)
Figure A51: Cyclic Voltammetry of free Mez2daf ligand (blue) in 0.1 M TBAPFs«/MeCN
solution. The black dashed line is the blank taken prior to the beginning of the experiment. The
irreversible reduction and corresponding oxidation are a result of reducing the solvent; these

features are present in both the blank and in the examination of free Mez2daf ligand.
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Electrochemical Chloride Titration
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Figure AS52: Electrochemical chloride titration of 3-NCMe using increasing equivalents of

tetrabutylammonium chloride to generate 3 in 0.1 M TBAPF¢/MeCN solution.
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Spectrochemical Redox Titration
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Figure A53: Spectrochemical redox titration of 3-NCMe (Rh(III)) using increasing equivalents
of cobaltocene in THF. UV-Vis of the generated Rh(II) species starting from 3-NCMe and the
resulting absorbance vs. concentration plot when monitoring at 716 nm. Isosbestic points located

at 349, 320, 246, and 223 nm.
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Figure A54: Zoomed-in look of the visible-region during spectrochemical redox titration of 3-

NCMe to generate a Rh(II) species.
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Figure A55: Continuation of the spectrochemical redox titration of 3-NCMe (Rh(III)) using
increasing equivalents of cobaltocene in THF. UV-Vis of the generated Rh(I) species starting
from the generated Rh(II) species and the resulting absorbance vs. concentration plot monitored

at 534 nm. Isosbestic points located at 660, 320, and 247 nm.
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Figure A56: Zoomed-in look of the visible-region during spectrochemical redox titration of 3-

NCMe to generate a Rh(I) species.
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Electron Paramagnetic Resonance
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Figure AS57: Experimental spectrum (solid-blue): perpendicular-mode, X-band EPR spectrum of
the product of reduction of 3-NCMe with CoCp> (MeCN, 7 K, frequency = 9.641497 GHz,
power = 2 mW). Simulated spectrum (dashed-blue): Easyspin simulation of EPR data;
simulations parameters for component A: gx =2.15, gy =2.03, g, = 1.94, Ax =34 MHz, Ay =72
MHz, A, =20 MHz, HStrain(x) = 141 MHz, HStrain(y) = 43 MHz, HStrain(z) = 125, linewidth
=2.76, weight = 1 ; component B: gy = 2.08, g, = 2.02, g, = 2.00, Ax = 24 MHz, Ay = 14 MHz,
A, = 143 MHz, HStrain(x) = 160 MHz, HStrain(y) = 416 MHz, HStrain(z) = 64 MHz, linewidth

= 0.082, weight = 0.47.
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Crystallographic Information

Refinement Details
X-ray Crystallographic Studies for 1 (q10k), 2 (q84i), 3 (q71j), 1-NCMe (q20k), 2-NCMe
(q21k), 3-NCMe (q54k), 4 (v46f), 2-red (q52k), Bnszdaf (v89e), 1-PFs¢ (v46e), and 3-

NCMEePFs (q89h).

Crystals of 1 (q10k), 2 (q841), 3 (q71j), 1-NCMe (q20k), 2-NCMe (q21k), 3-NCMe (q54k), 4
(v46f), 2-red (q52k), Bnadaf (v89e), 1-PFs (v46e), and 3-NCMePFs (q89h) were mounted with
Paratone N oil in MiTeGen nylon loops and placed in a cold nitrogen stream on a Bruker
Proteum diffractometer equipped with two CCD detectors (Apex2 and Platinum 135) sharing a
common MicroStar microfocus Cu rotating anode generator running at 45 mA and 60 kV (Cu Ka
= 1.54178 A). Complete sets of low temperature (200 K) X-ray diffraction data were obtained
for all eleven compounds using monochromated Cu radiation with the Apex II detector (1, 2, 3,
1-NCMe, 2-NCMe, 3-NCMe, 2-red, and 3-NCMePF) positioned at 50.0 mm and equipped
with Helios multilayer mirror optics or the Platinum 135 detector (4, Bnsdaf, 1-PFs) positioned
at 80.0 mm and equipped with Helios high-brilliance multilayer mirror optics. Totals of 3930 (1),
1700 (2), 1638 (3), 3874 (1-NCMe), 4429 (2-NCMe), 2292 (3-NCMe), 1972 (4), 2191 (2-red),
1662 (Bnzdaf), 2091 (1-PFs), and 2782 (3-NCMePFs) 1.0°-wide ®- or ¢-scan frames were
collected with counting times of 4-6 seconds (1, 2, 3, 1-NCMe, 2-NCMe and 1-PFs), 5-8
seconds (3-NCMe), 12-60 seconds (4), 10-30 seconds (2-red), 8-12 seconds (Bnsdaf), and 10-60
seconds (3-NCMePF).

Preliminary lattice constants for all crystals were obtained with SMART in the Bruker Apex2

Software Suite.! Integrated reflection intensities for all eleven crystals were produced using
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SAINT in the Bruker Apex2 Software Suite.! Data sets were corrected for variable absorption
effects with SADABS.? Numerical face-indexed absorption corrections were used for 1-NCMe
(q20k) and 2-NCMe (q21k). The remaining data sets were corrected empirically using
equivalent reflections. The Bruker software package SHELXTL? was used to generate the initial
instruction file; then OLEX2* was used to solve each structure using intrinsic phasing. Final
stages of weighted full-matrix least-squares refinement were conducted using Fo? data with
SHELXTL? or the OLEX2* software package equipped with XL.* The relevant crystallographic
and structure refinement data for all eleven structures are given in Table S1. The final structural
model for each structure incorporated anisotropic thermal parameters for all full-occupancy
nonhydrogen atoms. Isotropic thermal parameters were used for all included hydrogen atoms.
Unless stated otherwise for a specific structure, non-methyl hydrogen atoms were fixed at
idealized riding model sp?- or sp*-hybridized positions with C—H bond lengths of 0.95 — 0.99 A.
Methyl groups for the Cp* ligands, ordered acetonitrile moieties and Meydaf ligands were
incorporated into the structural model as idealized sp>-hybridized riding model rigid rotors with
C-H bond lengths of 0.98 A that were allowed to rotate about their C—C bonds in least-squares
refinement cycles. Whenever possible, methylene hydrogen atoms for diazafluorene ligands were
located from difference Fouriers and initially included in the structural model as independent

isotropic atoms whose parameters were allowed to vary in least-squares refinement cycles.
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Table Al: Crystal Refinement Data.

1 (q10K) 2 (q84i) 3 (q71j)
CCDC accession code 2038432 2038434 2038439
Empirical formula CxHnCIFsN20RhS CyHxCIFsN20sRhS CHxCIF3sN203RhS
Formula weight 604.83 590.84 618.89
Temperature 200K 200K 200K
‘Wavelength 1.54178 A 1.54178 A 1.54178 A
Crystal system triclinic orthorhombic orthorhombic

Space group
a

b

[

Y

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Number of data frames/time
2-Theta range

Index ranges

Reflections collected
Independent reflections
Completeness/Bmax,
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of fit on F2

Final R indices [I>20(T)]

R indices (all data)

Largest diff. peak and hole

P-1-Ci! (No. 2)
8.1461(3) A
16.4108(5) A
18.4277(5) A
73.257(1)°
80.324(1)°
80.447(1)°
2358.84(13) A3

4

1.703 g/em’

8.234 mm-!

1216

0.105 x 0.09 * 0,055 mm?
3930 / 4-6 seconds

5.008 to 140.51°

9<h<8,-19<k=<19,-21<1<22

30235

8270 [Rin = 0.044]

96.0% / 66.00°

Multi-Scan

1.000 and 0.636

Full-matrix least-squares on F?
8270/0/642

1.052

Ri=0.049, wR>=0.124
Ri=0.050, wR>=0.126

1.49 and -1.47 e/ A3

P212121— D2* (No.19)
8.1232(9) A
12.6604(15) A
22.685(3) A

90°

90°

90°

2333.0(5) A3

4

1.682 g/em?

8.273 mmr!

1192

0.15 = 0.14 x 0.135 mm?
1700/ 4-6 seconds
7.794 to 139.47°
9<h<9,-14<k<11,-25<1<27
15077

4067 [Rix= 0.039]
99.5% / 66.00°
Multi-Scan

1.000 and 0.742
Full-matrix least-squares on F2
4067/0/305

1.164

Ri=0.035, wR2=0.073
Ri=0.035, wR2=0.073

1.78 and -0.92 e/ A}

P212121— Do* (No.19)
8.0252(2) A

13.7687(3) A
23.2386(6) A

907

907

907

2567.79(11) A3

4

1.601 g/em?

7.545 mm-!

1256

0.2 % 0.18 % 0.14 mm?
1638 / 4-6 seconds
7.462 to 140.46°
9<h<9 -16<k<15-17<1<27
10490

4264 [Rixt = 0.046]
99.8% / 66.00°
Multi-Scan

1.000 and 0.452
Full-matrix least-squares on F2
4264/0/324

1.100

Ri1=0.039, wR2=0.099
Ri1=0.039, wR2=10.100

1.41 and -1.43 e/ A3
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1-NCMe (q20Kk)

2-NCMe (q21k)

3-NCMe (q54K)

CCDC accession code
Empirical formula
Formula weight
Temperature
‘Wavelength

Crystal system

Space group

a

b

f

T

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Number of data frames/time
2-Theta range

Index ranges

Reflections collected
Independent reflections
Completeness/@myax,
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of fit on F2

Final R indices [I=26(1)]

R indices (all data)

Largest diff. peak and hole

2038431
CaH2FsN3:O7RhS:2
759.50

200K

1.54178 A
triclinic

P-1- Cil(No.2)
8.6396(3) A
13.2145(4) A
13.9275(4) A
91.267(1)°
104.718(1)°
106.629(1)°
1465.85(8) A?

5

1.721 g/om?

6.841 mnr!

764

0.11 % 0.08 = 0.07 mm?
3874 / 4-6 seconds

6.60 to 140.13°

-l0£h<10,-13<k<16,-16 1=
16

18471

5138 [Ru= 0.047]

96.0% / 66.00°

Numerical face-indexed

1.000 and 0.598

Full-matrix least-squares on F2
5138/0/403

1.125

Ri=0.042, wRx=0.105
Ri1=0.042, wRx=0.106

1.60 and -0.88 e/ A3

2038438
Ca7HeFsN4OsRhS:
786.57

200K

1.54178 A
triclinic

P-1- Ci! (No. 2)
14.1667(6) A
14.3906(6) A
18.5208(7) A
112.197(2)°
107.740(2)°
95.324(2)°
3235.9(2) A3

4

1.615 glem?

6.204 mm!

1592

0.26 * 0.138 x 0.04 mm?
4429 / 4-6 seconds

5.54 to 140.43°

-17£h<16,-16 2k =17,-22<1<
22

45238

11367 [Rax= 0.052]

96.1% / 66.00°

Numerical face-indexed

1.000 and 0.174

Full-matrix least-squares on F2
11367/4/843

1.042

Ri=0.051, wRx=0.135
Ri=0.055, wRx=10.142

1.62 and -1.21 e/ A3

2038440

CasH31 5F6N3 s06RIS2
794.10

200K

1.54178 A
monoclinic

P21/n— Cx’ (No .14)
0.2085(4) A
28.4503(13) A
26.0122(12) A

90°

99.981(3)°

90°

6777.3(5) A3

8

1.557 gfom?

5.925 mm!

3224

0.21 x 0.02 x 0.02 mm?
2292/ 5-8 seconds

3.11 to 140.83°

-l1<€h<11,-33<k<209,-23<1<
31

49617

12671 [Ruxt = 0.085]

99.9%, 66.00°

Multi-Scan

1.000 amd 0.636

Full-matrix least-squares on F2
12671/0/845

1.068

R1=10.086, wR2=0.227
R1=10.091, wR2=0.234

2.25and -1.85 e/ A3
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4 (v461) 2-red (q52K) Bnsdaf (v8%€)
CCDC accession code 2038437 2038435 2038430
Empirical formula C2Ha/N2Rh CyH3oNgNay C3Ha/BrN2
Formula weight 434.37 716.74 519.46
Temperature 200K 200K 200K
‘Wavelength 1.54178 A 1.54178 A 1.54178 A
Crystal system Monoclinic Monoclinic Monoclinic
Space group P2i/c — Ca’ (No. 14) P2i/n— Can® (No .14) P2i/n— Can® (No .14)
a 8.8025(5) A 14.4691(9) A 9.6389(4) A
b 22.5873(11) A 15.3457(9) A 11.8332(5) A
c 10.8088(6) A 16.7761(10) A 22.4161(10) A
'} 90° 90° 90°
B 112.828(2)° 109.262(5)° 90.890(2)°
¥ 90° 90° 90°
Volume 1980.73(19) A3 3516.4(4) A3 2556.45(19) A3
z 4 4 4
Density (calculated) 1.457 g/em? 1.354 g/om? 1.350 g/om?
Absorption coefficient 7.014 mm! 0.869 mm! 2.353 mm!
F(000) 896 1488 1072
Crystal size 0.1 % 0.065 x 0.04 mm? 0.03 % 0.02 x 0.02 mm? 0.175 =% 0.11 % 0.025 mm?

Number of data frames/time
2-Theta range

Index ranges

Reflections collected
Independent reflections
Completeness/@max,
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I=20(T)]

R indices (all data)

Largest diff. peak and hole

1972/ 12-60 seconds

7.83 to 136.88°

-10<h<10,-26<k=22,-12<1<

12

10660

3427 [Rux = 0.036]

97.0% / 66.00°

Multi-Scan

1.000 and 0.859

Full-matrix least-squares on F2
3427/0/242

1.064

Ri1=10.026, wR2=0.067
Ri1=0.029, wRa = 0.069

0.35 and -0.47 e/ A3

2191/ 10-30 seconds

7.01 to 140.57°

-17<h<17,-18<k<13,-18<1<

19

26048

6488 [Rux = 0.090]
99.5% / 66.00°
Multi-Scan

1.000 and 0.766
Full-matrix least-squares on F2
6488/0/607

1.022

Ri1=10.055, wR2=0.129
Ri1=0.094, wR2=0.152

0.17 and -0.20 e+/ A3

1662 / 8-12 seconds

7.89to 136.32°

-l <h<10,-12<k < 14,-23 <] <

26

11575

4503 [Rax= 0.030]
98.5% / 66.00°
Multi-Scan

1.000 and 0.793
Full-matrix least-squares on F2
4503/1/408

1.055

Ri=0.038, wR2=0.096
Ri=0.045, wR>=0.101

0.57 and -0.27 e/ A3
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1-PFs (v46e)

3-NCMePFs (q89h)

CCDC accession code
Empirical formula
Formula weight
Temperature
‘Wavelength

Crystal system

Space group

a

b

B

T

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Number of data frames/time
2-Theta range

Index ranges

Reflections collected
Independent reflections
Completeness/Omax,
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>20(I)]

R indices (all data)

Largest diff. peak and hole

2038436
C2sHuClFeN3O1.5PRh
046.760

200K

154178 A

monoclinic

P2i/m— Cax? (No. 11)
8.8528(3) A
12.6964(5) A
11.7024(4) A

90°

102.3654(9)°

90°

1284.82(8) A3

5

1.672 glem?

7.544 mm-!

646

0.165 * 0.14 * 0.065 mm?3
2091 / 4-6 seconds

7.73 to 136.54°

-10<h<8,-15<k<10,-13<]=

12

7249

2361 [Rint = 0.035]

97.9% / 66.00°

Multi-Scan

1.000 and 0.630

Full-matrix least-squares on F?
2361/0/188

1.073

R1=0.041, wWR2=0.107
R1=0.041, wR2=0.107

0.76 and -0.98 e/ A3

2038433
C2sH3sF12N30P2Rh
828.37

200K

154178 A
monoclinic

C2/c— Cxf (No. 15)
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Special Refinement Details for 1
No special refinement was required.

Solid-State Structure of 1

Figure AS58: Solid-state structure for the first crystallographically-independent monocation of
salt 1. The second monocation of 1, hydrogen atoms and the respective outer sphere triflate
counteranions are omitted for clarity. Displacement ellipsoids are shown at the 50% probability

level.
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Full Solid-State Structure of 1

Figure A59: Full solid-state structure of the asymmetric unit for salt 1. Hydrogen atoms are

omitted for clarity. Displacement ellipsoids are shown at the 50% probability level.
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Special Refinement Details for 2
Complex 2 crystallizes in the orthorhombic space group P2;2;2; and the structure was refined as

a two-component 97/3 inversion twin.
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Solid-State Structure of 2

Figure A60: Solid-state structure for the monocation of salt 2. The outer sphere triflate
counteranion is omitted for clarity. Hydrogen atoms except for HI 1A and H11B are omitted for

clarity. Displacement ellipsoids are shown at the 50% probability level.
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Full Solid-State Structure of 2

Figure A61: Solid-state structure for the asymmetric unit of salt 2. Hydrogen atoms, except for
HI1A and H11B, are omitted for clarity. Displacement ellipsoids are shown at the 50%

probability level.
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Special Refinement Details for 3
Complex 3 crystallizes in the orthorhombic space group P2;2;2; and the structure was refined as

a two-component 91/9 inversion twin.
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Solid-State Structure of 3

Figure A62: Solid-state structure for the monocation of salt 3. The outer sphere triflate
counteranion and all hydrogen atoms are omitted for clarity. Displacement ellipsoids are shown

at the 50% probability level.
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Full Solid-State Structure of 3

Figure A63: Full solid-state structure for the asymmetric unit of salt 3. Hydrogen atoms are

omitted for clarity. Displacement ellipsoids are shown at the 50% probability level.
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Special Refinement Details for 1-NCMe
No special refinement was required.

Solid-State Structure of 1-NCMe

Figure A64: Solid-state structure for the dication in the asymmetric unit of salt 1-NCMe.
Hydrogen atoms and the outer sphere triflate counteranions are omitted for clarity. Displacement

ellipsoids are shown at the 50% probability level.
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Full Solid-State Structure of 1-NCMe

Figure A65: Full solid-state structure of the asymmetric unit for 1-NCMe. Hydrogen atoms are

omitted for clarity. Displacement ellipsoids are shown at the 50% probability level.
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Special Refinement Details for 2-NCMe
No special refinement was required.

Solid-State Structure of 2-NCMe

Figure A66: Solid-state structure for the first crystallographically-independent monocation in
the asymmetric unit of salt 2-NCMe. The second monocation of 2-NCMae, their corresponding
outer sphere triflate counteranions, and two co-crystallized acetonitrile molecules are omitted for
clarity. Hydrogen atoms, except for HI1A and H11B, are omitted for clarity. Displacement

ellipsoids are shown at the 50% probability level.
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Full Solid-State Structure of 2-NCMe

Figure A67: Solid-state structure of asymmetric unit for 2-NCMe. Hydrogen atoms, except for
HI1A, H11B, H11C and H11D, are omitted for clarity. Displacement ellipsoids are shown at the

50% probability level.
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Special Refinement Details for 3-NCMe
Salt 3-NCMe crystallizes in the monoclinic space group P21/n and the crystal was refined as a

86/14 two-component twin.
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Solid-State Structure of 3-NCMe

= —

Figure A68: Solid-state structure for the first crystallographically-independent dication in the
asymmetric unit of salt 3-NCMe. The second dication of 3-NCMe, the outer sphere triflate
counteranions, a co-crystallized acetonitrile solvent molecule, and all hydrogen atoms are

omitted for clarity. Displacement ellipsoids are shown at the 50% probability level.
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Full Solid-State Structure of 3-NCMe

Figure A69: Full solid-state structure of the asymmetric unit for 3-NCMe. Hydrogen atoms are

omitted for clarity. Displacement ellipsoids are shown at the 50% probability level.
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Special Refinement Details for 4
No special refinement was required.

Full Solid-State Structure of 4

Figure A70: Full solid-state structure of the asymmetric unit for 4. Hydrogen atoms are omitted

for clarity. Displacement ellipsoids are shown at the 50% probability level.
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Special Refinement Details for 2-red
All hydrogen atoms were located from a difference Fourier and included in the structural model

as isotropic atoms whose parameters were allowed to vary in least-squares refinement cycles.
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Synthesis and Isolation Details for 2-red

Reduction of a THF solution containing 2-NCMe using 10 equiv. of 1% Na(Hg) results in a
distinct color change from yellow to dark red. After 24 h, the solution was pumped down to
dryness. The product complex could be extracted into THF; removal of the THF solvent enabled
isolation of the material as a dark red solid. Crystals suitable for X-ray diffraction were obtained
by vapor diffusion of pentane into a concentrated THF solution of the complex.

Thus, a product of reduction of 2-NCMe characterized here, as observed by crystallography,
is a five-coordinate dimeric structure (denoted as 2-red) containing two sodium cations, two 4,5-
diazafluorenide ligands, and two 4,5-diazafluorene ligands. This unusual structure has previously
been obtained by Song and co-workers; in their work, deprotonation of daf could be
accomplished with sodium hydride.” In our work, the structure of 2-red highlights the off-target
chemical reactivity induced by the reactive methylene protons of daf under reducing conditions.

The structure for 2-red (q52k) reported here is quite comparable to the previous

% even though the previous crystal was 320 times

determination from Song and co-workers™
larger (0.20 x 0.16 x 0.12 mm?) than the one used in the present study (0.03 x 0.02 x 0.02 mm?).

The similar final quality of the structures is attributable to the collection of data for q52k with an

instrument featuring a Cu rotating anode generator equipped with optical mirrors.
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Full Solid-State Structure of 2-red

Figure A71: Solid-state structure of the asymmetric unit for complex 2-red. Hydrogen atoms,
except for HI11, H22A, H22B, H33, H44A, and H44B, are omitted for clarity. Displacement

ellipsoids are shown at the 50% probability level.
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Special Refinement Details for Bnidaf

All hydrogen atoms were located in a difference Fourier and initially refined as independent
isotropic atoms in least-squares refinement cycles. Hydrogen atoms H17, H29, H31 and H32
were placed at idealized positions in the final refinement cycles with isotropic thermal
parameters fixed at 1.2 times the equivalent isotropic thermal parameter of the carbon atom to

which they are covalently bonded.
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Full Solid-State Structure of Bnzdaf

Figure A72: Full solid-state structure of the Bmnidaf asymmetric unit. Hydrogen atoms are

omitted for clarity. Displacement ellipsoids are shown at the 50% probability level.
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Special Refinement Details for 1-PFs

Electron density corresponding to disordered solvent was modeled with an acetonitrile/water pair
(N1S, CIS and C2S with O1WA at the mirror-related C2S position) being present in the
asymmetric unit with occupancy factors of 0.25 and an additional single acetonitrile molecule
(with the central C1S’ carbon in the mirror plane at 0.75) also being included with occupancy
factors of 0.25. This yielded a normal full occupancy of 0.50 for the mirror plane site jointly

occupied by N1S and C1S'".
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Solid-State Structure of 1-PFe.

Figure A73: Solid-state structure of the monocation included in two asymmetric units for 1-PFe.
The monocation utilizes a crystallographic mirror plane at y = 0.75 which contains Rh, Cl, Ol,
Cl1, C4, H4A and C16. Disordered acetonitrile and water solvent molecules of crystallization,
hydrogen atoms and the outer sphere hexafluorophosphate counteranion are omitted for clarity.

Displacement ellipsoids are shown at the 50% probability level.
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Full-Solid State Structure of 1-PFs

Figure A74: Full solid-state structure of two asymmetric units for 1-PFes. Hydrogen atoms are
omitted for clarity. Displacement ellipsoids are shown at the 50 % probability level. Electron
density corresponding to disordered solvent was modeled with an acetonitrile/water pair (N1S,
CI1S and C2S with O1WA) being present in the asymmetric unit part of the time and a second
single acetonitrile molecule (N1SA-C1S'—C2S’ with the central C1S’ carbon in the mirror plane
at 0.75) being present part of the time. O1WA and N1SA are symmetry-equivalent (related by
the mirror plane at y = 0.75) OIW and N1S’ atoms, respectively. N1S and C1S’ have the same

coordinates in the coordinate file as do the C2S and O1W pair. N/methyl orientational disorder
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for the second acetonitrile is taken into account by having N1S’ and C2S’ occupy the same site as
carbon atom C1S for the first acetonitrile shown in this Figure. The P, F1 and F3 atoms of the
anion and the N1S/C1S’ atoms of the solvent lie in the crystallographic mirror plane at y = 0.75
along with the Rh, Cl, Ol, C1, C4, H4A and C16 atoms of the monocation. The C1SA atom

shown as a dashed sphere is not present for this acetonitrile/water pair.
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Solvent Disorder in Solid-State Structure of 1-PFs

(a) ors N1S

— O1WA

S
T O

( b) o8 h NISA
N

O Y

Figure A7S5: Electron density corresponding to disordered solvent was modeled with an
acetonitrile/water pair (N1S, C1S and C2S with O1WA) being present in the asymmetric unit
part of the time and a second single acetonitrile molecule (N1SA-C1S'-C2S’ with the central
C1S’ carbon in the mirror plane at 0.75) being present part of the time. O1WA and N1SA are
symmetry-equivalent (related by the mirror plane at y = 0.75) O1W and NI1S' atoms,
respectively. N1S and C1S’ are both in the mirror plane at y = 0.75 and have the same
coordinates in the coordinate file. C2S and O1W also jointly occupy another single site.
N/methyl orientational disorder for the second acetonitrile is taken into account by having N1S’
and C2S’ both occupy the same site as carbon atom CI1S for the first acetonitrile. Since each of
these individual atoms (N1S, CIS, C2S, O1W, NIS', C1S’ and C2S’) are included in the
structural model with an occupancy of 0.25, the total combined occupancies for the three unique
positions are: 0.50, N1S; 0.75, C18S; and 0.50, C2S. The normal value for full occupancy at the
N1S position is also 0.50 and the other two (C1S and C2S) are 1.00. Interestingly, there appears
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to be a 2.669 A O1WA---NIS hydrogen bonding interaction (panel (a)) and the symmetry-
imposed 166° bond angle for the second acetonitrile ( panel (b)) reassuringly deviates only
slightly from the expected linear value. Additional modeling is also possible for the solvent

peaks that only involves the presence of water.

365



Special Refinement Details for 3ANCMePFs
The diethyl ether solvent molecule appears to have partially left the lattice and was included in

the structural model with an occupancy factor of 0.85.
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Solid-State Structure of 3NCMePFs

Figure A76: Solid-state structure for the dication present in the asymmetric unit of salt
3NCMePFs. A diethyl ether solvent molecule, outer sphere hexafluorophosphate counteranions
and hydrogen atoms are omitted for clarity. Displacement ellipsoids are shown at the 50%

probability level.
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Full Solid-State Structure of 3NCMePFs

Figure A77: Solid-state structure of the asymmetric unit for 3SNCMePFs. Hydrogen atoms are

omitted for clarity. Displacement ellipsoids are shown at the 50% probability level.
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Table A2: Selected bond lengths and angles in complexes 1, 1-PFs, 3-NCMe, and 3-
NCMePFe.
Compound Rh-N1 Rh-N2 Rh-L dec? Rh-Cp*cent £ N-Rh-N £ Cp*cen—Rh-N*¢
A) A) A) A) A) © V)
1° 2202(3),  2.1993),  2.399(1),  1.445(5), 1.765, 80.4(1), 150.9,
2.197(3)  2.197(3)  2.402(1)  1.438(5) 1.764 80.2(1) 151.5
1-PFs 2.193(3)  2.193(3)  2.3955(11)  1.448(8) 1.765 79.7(2) 147.4
3-NCMe*® | 2.190(6),  2.188(7),  2.102(7),  1.434(11),  1.768, 81.2(2), 150.9,
2204(6)  2.191(6)  2.088(7)  1.445(10)  1.767 80.6(2) 147.2
3-NCMePFs | 2.187(8)  2.156(8)  2.112(12)  1.428(16)  1.774 79.6(3) 146.9

“Values for the independent molecules in the asymmetric unit cell are listed.

bRefers to the bond between the two central carbons interconnecting the two pyridyl-like rings.

“ Defined as the angle between the Cp* centroid, Rh center, and centroid of N1 and N2.
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Full Synthetic Procedures for Preparation of dafone, daf, and Me:daf

Synthesis of 4,5-diazafluorene-9-one (dafone)

1. KOH
2. KMnO, =N_  Ns=
>
H>0; reflux, 3 hr. N\ ] \ /
O

To a 3-neck round bottom flask equipped with a rubber septum, a reflux condenser, a glass
stopper, and a stir bar was added 1,10-phenantrholine (phen, 10.0 g, 55.5 mmol), potassium
hydroxide (KOH, 10.2 g, 181.5 mol), and water (625 mL). This solution was heated to reflux.
Next, to a separate 3-neck round bottom flask equipped with an air inlet, a glass stopper, a rubber
septum, and a stir bar was added potassium permanganate (25.5 g, 161.5 mmol) and water (375
mL). This mixture was heated to just below reflux. The hot permanganate solution was then
transferred via cannula to the phen solution in a dropwise fashion over the course of an hour. The
resulting mixture was then allowed to reflux for 3 hours. The initial emerald-green solution
(attributable to the generation of the active oxidant, manganate) quickly subsides to a brown
suspension with hints of orange. Upon completion, the solution was filtered hot into a medium
porosity frit to remove the brown manganese dioxide solid. The resulting red-orange filtrate was
then exhaustively extracted with chloroform, dried with magnesium sulfate, and filtered. The
solvent was then removed under reduced pressure to obtain the crude material (a mixture of
dafone and phen). The crude material may be purified by recrystallization from acetone,
followed by washing with pentane, or by silica gel column chromatography (gravity) using ethyl
acetate as the eluent. Attempts to purify the crude material by sublimation or by using a short
silica column were not successful. The product was obtained as a pale-yellow solid. Yield: 3.77 g

(40%). '"H NMR (400 MHz, CD3CN): & = 8.76 (dd, 2H, *Jiuu = 5.0 Hz, *Ju_n= 1.6 Hz), 8.00 (dd,
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2H, 3Jun = 7.6 Hz, “Jun = 1.6 Hz), 7.42 ppm (dd, 2H, 3Jun = 7.6 Hz, *Jun = 5.0 Hz). This

method is based on the original reported in reference S7.
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Figure A78: 'H-NMR spectrum (400 MHz, CDs;CN) of dafone. Signals for water (*) and

acetone (#) are present.
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Synthesis of 4,5-diazafluorene (daf)

=N N= NH,NH,*H,O

N\ [\ J diethylene glycol; 170 °C

O

To a 3-neck round bottom flask equipped with a glass stopper, a reflux condenser connected to a
bubbler, a rubber septum, and a stir bar was added dafone (3.85 g, 21.1 mmol) and diethylene
glycol (35 mL). The flask was then purged with N> for 20 minutes to exclude oxygen from the
reaction vessel. Hydrazine hydrate (5.7 mL, 117.5 mmol) was then added dropwise over the
course of 5 min. Due to the potentially explosive nature of hydrazine, a blast shield was installed,
and the reaction flask was brought to 170°C and allowed to stir for 3 hours. Upon completion,
the reaction mixture was extracted with dichloromethane, dried with magnesium sulfate, and
filtered. The solvent was then removed under reduced pressure to obtain an oil. The oil was then
dissolved in dichloromethane and run through a short neutral alumina column. The volume of the
resulting eluent was then concentrated under reduced pressure. Addition of pentane to the
resulting oily residue resulted in the precipitation of the desired product as an off-white-to-
colorless solid. In some instances, an extra extraction step involving the addition of water,
followed by extraction with dichloromethane was needed to obtain pure product. Yield: 2.82 g
(79%). '"H NMR (400 MHz, CDsCN): & = 8.67 (d, 2H, *Juu = 4.8 Hz), 7.99 (d, 2H, *Jun= 7.6
Hz), 7.36 (dd, 2H, *Jun= 7.6 Hz, *Jun= 4.8 Hz), 3.91 ppm (s, 2H). This method is based on the

original reported in reference S7.
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Figure A79: 'H-NMR spectrum (400 MHz, CD3CN) of daf. Signals for water (*) and acetone

(#) are present.
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Synthesis of 9,9'-dimethyl-4,5-diazafluorene (Me:xdaf)

1. 1.4 equiv. KO'Bu
2. 1.5 equiv. CH3l
3. 1.6 equiv. KO'Bu
4.1.7 equiv. CHsl

> /
THF; -10°C N\

To a flame-dried Schlenk flask equipped with a stir bar was added daf (1.0014 g, 5.95 mmol)
under an N, atmosphere. Dry THF (30 mL) was then cannula transferred into the Schlenk flask
while maintaining the N> atmosphere and the solution was cooled to —10 °C (ice/acetone).
Meanwhile, potassium tert-butoxide was dissolved in dry THF and taken up into two syringes
inside an inert-atmosphere glovebox. Next, sequential additions of potassium tert-butoxide and
methyl iodide were performed. Potassium tert-butoxide (0.9376 g, 8.36 mmol) was added
dropwise over 5 min, resulting in a brilliant purple red solution that was allowed to stir for 30
min. Next, methyl iodide (1.2676 g, 8.93 mmol) was added. Over time, the purple-red color
faded, and the solution was allowed to stir for 1 hr. Then, potassium tert-butoxide (1.0600 g, 9.45
mmol) was again added dropwise over 5 min. and allowed to stir for 30 min. Finally, methyl
iodide (1.4366 g, 10.12 mmol) was added again, and the solution was allowed to stir for 1 hr.
The resulting solution was then pumped down to dryness. The resulting dark brown solid was
extracted with dichloromethane/water and placed into a separatory funnel containing water. The
aqueous solution was then extracted with dichloromethane two more times. The resulting
extracts were combined, and the solvent was removed under reduced pressure. The resulting
solid was finally dissolved in a minimal amount of dichloromethane; addition of pentane resulted

in precipitation of the desired product as a beige solid. Yield: 0.57 g (49%). 'H NMR (400 MHz,
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CDsCN): & = 8.63 (dd, 2H, *Jirx = 4.8 Hz, “Jiun= 1.5 Hz), 7.95 (dd, 2H, *Jiwx = 7.7 Hz, “Jipss =
1.5 Hz), 7.36 (dd, 2H, *Juu= 7.7 Hz, *Jun= 4.8 Hz), 1.52 ppm (s, 6H). This method is based on

the original reported in reference S8.
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Figure A80: 'H-NMR spectrum (400 MHz, CD3CN) of Mezdaf. Signal for water (*) is present.
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Materials and Methods

All manipulations were carried out in dry N»-filled gloveboxes (Vacuum Atmospheres Co.,
Hawthorne, CA, USA) or under an N> atmosphere using standard Schlenk techniques unless
otherwise noted. All solvents were of commercial grade and dried over activated alumina using a
PPT Glass Contour (Nashua, NH, USA) solvent purification system prior to use, and were stored
over molecular sieves in an N»-filled glovebox. All chemicals were obtained from major
commercial suppliers and used as received after extensive drying unless otherwise noted. Rhodium
chloride hydrate (Pressure Chemical Co.), 1,2,3,4,5-pentamethylcyclopentadiene (93%; TCI),
trifluoromethane sulfonic acid (>99%; Sigma Aldrich), deuterated trifluoromethane sulfonic acid
(98 atom % D; Sigma Aldrich), and tetrafluoroboric acid (48% w/w; Alfa Aesar) were all used as
received. 2,2"-bipyridyl (98%; Alfa Aesar) was purified by sublimation before use. Aniline
(99.5%; Acros) and triethylamine (98%; J.T. Baker) were each dried and distilled from potassium
hydroxide prior to use. [Cp*RhCL]> (},%), [Cp*Rh(OH)(bpy)]SO4 (°), [Cp*Rh(bpy)] (), [(n*-
Cp*H)Rh(bpy)]* (%), triethylammonium triflate (°), deuterated triethylammonium triflate (7),
triethylammonium tetrafluoroborate (), anilinium triflate (°), and dimethylformamidinium triflate
('%) were prepared according to literature methods and dried extensively at 1 mTorr (133 mPa) for

24 hours using standard Schlenk techniques before being brought into a dry N»-filled glovebox.

Deuterated solvents for NMR and deuterium enrichment were purchased from Cambridge
Isotope Laboratories (Tewksbury, MA, USA); CD;CN was dried with CaH; and stored over
molecular sieves, CsDs was dried over sodium/benzophenone, and MeOD was used as received.
"H-NMR spectra were collected with a 400 MHz Bruker spectrometer and referenced to the

residual protio-solvent signal ('!) to support the generation of pure material (see Appendix B,
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Figures B1-B13). IR spectra were collected using a Shimadzu IR Spirit Fourier Transform Infrared
Spectrometer in transmission mode using a high throughput diamond QATR-S single reflection
attenuated total reflectance attachment at an incident angle of 45 degrees to support the generation

of pure material (see SI, Figures B14-B18).

Pulse Radiolysis. Samples for PR were prepared in a dry N»-filled glovebox and transferred to the
instrument air-free in Hamilton air-tight syringes. Before initiating the experiment, the samples
were rapidly mixed anaerobically and delivered directly to the PR cell using New Era syringe
pumps (NE-100). Following 2-3 seconds of mixing, samples were immediately irradiated using
the Brookhaven National Laboratory 2 MeV van de Graaf accelerator using electron pulses (pulse
width of 40-500 ns) that led to irradiation doses of 200-800 rad (ca. 0.5-2.5 uM primary radicals)
generated in solution. The yield of reducing equivalents was measured using the known extinction
coefficient for [Co(HMD)]" (see Appendix B, Figure B19) The optical path of the cell was 2 cm.
All measurements were carried out in MeCN solvent, with 40 uM of 1 and 50 mM [n-BusN]CO.H
at 25 °C. Under these conditions the reducing equivalents were a combination of solvated electrons
and carbon dioxide anion radical. Quoted rate constants have an error of ca. 10%. All rates

measured in PR here are averages of at least 3 measurements.

Stopped Flow and Data Analysis. Measurements were performed using an Applied Photophysics
SX. 18MV-R Stopped-flow Reaction Analyzer equipped with a 150 W Xenon arc lamp,
SpectraKinetic monochromator, a 1 cm path length mixing chamber, and an Applied Photophysics
PhotoDiode array detector (280-750 nm scan range) (Need IR Detector info.) Temperature control
was achieved using a Thermo Scientific NESLAB RTE-7 Circulating Bath; variations over the
course of the kinetic experiments were +0.1 °C. Samples were prepared in an N»-filled glovebox

and were transported to the stopped flow instrument in Hamilton gas tight syringes. The
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concentrations of 3 and 5 were typically 0.20 mM before mixing and the concentrations of the
acids used exceeded 10 equiv. in all instances to ensure pseudo-first order kinetics were operative.
Observed rate constants (kobs) were calculated using non-linear regression analysis (OriginPro
2021) and the residuals from the fits were determined to lie randomly about zero. Errors for kops,
are reported as the calculated error from the direct non-linear fit of the decaying signals, or as a
flat 10%, whichever is larger, unless otherwise noted. Variable temperature kinetic data were used
to construct Arrhenius and Eyring plots. The resulting activation parameters were calculated using
the method of least squares. Errors for Eyring and Arrhenius data are reported as the calculated

error from the direct linear fitting of the ks data.

GC. Determination of gas evolution was performed with a Shimadzu 2014 Custom-GC gas
chromatograph with a thermal conductivity detector and dual flame-ionization detectors. A custom
set of 8 columns and timed valves enable quantitative analysis of the following gases: hydrogen,
nitrogen, oxygen, carbon dioxide, carbon monoxide, methane, ethane, ethylene, and ethyne. Argon
serves as the carrier gas. The instrument was calibrated prior to experimental runs with a standard

gas mixture (Agilent 5190-0519), and a calibration curve was established to quantify H> evolution.

For the hydrogen detection experiment, 15 mg of 5§ was loaded into an N»-filled round bottom
flask and dissolved in MeCN. Before beginning the experiment two background experiments
confirmed only dinitrogen and nominal oxygen in the atmosphere of the glovebox. After addition
of 1 equiv. of [DMFH]OTHT, the headspace gas was taken and injected into the GC using a gas tight

syringe.

Computational Details. All geometries were fully optimized at the M06 level of density

functional theory ('?) in conjunction with the SMD continuum solvation model (') for acetonitrile
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using def2-TZVP basis set (') on Rh and the def2-SVP basis set (14) on all other atoms. Non-
analytical integrals were evaluated using the integral=grid=ultrafine option as implemented in the
Gaussian 16 software package. ('°) The nature of all stationary points was verified by analytic

computation of vibrational frequencies which were in turn used to obtain IR vibrational spectra.
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Figure B1: 'H-NMR spectrum (400 MHz, D,0) of 1; this is a previously reported complex, but

the NMR is shown here to support the generation of pure material.
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Figure B2: 'H-NMR spectrum (400 MHz, CsD¢) of 3; this is a previously reported complex, but

the NMR is shown here to support the generation of pure material.
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Figure B3: 'H-NMR spectrum (400 MHz, CD3CN) of 5. Adventitious diethyl ether (*) and THF

(#) are present. This is a previously reported complex, but the NMR is shown here to support the

generation of pure material.
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Figure B4: 'H-NMR spectrum (400 MHz, CD;CN) of [HNEt;]OTY.
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Figure B5: ’F-NMR spectrum (376 MHz, CD3CN) of [HNEt;]OTf.
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Figure B6: 'H-NMR spectrum (400 MHz, CD3CN) of [DNEt;]OTf. Deuterium incorporation is

>95% based on integration.
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Figure B7: ’F-NMR spectrum (376 MHz, CD3CN) of [DNEt;]OTf.
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Figure B8: 'H-NMR spectrum (400 MHz, CD3CN) of [HNEt;|BF4.
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Figure B9: ’F-NMR spectrum (376 MHz, CD3CN) of [HNEt;]BFa.
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Figure B10: 'H-NMR spectrum (400 MHz, CD3CN) of [PhNH3]OTf.
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Figure B11: ""H-NMR spectrum (376 MHz, CD3CN) of [PhNH;3]OTf.
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Figure B12: 'H-NMR spectrum (400 MHz, CD;CN) of [DMFH]OTY.
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Figure B13:'°F-NMR spectrum (376 MHz, CD;CN) of [DMFH]OTY.
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IR Spectra
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Figure B14: IR Spectrum (solid, diamond plate ATR) of [HNEt;]OTT.
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Figure B15: IR Spectrum (solid, diamond plate ATR) of [DNEt;]OTt.
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Figure B16: IR Spectrum (solid, diamond plate ATR) of [HNEt;]BFa.
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Figure B17: IR Spectrum (solid, diamond plate ATR) of [PhNH3]OT{.

398



100 | --—'--—-'----'----~.-.-_'_-__'__--',-,.,’_

S

3 -OTf

% +

- @) N

(D 50 B =
C

@

| -

I_

4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm™)

Figure B18: IR Spectrum (solid, diamond plate ATR) of [DMFH]OTY.

399



Pulse Radiolysis Data
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Figure B19: The concentration of reducing equivalents used for calculating the extinction
coefficient is determined using calibrated dosimetry. The dose during pulse radiolysis is
determined and calibrated by measuring the dose response as a function of electron concentration

using [Co(HMD)]".
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Figure B20: Absorption spectrum of 1 before pulse radiolysis is performed. The spectrum
collected in the pulse radiolysis experiment (gold) matches the spectrum obtained from an

isolated sample of 1 (black line).
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Figure B21: Absorption spectrum of 2 (green) measured after 1e” reduction of 1 by pulse

radiolysis in MeCN.
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Figure B22: Absorption spectrum of 3 (purple) measured after 2e reduction of 1 by pulse
radiolysis in MeCN. The spectrum collected in the pulse radiolysis experiment (purple) matches

the spectrum obtained from an isolated sample of 3 (black).
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Figure B23: Overlay of absorption spectra measured after le (2, green) and 2¢ (3, purple)

reduction of 1 (yellow) by pulse radiolysis in MeCN.

404



0.04

0.03

A Abs

0.02

0.01

0.00 -

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
time, ms

Figure B24: The plot of absorbance at 520 nm vs. time for pulse radiolysis of 1 in MeCN in the
presence of 50 mM formate at different doses of an electron pulse. Red lines represent a linear fit
through the linear region of the exponential signal growth near time zero. The slope of the fit

provides an initial rate of the reaction at a given electron dose.
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Figure B25: The log(rate) as a function of log([dose]) obtained from fits shown in Figure B29.
The dose is defined as a duration of an electron pulse (in ns) and is directly proportional to the
concentration of transient reducing radicals. The fit (red line) results in a slope of 1.03 + 0.07,

confirming a first-order dependence on 2 during generation of 3.
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Stopped-Flow Kinetic Data for Protonation and Tautomerization: Order and Rate

Constant Determination
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Figure B26: Stopped-flow absorbance vs wavelength plot of MeCN solvent (400 spectra).
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Figure B27: Stopped-flow absorbance vs time plots of MeCN solvent monitored at 399.8 nm

and 511.1 nm.
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Figure B28: Stopped-flow absorbance vs wavelength plot following the rapid mixing of 3 with

MeCN solvent.
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Figure B29: Stopped-flow absorbance vs time plots of 3 and MeCN solvent monitored at 399.8
nm (right) and 511.1 nm (left) illustrating no significant change in absorbance over the time course

of the experiment.
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Figure B30: (a-e) Monitoring absorbance vs time at 511.1 nm for the initial protonation of 3 with
[HNEt;]OTTf under pseudo-first order conditions. The decay of the signal at 511.1 nm is fit with a
monoexponential function to extract the observed rate constant (kobs). The residual from the fit

monitored as a function of time rationalizes the use of a monoexponential fit here.
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Figure B31: ko values (black squares) were obtained from the monoexponential fit of the decay
signal at 511.1 nm in Figure B30 and are plotted here as a function of acid concentration. The kobs
values were measured at room temperature (298 K). The resulting plot is fit as a line (red) through
the origin to extract the second order rate constant for the initial protonation of 3 with [HNEt:]JOTf

to generate 4.
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Figure B32: Stopped-flow IR monitoring the AAbsorbance vs wavenumbers for the

tautomerization of 4 to generate 5 under pseudo-first order conditions. The signal at 1920 cm™ is

attributed to the Rh—H stretch.
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Figure B33: Experimental stopped-flow FTIR monitoring of the AAbsorbance vs wavenumbers
for the tautomerization of 4 (black). The signal at 1920 cm™ corresponds to the Rh—H stretch, and

this observation is supported by the DFT calculated FTIR spectrum of 4 (red).

414



25 T T

R?=0.99 I | (al) Zz 1 R=0.99 (b) 1

a5l ‘n“ kobs = 1.24 £ 0.02 s ]

20} “\\l—\fid Concentration: 5.0 mM -
e,

15F T —_—

20
Kobs =-1.26 £ 0.02 5™

10k Acid Concentration: 2.5 mM

05} fun A e

1.0 —4 : : : : : |

0.1 4

] ‘I .l.I.. ’ .-. -f - L] ] 0.0

IEEEET e -_2 e R OFF——— - g 2 _ i gt o mmea e ]
O T .--f'!!r._'n' 51.‘.;-_‘-1.-

- ]

-0.1F 4 0.1 F E

Residual From Fit AAbsorbance (AmOD)
1
i

Residual From Fit AAbsorbance (AmOD)
[
i

0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time (s) Time (s)
45 T T T T T T T 50 T T T T T T

a0 Ty R?=0.99 (€) 4 Quasl v R?=0.99 (d) 1

35 & — -1 E 4.0 0 .
\ Kobs =1.10 £ 0.01 s L N Kobs = 1.14 + 0.01 s
5 3.5 \‘ ’

30 . 1 S
! \\\ Acid Concentration: 10.0 mM | 30 ‘\‘\\‘Acid Concentration: 15.0 mM

0.1 _

20 b e

0.1 _

00— — o g e e, Ffm, 00 B _ e e F pf N e

Residual From Fit AAbsorbance (AmOD)
Residual From Fit AAbsorbance (AmOD)
&
L
J

01}k 4

Time (s) Time (s)
6.0 T T T T T T

s R?2=0.99 1
50 (e) B

45 kobs =1.19 £ 0.01 5™ 1
40| ]
35 Acid Concentration: 25.0 mM E
3.0 | E
25 E

0.1 -

|
0.0————--”—W-‘-‘ﬁ-‘!“—“'-i\i-l-‘,—0-——‘—‘—--—-—--—-——‘-l-'l——
. J

Residual From Fit AAbsorbance (AmOD)

Time (s)

Figure B34: (a-e) Monitoring AAbsorbance vs wavenumbers at 1920 cm™! for the tautomerization
of 4 to generate 5 under pseudo-first order conditions. The decay of the signal at 399.8 nm is fit
with a monoexponential function to extract the observed rate constant (kobs). The residual from the

fit monitored as a function of time rationalizes the use of a monoexponential fit here.
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Figure B35: ko values (black squares) were obtained from the monoexponential fit of the decay
signal at 1920 cm™ in Figure B34 and are plotted here as a function of acid concentration. The kobs
values were measured at room temperature (298 K). The resulting plot is fit as a line with a fixed

slope = 0 to extract the zero-order rate constant for the tautomerization of 4 to generate 5.
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Figure B36: (a-d) Monitoring absorbance vs time at 399.8 nm out to 1 s for the tautomerization
of 4 to generate 5 under pseudo-first order conditions. The decay of the signal at 399.8 nm is fit
with a monoexponential function to extract the observed rate constant (kobs). The residual from the

fit monitored as a function of time rationalizes the use of a monoexponential fit here.
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Figure B37: ks values (black squares) were obtained from the monoexponential fit of the decay
signal at 399.8 nm in Figure B36 and are plotted here as a function of acid concentration. The kobs
values were measured at room temperature (298 K). The resulting plot is fit as a line with a fixed

slope = 0 to extract the zero-order rate constant for the tautomerization of 4 to generate 5.
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Figure B38: (a-f) Monitoring absorbance vs time at 399.8 nm out to 10 s for the tautomerization
of 4 to generate 5 under pseudo-first order conditions. The decay of the signal at 399.8 nm is fit
with a monoexponential function to extract the observed rate constant (kovs). The residual from the

fit monitored as a function of time rationalizes the use of a monoexponential fit here.
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Figure B39: kous values (black squares) were obtained from the monoexponential fit of the decay
signal at 399.8 nm over 10 s in Figure B38 and are plotted here as a function of acid concentration.
The kobs values were measured at room temperature (298 K). The resulting plot is fit as a line with

a fixed slope = 0 to extract the zero-order rate constant for the tautomerization of 4 to generate 5.
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Figure B40: Residual analysis comparing linear vs monoexponential fits for the data in Figure
B36. When the data are fit with a linear function the data show systematic deviations about zero.
However, when the data are fit with a monoexponential function the data lie randomly about zero,

confirming that a monoexponential fit is more suitable for this data than a linear function.
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Figure B41: (a-d) Monitoring absorbance vs time at 511.1 nm for the initial deuteration of 3 with

[DNEt;]OTTf under pseudo-first order conditions. The decay of the signal at 511.1 nm is fit with a

monoexponential function to extract the observed rate constant (kobs). The residual from the fit

monitored as a function of time rationalizes the use of a monoexponential fit here.
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Figure B42: ko values (black squares) were obtained from the monoexponential fit of the decay

signal at 511.1 nm and are plotted here as a function of acid concentration. The kobs values were
measured at room temperature (298 K). The resulting plot is fit as a line (red) through the origin
to extract the second order rate constant for the initial protonation of 3 with [DNEt:]OTf to

generate 4D.
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Figure B44: (a-d) Monitoring absorbance vs time at 399.8 nm for the tautomerization of 4D to
generate SD under pseudo-first order conditions. The decay of the signal at 399.8 nm is fit with a
monoexponential function to extract the observed rate constant (kobs). The residual from the fit

monitored as a function of time rationalizes the use of a monoexponential fit here.
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Figure B45: ks values (black squares) were obtained from the monoexponential fit of the decay

signal at 399.8 nm in Figure B44 and are plotted here as a function of acid concentration. The
kobs values were measured at room temperature (298 K). The resulting plot is fit as a line with a

fixed slope = 0 to extract the zero-order rate constant for the tautomerization of 4D to generate

SD.
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Figure B46: (a-f) Monitoring absorbance vs time at 511.1 nm for the initial protonation of 3 with
[HNEt3]BF4 under pseudo-first order conditions. The decay of the signal at 511.1 nm is fit with a
monoexponential function to extract the observed rate constant (kobs). The residual from the fit
monitored as a function of time rationalizes the use of a monoexponential fit here.
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Figure B47: ko values (black squares) were obtained from the monoexponential fit of the decay

signal at 511.1 nm in Figure B46 and are plotted here as a function of acid concentration. The kobs
values were measured at room temperature (298 K). The resulting plot is fit as a line (red) through
the origin to extract the second order rate constant for the initial protonation of 3 with [HNEt;]BF4

to generate 4-BFy4.
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Figure B48: (a-f) Monitoring absorbance vs time at 399.8 nm for the tautomerization of 4-BF4 to
generate 5-BF4 under pseudo-first order conditions. The decay of the signal at 399.8 nm is fit with
a monoexponential function to extract the observed rate constant (kobs). The residual from the fit
monitored as a function of time rationalizes the use of a monoexponential fit here.
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Figure B49: ko, values (black squares) were obtained from the monoexponential fit of the decay

signal at 399.8 nm in Figure B48 and are plotted here as a function of acid concentration. The kobs
values were measured at room temperature (298 K). The resulting plot is fit as a line with a fixed

slope = 0 to extract the zero-order rate constant for the tautomerization of 4-BF4 to generate 5-

BF,.
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Figure B50: (a-d) Monitoring absorbance vs time at 511.1 nm for the initial protonation of 3 to

generate 4 with [HNEt;]OTf under pseudo-first order conditions while varying the temperature.

The decay of the signal at 511.1 nm is fit with a monoexponential function to extract the observed

rate constant for the initial protonation (kobs) at different temperatures. The residual from the fit

monitored as a function of time rationalizes the use of a monoexponential fit here.
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Figure B51: Arrhenius plot of variable temperature kinetic data to extract the activation energy

(Ea) for the protonation of 3 to generate 4 using [HNEt;]OTf monitored at 511.1 nm.
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Figure B52: Eyring plot of variable temperature kinetic data to extract the activation enthalpy
(AHY), entropy (AS%), and free energy (AG*) parameters, for the protonation of 3 to generate 4

using [HNEt3]OTf monitored at 511.1 nm.
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Figure B53: (a-d) Monitoring absorbance vs time at 399.8 nm for the tautomerization of 4 to
generate 5 under pseudo-first order conditions while varying the temperature. The decay of the
signal at 399.8 nm is fit with a monoexponential function to extract the observed rate constant
(kobs) at different temperatures. The residual from the fit monitored as a function of time

rationalizes the use of a monoexponential fit here.
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Figure B54: Arrhenius plot of variable temperature kinetic data to extract the activation energy

(Ea) for the tautomerization of 4 to generate 5 monitored at 399.8 nm.
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Figure B5S: Eyring plot of variable temperature kinetic data to extract the activation enthalpy

(AH"Y), entropy (AS*), and free energy (AG*) parameters, for the tautomerization 4 to generate 5
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Figure B56: Monitoring absorbance vs time at 511.1 nm for the initial deuteration of 3 to generate
4D with [DNEt:]OTf under pseudo-first order conditions while varying the temperature. The decay
of the signal at 511.1 nm is fit with a monoexponential function to extract the observed rate
constant for the initial deuteration (kobs) at different temperatures. The residual from the fit
monitored as a function of time rationalizes the use of a monoexponential fit here.
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Figure B57: Arrhenius plot of variable temperature kinetic data to extract the activation energy

(Ea) for the protonation of 3 to generate 4D using [DNEt;]OTf monitored at 511.1 nm.
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Figure B58: Eyring plot of variable temperature kinetic data to extract the activation enthalpy
(AHY), entropy (AS?), and free energy (AG*) parameters, for the protonation of 3 using [DNEt;]OTf

monitored at 511.1 nm.
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Figure B59: Monitoring absorbance vs time at 399.8 nm for the tautomerization of 4D to generate
5D under pseudo-first order conditions while varying the temperature. The decay of the signal at
399.8 nm is fit with a monoexponential function to extract the observed rate constant (kobs) at
different temperatures. The residual from the fit monitored as a function of time rationalizes the

use of a monoexponential fit here.
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Figure B60: Arrhenius plot of variable temperature kinetic data to extract the activation energy

(Ea) for the tautomerization of 4D to generate 5D monitored at 399.8 nm.
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Figure B61: Eyring plot of variable temperature kinetic data to extract the activation enthalpy

(AHY), entropy (ASY), and free energy (AG*) parameters for the tautomerization 4D to 5D

monitored at 399.8 nm.
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Figure B62: (a-e) Monitoring absorbance vs time at 511.1 nm for the initial protonation of 3 to
generate 4-BFs with [HNEt;]BF4 under pseudo-first order conditions while varying the
temperature. The decay of the signal at 511.1 nm is fit with a monoexponential function to extract
the observed rate constant for the initial protonation (kobs) at different temperatures. The residual
from the fit monitored as a function of time rationalizes the use of a monoexponential fit here.
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Figure B63: Arrhenius plot of variable temperature kinetic data to extract the activation energy

(E.) for the protonation of 3 to generate 4-BF4 using [HNEt;]BF4 monitored at 511.1 nm.
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Figure B64: Eyring plot of variable temperature kinetic data to extract the activation enthalpy
(AH"Y), entropy (ASY), and free energy (AG*) parameters, for the protonation of 3 to generate 4-BF4

using [HNEt;]BF4 monitored at 511.1 nm.
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Figure B65: (a-d) Monitoring absorbance vs time at 399.8 nm for the tautomerization of 4-BF4
to generate 5-BF4 under pseudo-first order conditions while varying the temperature. The decay
of the signal at 399.8 nm is fit with a monoexponential function to extract the observed rate
constant (kobs) at different temperatures. The residual from the fit monitored as a function of time

rationalizes the use of a monoexponential fit here.
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Figure B66: Arrhenius plot of variable temperature kinetic data to extract the activation energy

(Ea) for the tautomerization of 4-BF4to generate 5-BF4 monitored at 399.8 nm.
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Figure B67: Eyring plot of variable temperature kinetic data to extract the activation enthalpy
(AH"Y), entropy (ASY), and free energy (AG*) parameters, for the tautomerization 4-BF4 to generate

5-BF4monitored at 399.8 nm
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Stopped-Flow Kinetic Data for Second Protonation Order and Rate Constant
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Figure B68: Stopped-flow UV-Vis absorbance vs wavelength plot of 5 with [PhNH3]OTf under
pseudo-first order conditions. The isosbestic point present at 326 nm indicates clean conversion

from one molecular species to another.
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Figure B69: (a-d) Monitoring absorbance vs time at 400 nm for the protonation of 5 with
[PhNH3]OTTf under pseudo-first order conditions. The decay of the signal at 400 nm is fit with a
monoexponential function to extract the observed rate constant (kobs). The residual from the fit

monitored as a function of time rationalizes the use of a monoexponential fit here.
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Figure B70: ko values (black squares) were obtained from the monoexponential fit of the decay
signal at 400 nm in Figure B69 and are plotted here as a function of acid concentration. The kobs
values were measured at room temperature (298 K). The resulting plot is fit as a line with a fixed

slope = 0 to extract the zero-order rate constant for the tautomerization of 5 back to 4.
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Figure B71: Stopped-flow UV-Vis absorbance vs wavelength plot of § and [DMFH]OT{ under

pseudo-first order conditions. The isosbestic point present at 325 nm indicates clean conversion

from one molecular species to another.
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Figure B72: (a-e) Monitoring absorbance vs time at 399.8 nm nm for the protonation of § with
[DMFH]OT( under pseudo-first order conditions. The decay of the signal at 399.8 nm is fit with a
monoexponential function to extract the observed rate constant (kobs). The residual from the fit

monitored as a function of time rationalizes the use of a monoexponential fit here.
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Figure B73: kobs values (black squares), obtained from the monoexponential fits of the decay
signal at 400 nm in Figure B72, plotted as a function of acid concentration. The resulting plot
exhibits first-order dependence and is thus fit as a line through the origin to extract the overall
second-order rate constant for the tautomerization of 5 to 6, which results in the immediate

generation of 1 and dihydrogen.
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Comparison of Eyring Plots
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Figure B74: Comparison on the Eyring plots for the protonation of 3 using [HNEt3]" or

[DNEt:]".
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Figure B75: Comparison on the Eyring plots for the tautomerization of 4 or 4D, respectively,

using [HNEt3]" or [DNEts]".
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Figure B76: Comparison on the Eyring plots for the protonation of 3 using [HNEt:]X, where X

= BF4 or OT{.
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Figure B77: Comparison on the Eyring plots for the tautomerization of 4 or 4D, respectively, in

the presence of [HNEt3]X, where X = BF4 or OTT.
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Summary of Rate Data

Table B1: Summary of rate constant data for the first protonation of 3.

Starting Acid Chemical Temperature Second-Order
Compound Process (K) Rate Constant
(k, M's™)
3 [HNEt:]BF4  First Protonation 298 7100 = 100
3 [HNEt;]OTf  First Protonation 298 6400 £ 200
3 [DNEt;]JOTf  First Deuteration 298 2900 £ 200
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Table B2: Summary of rate constant data for the tautomerization of 4 to 5.

Starting Acid Chemical Temperature First-Order
Compound Process K) Rate Constant
(k, s™)
3 [HNEt;]BF4s  Tautomerization 298 970 £ 20
3 [HNEt;]OTf  Tautomerization 298 870 = 30
3 [DNEt;]JOTf  Tautomerization 298 1000 = 30

460



Table B3: Summary of rate constant data for the tautomerization or protonation of 5.

Starting Acid Chemical Temperature Rate Constant
Compound Process K) k)
5 [PhNH;]JOTf  Tautomerization 298 260+ 10s™
5 [DMFH]OTf Protonation 298 230+ 10M™' s
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Summary of Activation Energy Parameters from Arrhenius and Eyring Analyses

Table B4: Summary of Arrhenius and Eyring data for the first protonation of 3 with various

acids.
Starting Acid Chemical Activation AG* AH? T ASt
Energy Lot
Compound Process (kcal/mol)  (kcal/mol) (K) (cal mol™ K™)
(kcal/mol)
3 [HNEt;]BF4 First 8.4+0.1 14.8+0.2 7.8+0.1 298 -23.6+0.2
Protonation
3 [DNEt:]OTE First 9.7+0.1 153+04 9.1+0.1 298 -21.0+0.3
Deuteration
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Table BS: Summary of Arrhenius and Eyring data for the tautomerization of 4 to 5 with various

acids.
Starting Acid Chemical Activation AG* AH? T AS?
Energy 1 yo-1
Compound Process (kcal/mol)  (kcal/mol) (K) (cal mol™ K™)
(kcal/mol)
3 [HNEt;]BF4s  Tautomerization 13.7+0.5 17.4+£0.8 13.2+0.5 298 -143+0.7
3 [HNEt:]JOTf  Tautomerization 14.6 0.5 17.7+0.7 14.0+0.5 298 -12.2+0.5
3 [DNEt;]JOTf  Tautomerization 12.6 £0.4 18+ 1 12.0+ 0.4 298 -19+1
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Measuring stoichiometric dihydrogen production using gas chromatography (GC)
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Figure B78: Gas chromatography data for the determination of evolved H: following the addition
of 1 equiv. of [DMFH]OTT to 5. The box background (black) and before addition (red) data was
below our limit of quantitation (LOQ), while after addition of 1 equiv. of [DMFH]OTTf (blue)

results in generation of Ho.
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Figure B79: Calibration Curve (left) and chromatograms (right) obtained from injections of Ha

standards; this curve was used in the determination of H» evolved during addition of [DMFH]OTTf

to 5.
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Calculations

Table B6: Coordinates for the DFT optimized structure of 4.

X Y zZ
Rh 12.95324  5.9388  8.88276
N 11.63394 6.58739 10.41154
C 10.30675 6.60149 10.28871
H 9.87706 6.25233  9.34521
C 9.46892 7.04965 11.30537
H 8.38508 7.04447 11.17003
C 10.04645 7.51162 12.48879
H 9.42161 7.87747 13.30803
C 11.43542 7.50488 12.60642
H 11.89601 7.87571 13.52435
C 12.20561 7.03261 11.54537
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12.93286

11.79526

12.27031

11.381

10.86282

10.5954

11.9387

10.37334

10.11874

10.16809

9.68287

12.90573

12.89915

13.78938

12.00709

14.25758

5.35143

4.79152

3.8145

2.98154

2.21766

3.58624

2.4583

4.98745

4.34419

6.02775

4.71467

6.26606

5.68107

6.92149

6.90146

6.55375

6.78623

7.44953

8.42239

9.27306

8.66717

9.75633

10.06349

7.05849

6.19732

6.75998

7.87146

5.61411

4.6772

5.58619

5.61113

10.4285
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15.59584

15.99626

16.41493

17.49739

15.83072

16.44349

14.45091

13.95596

13.6745

14.10352

13.67833

14.61311

15.12981

15.3989

14.0935

15.50811

6.51815 10.34297

6.16485  9.38864

6.90826 11.38975

6.85537 11.26239

7.35758 12.56471

7.67345 13.41197

7.40868 12.65749

7.76026 13.56451

7.00154 11.56884

4.82558  7.42138

3.83678  8.40589

3.04021  9.24159

2.27763  8.63292

3.67462  9.68572

2.52067 10.06019

5.05918  6.99212
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15.75257

15.68305

16.22781

12.9672

4.43455

6.10825

4.79304

7.48589

6.11419

6.70517

7.78181

8.48402

469



Table B7: Frequencies for the DFT optimized structure of 4.

Intensities
Frequencies (cm™) (km/mol)
34.6722 0.151656
38.9899 0.209444
69.6319 0.099225
93.44 0.332339
101.491 0.215835
119.459 0.075373
124.63 0.09005
146.295 0.017643
149.523 0.287448
155.81 0.168265
160.061 0.059099
170.007 0.169241
176.551 0.057252
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191.982
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225.151

236.762

254.456

259.197
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271.841

299.322

309.544
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383.371
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1.28
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0.051818

0.01062
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471



448.517

470.026

477.122

535.775

540.67

546.779

571.066

601.536

606.369

625.984

639.638

640.422

656.386

658.541

749.317

763.636

0.560603

0.123623

0.190864

0.016045

0.16683

0.029019

0.009261

1.03425

1.66577

0.225833

0.502441

0.709312

0.81532

0.381947

3.20845

11.6189
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767.913

779.321

784.811

809.908

812.01

839.452

907.939
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932.967

937.121

992.699
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0.700682
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1027.93
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3140.76
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Figure C1: '"H-NMR spectrum (400 MHz, CD3CN) of 3.
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Figure C2: C{'H} NMR spectrum (126 MHz, CD3CN) of 3.
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Figure C3: "F-NMR spectrum (376 MHz, CD3CN) of 3.
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Figure C8: IR spectra of Mn(CO)sBr, 1, 2, 3, and 4 in THF in the CO stretching region. For a C;

symmetric molecule three CO stretches (I'co = 2A'+A"") is expected, and the expected three

features are observed for 1, 2, 3, and 4.
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Figure C10: Prepared solutions of the [Mn(CO);Br(*bpy)] complexes in MeCN.
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UV-Vis, Transient Absorption, and Gas Chromatography Data
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Figure C11: Electronic absorption spectrum of 1 in MeCN. The smaller tic marks are used to

tllustrate 0.1 eV increments.
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Figure C12: Electronic absorption spectrum of 2 in MeCN. The smaller tic marks are used to

tlustrate 0.1 eV increments.
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tllustrate 0.1 eV increments.
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Figure C19: CO release measured by gas chromatography for photolysis of a 5-mL solution of 1
(dark yellow line; photolyzed at 420 nm) for 2 hours and comparison with a related control
experiment with a 5-mL sample of 1 stored in the dark over a period of 10 hours. Signal intensity
for yield of CO by gas chromatography is normalized by solution concentration of complex 1 in
MeCN, headspace volume, and experiment time. Calculation of the apparent rates of CO loss show
that the compound releases CO at a substantially faster rate upon irradiation (1.2 mol CO (mol
Mn) ! day!) versus in the dark by slower thermal reactivity (0.003 mol CO (mol Mn) ! day ). [1]

in each experiment was 107> M. Lamp characteristics are as described in the Experimental Section.
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Figure C20: Fit of the decay associated spectrum for 1 to extract kinetic data.
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Figure C23: Comparison of the normalized AAbsorbance as a function of time for compounds 2
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undergoes solvent coordination, while complex 4 undergoes vibrational cooling and forms an

apparently long lived MLCT state.
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Figure C24: IR spectroscopic monitoring of a solution containing complex 2 irradiated over time
with 415 nm light at 175 W. The irradiation results in follow-up chemical activity that is exhibited
by the presence of new CO stretches in the IR spectrum after 2 min. of irradiation. The presence

of free carbon monoxide is present after 2 min.
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Figure C25: Electronic absorption spectrum of 5 in MeCN. The smaller tic marks are used to

tllustrate 0.1 eV increments.
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Crystallographic Information

Refinement Details

Crystals were mounted on a nylon loop using Paratone oil under a nitrogen stream. Low
temperature (200-296 K) X-ray data were obtained with a Bruker MicroStar microfocus rotating
anode generator running at 50-60 mA and 45 kV (Cu Ka = 1.54178 A; Apex II detector positioned
at 50.0 mm and equipped with Helios multilayer mirror optics (Complexes 3 and 4), or with a
Bruker generator using a fine focus Mo sealed tube running at 30mA and 50kV (Mo Ka=0.71073
A; SMART APEX detector positioned at 50.0 mm and equipped with a MonoCap collimator and
graphite monochromator (complex 5). All diffractometer manipulations, including data collection,
integration and scaling were carried out using the Bruker APEXII software.! Absorption
corrections were applied using SADABS.? The space group was determined on the basis of
systematic absences and intensity statistics and the structures were solved by intrinsic phasing
using XT.? All non-hydrogen atoms were refined using anisotropic displacement parameters.
Hydrogen atoms were placed in idealized positions and refined using a riding model. The
structures was refined (weighted least squares refinement on F?) to convergence using the Olex

software package equipped with XL.*

505



Table C1: Crystal and Refinement Data

Compound 3 4 5
CCDC accession code 1922041 1922042 1922040
empirical formula CisH¢BrFsMnN,O; C13HsN4O7MnBr Ci3Hi10BrMnN,O3
formula wt 510.07 465.07 377.08
T (K) 200 200 200
a, 19.666(2) 15.4742(7) 7.4387(17)
b, A 10.4825(12) 9.8701(4) 14.408(3)
c, A 17.0392(18) 21.8544(8) 13.148(3)
a, deg 90 90 90
B, deg 96.515(4) 107.363(3) 90.352(3)
v, deg 90 90 90
v, A’ 3489.9(7) 3185.8(2) 1409.1(6)
V4 8 8 4
cryst. syst monoclinic monoclinic monoclinic
space group C2/c P2i/c Ce
Pealed, g/cm’ 1.942 1.939 1.777
20 range, deg 9.052 to 139.886 5.984 to 140.072 2.827t026.914
u, mm'' 9.594 10.143 3.779
abs corr Multi-scan Multi-scan Multi-scan
GOOF¢ 1.042 1.052 1.014

R1,° wR2 (I > 26(I))

0.0654, 0.1734

0.0583, 0.1507

0.0277, 0.0602

4 R1 = 3|Fo|-[Fe|| / Z|F|
p) 1"

b WR2 = [ £ [W(Fo>-F2)] / £ [w(Fo2)*] 1™

¢ GOOF =

S =[ X [W(Fo-F2)? / (n-
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Special Refinement Details for 5.

Diffraction data [6683 reflections using 1°-wide ®-scan frames with a scan time of 5
seconds] were collected® for a pseudomerohedrally-twinned crystal of 5 using graphite-
monochromated MoKa radiation (A=0.71073 A) on a Bruker SMART APEX CCD Single Crystal
Diffraction System at 200 K. X-rays were provided by a fine-focus sealed X-ray tube operated at
50kV and 35mA. Lattice constants were determined with the Bruker SAINT software package
using peak centers for 3524 reflections. The integrated data® were corrected empirically for
variable absorption effects using equivalent reflections. The Bruker software package SHELXTL
was used to solve the structure using “direct methods” techniques. All stages of weighted full-
matrix least-squares refinement were conducted using Fo? data with the SHELXTL XL v2014
software package.” The final structural model incorporated anisotropic thermal parameters for all
nonhydrogen atoms and isotropic thermal parameter for all hydrogen atoms. The pyridine
hydrogen atoms were included in the structural model as idealized riding model atoms (assuming
sp2-hybridization of the carbon atoms and C-H bond lengths of 0.95 A) and their isotropic thermal
parameters were fixed at values 1.2 times the equivalent isotropic thermal parameter of the carbon

atom to which they are covalently bonded. Final crystallographic details are summarized in Table

CI.

Several aspects of the structure complicated its successful refinement. The similar size of
a Br atom and a carbonyl ligand bonded to a Mn atom produced 83/17 “whole molecule” packing
disorder of 5. The major orientation is occupied 83% of the time and the minor is occupied 17%
of the time. The structure is also pseudo-centrosymmetric: the fractional coordinates for the Mn

atom coincide with those of a crystallographic Cz-axis in the centrosymmetric counterpart (C2/c)
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of the noncentrosymmetric space group (Cc) utilized by 5. Additionally, the coordinated pyridine
ligands and two of the carbonyls are also related by this pseudo-C; axis. Finally, a monoclinic f3
angle of 90.35° promotes 93/7 pseudo-merohedral (orthorhombic) twinning with the major (93%)

domain also being 85/15 racemically twinned.

It is therefore not surprising that restraints had to be imposed in order to obtain a reasonable
refinement. Bond lengths and angles for the minor (17%) orientation of 5 were restrained to be
similar to those of the major (83%) orientation. The anisotropic thermal parameters for the
nonhydrogen atoms (except O1’) of the minor orientation of 5 were set to the same values as the
corresponding atoms of the major orientation. O1’ was assigned its own anisotropic thermal
parameter that was allowed to vary. Other mild restraints were needed for the minor orientation

of 5 to ensure linear carbonyl coordination and planar pyridine ligands.
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Solid-State Structure of 5

Figure C26: Solid-state structure of 5. Hydrogen atoms and second molecule of 5 are omitted for

clarity. Displacement ellipsoids shown at the 50% probability level.
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Full Solid-State Structure of 5

Figure C27: Full solid-state structure of 5. Hydrogen atoms omitted for clarity. Displacement

ellipsoids shown at the 50% probability level.
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Full Solid-State Structure of 3

Special Refinement Details for 3.

No special refinement was required.

Figure C28: Full solid-state structure of 3. Hydrogen atoms are omitted for clarity. Displacement

ellipsoids shown at the 50% probability level.
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Solid-State Structure of 4

Special Refinement Details for 4.

No special refinement was required.

Figure C29: Solid-state structure of 4. Hydrogen atoms and second molecule of 4 are omitted for

clarity. Displacement ellipsoids shown at the 50% probability level.
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Full Solid-State Structure of 4

Figure C30: Full solid-state structure of 4. Hydrogen atoms omitted for clarity. Displacement

ellipsoids shown at the 50% probability level.
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Chart D1: Ligands and complexes described in this study.
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NMR Spectra
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Figure D4: 'H-NMR spectrum (400 MHz, CD3;CN) of 3.
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Figure D5: 3C{'H}-NMR spectrum (126 MHz, CD3CN) of 3.
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Figure D6: 'H-NMR spectrum (500 MHz, CD3CN) of 5; The blue star ¢k ) corresponds to
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Figure D7: 3C{'H}-NMR spectrum (126 MHz, CD3;CN) of 5.
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Figure D8: ’F-NMR spectrum (376 MHz, CD3CN) of 5.
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Figure D9: *'P-NMR spectrum (162 MHz, CD3CN) of 5.
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Figure D10: 'H-'>C HSQC of complex 2 in CD3CN depicting the methylene protons indicated

by the opposite phasing (red) compared to the methyl and methine protons (blue).
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Figure D11: 'H->C HSQC of complex 3 in CD3;CN depicting the diastereotopic methyl groups.

Methyl and methine protons (red) and methylene protons (blue).
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IR Spectra
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Figure D12: IR spectra of the carbonyl stretches for 1, 2, and 3 in THF solution; focusing on the

CO stretching region. For a fac-tricarbonyl, Cs symmetric molecule, three CO stretches (I'co =

2A'+A"") would be expected and are observed for complexes 1, 2, and 3.
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Mass Spectra
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Figure D13: Full ESI-Mass spectrum of 2. The experimental data is shown in black and the
predicted data is shown in red. The other peaks in the spectrum correspond to fragments that are

identified below.
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Figure D14: Zoomed in mass spectrum of 2 with fragment assignment. The experimental data is

shown in black and the predicted data is shown in red.
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Figure D15: Full ESI-Mass spectrum of 3. The experimental data is shown in black and the
predicted data is shown in red. The expected parent peak was not present, but a corresponding

fragment is identified in Figure D16.
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Figure D16: Zoomed in mass spectrum of 3 with fragment assignment. The experimental data is

shown in black and the predicted data is shown in red for this specific fragment.
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Electronic Absorption Spectra
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Figure D17: Stacked electronic absorption spectrum of 1, 2, and 3 featuring the MLCT

transition in the visible region.
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Figure D18: Electronic absorption spectrum of 1 in MeCN.
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Figure D19: Absorbance vs. concentration plot of complex 1 in MeCN to obtain the molar

absorptivity.
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Figure D20: Electronic absorption spectrum of 2 in MeCN.
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Figure D22: Electronic absorption spectrum of 3 in MeCN.
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Figure D24: Electronic absorption spectrum of § in MeCN.
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Cyclic Voltammetry Data

T [ T 'I Ll l T I T l T
W ‘ CO
= Nm, I ,.t'co
o
— N CcO
N~ Br

WA
2]
\

D—5—Q
d %°

o O

2 co
HsC — N,,.“Nln___.-co
HC™ PN | Sco
X Br

0.2 mA c:m'z]:

] " 1 " | ) ]

25 20 -15 10 05 00 05 10 15
Potential (V vs. Fc*?)

Figure D26: Stacked cyclic voltammograms of 1, 2, and 3 in 0.1 M TBAPF¢/MeCN solution.
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Figure D27: Cyclic voltammogram of 2 in 0.1M TBAPFs/MeCN solution.
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Figure D28: Cyclic voltammogram of 3 in 0.1M TBAPFs/MeCN solution.
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Figure D29: Stacked cyclic voltammograms of 4 and 5 in 0.1M TBAPFs/MeCN solution.
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Figure D30: Cyclic voltammograms of 4 in 0.1M TBAPF¢/MeCN solution. The orange square ( [

) indicates chloride oxidation, which is a result of follow up chemical reactivity observed upon

reduction.
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Figure D31: Cyclic voltammograms of 4 overlaid with blank in 0.1M TBAPF¢/MeCN solution.
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Figure D32: Cyclic voltammograms of 5 in 0.1M TBAPFs/MeCN solution.
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Figure D33: Cyclic voltammogram of § overlaid with a blank in 0.1M TBAPFs/MeCN solution.
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Cyclic Voltammetry with Acid Data
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Figure D34: Cyclic voltammetry of 2 (red) in 0.1M TBAPF¢/MeCN solution followed by the

addition of a 5% H»O solution (yellow). The diminished current density is a result of dilution.
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Figure D36: Cyclic voltammetry of 2 (red) and in the presence of a 5% H>O solution and a CO2
atmosphere (purple). The black trace illustrates a blank in the presence of a 5% H>O solution and

a CO; atmosphere.

547



05 I v I ' I v ] v I v I v ]

& ~
) | — -
E U.D ﬁ_J_”
(&)
I
_— +/0
z Fc
= 05K 7]
w
-
[1h]
()]
T
N CO
g -1.0 H3C {"- N’*-‘,Nln.--"co ]
S HiC™ =N |
3 — 3 EN EI;r co |
-1.5 F 3 7]

3 with acid only

| L | 1 | L 1 L | L | i | L

25 20 15 10 05 0.0 0.5
Potential (V vs. Fc*?)

Figure D37: Cyclic voltammetry of 3 (blue) in 0.1M TBAPFs/MeCN solution followed by the

addition of a 5% H>O solution (yellow). The diminished current density is a result of dilution.
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Figure D39: Cyclic voltammetry of 3 (blue) and in the presence of a 5% H>O solution and a CO»
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Bulk Electrolysis Data
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Figure D40: Chronoamperograms demonstrating current passed as a function of time for
complexes 2, 3, and a blank polarized at —2.05 V vs Fc™ in the presence of a 5% H»O solution

and a CO; atmosphere in 0.1M TBAPF¢/MeCN electrolyte.
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Figure D41: Charge passed as a function of time for complexes 2, 3, and a blank polarized at —

2.05 V vs Fc"® in the presence of a 5% H,O solution and a CO, atmosphere in 0.1M

TBAPFs/MeCN electrolyte.
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Table D1: Yield and Faradaic efficiencies for complexes 2 and 3 following a 90 minute controlled
potential electrolysis polarized at -2.05 V vs. Fc*”? in in the presence of a 5% H,O solution and a
CO» atmosphere in 0.1M TBAPFs/MeCN electrolyte. Water serves as the proton source and Fc is

used as the sacrificial reductant.

Complex | H: CcoO Faradaic Faradaic  Faradaic TON TON
yield yield efficiency efficiency Efficiency H> CcO
(ppm) (ppm) for H> for CO Total
(o) (o) (%)

Blank 1882 271 — — — — —
2 190 8271 1 27 28 0.02 0.82
3 137 5484 1 34 35 0.02 0.62

553



Crystallographic Information

Refinement Details

X-ray Crystallographic Studies for (2, q51h), (3, q72j), (5, v74e), and (5, q36Kk).

Crystals of 2, 3, 5 (v74e), and 5 (q36k) were mounted with Paratone N oil in MiteGen nylon
loops under a cold nitrogen stream and placed on a Bruker Proteum diffractometer equipped with
two CCD detectors (Apex II and Platinum 135) sharing a common MicroStar microfocus Cu
rotating anode generator running at 45 mA and 60 kV (Cu Ka = 1.54178 A). Complete sets of
low temperature (200 K) x-ray diffraction data were obtained for all three compounds using
monochromated Cu radiation with the Apex II detector (2, 3, 5(q36Kk)) positioned at 50.0 mm and
equipped with Helios high brilliance multilayer mirror optics or the Platinum 135 detector
(5(v74e)) positioned at 80.0 mm and equipped with Helios high- brilliance multilayer mirror
optics. Totals of 7281 (2), 1958 (3), 2217 (5(v74e)), and 2291 (5(q36Kk)) 1.0°-wide m- or ¢-scan
frames were collected with counting times of 5-8 seconds (2), 10-60 seconds (3) 8-30 seconds
(5(v74e)), and 4-6 seconds (5(q36k)). Preliminary lattice constants were obtained with SMART
in the Bruker Apex2 Software Suite.[1] Integrated reflection intensities for all three compounds
were produced using SAINT in the Bruker Apex2 Software Suite.[1] Each data set was corrected
empirically for variable absorption effects with SADABS[2] using equivalent reflections. The
Bruker software package SHELXTL was used to solve each structure using intrinsic direct
methods phasing. Final stages of weighted full-matrix least-squares refinement were conducted
using Fo? data with SHELXTL[3] or the Olex software package equipped with XL.[4] The relevant
crystallographic and structure refinement data for all three structures compounds are given in Table

D2.
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The final structural model for each structure incorporated anisotropic thermal parameters for
all full-occupancy nonhydrogen atoms. The final structural model for each structure incorporated
anisotropic thermal parameters for all full-occupancy nonhydrogen atoms. Isotropic thermal
parameters were used for all included hydrogen atoms as well as disordered partial-occupancy
carbonyl atoms O1’" and C1'in 3. Nonmethyl hydrogen atoms were fixed at idealized riding model
sp?- or sp>-hybridized positions with C-H bond lengths of 0.95 — 0.99 A. Both methyl groups for
the ligands in 3 were incorporated into the structural model as fixed sp>-hybridized riding-model
rigid groups with one methyl hydrogen in the crystallographic mirror plane and C-H bond lengths
of 0.96 A. The six methyl groups in the ligands of 5(v74e) were refined as idealized riding model
rigid rotors (with a C-H bond length of 0.98 A) that were allowed to rotate freely about their C-C

bonds in least-squares refinement cycles.
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Table D2: Crystal Refinement Data

2 (q51h) 3(q72))
CCDC accession code 1977431 1994285

Empirical formula C14HsBrMnN20s C1sH12BrMnN2O3
Formula weight 387.07 415.13

Temperature 20002) K 2002) K

Wavelength 1.54178 A 1.54178 A

Crystal system Triclinic Orthorhombic

Space group P1 - Ci (No. 2) Cmca - Dan'® (No. 64)

a 7.1682(7) A 11.2628(5) A

b 10.0797(10) A 19.4283(13) A

c 10.5015(7) A 15.0920(10) A

a 77.757(6)° 90°

B 73.507(5)° 90°

¥ 75.228(6)° 90°

Volume 695.47(11) A3 3302.4(3) A3

¥/ 2 8

Density (calculated) 1.848 g/cm3 1.67{)ge’cm3

Absorption coefficient 11.193 mm-! 9.473 mm-!

F(000) 380 1648

Crystal size 0.04 % 0.04 x 0.04 mm3 0.085 x 0.065 x 0.010 mm?

Number of data frames/time
Theta range

Index ranges

Reflections collected
Independent reflections
Completeness/@may,
Absorption correction

Mazx. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of fit on F2

Final R indices [I>20(I)]

R indices (all data)

Largest diff. peak and hole

7281/5-8 seconds

4.44 t0 70.32°

-8<h<8, -12<k<11, -12<I<11
17866

2484 [Rune = 0.035]
99.2%/66.00°

Multi-scan

1.000 and 0.811

Full-matrix least-squares on F

2484 /0 /190

1.105

Ri = 0.030, wR> = 0.081
Ri = 0.032, wR> = 0.082
0.86 and -0.34 e/A’

1958/10-60 seconds

4.55t0 70.39°

-12<h<13, -23<k<20, -18<I<18
10636

1635 [Riat = 0.073]
99.9%/66.00°

Multi-scan

1.000 and 0.659

Full-matrix least-squares on F
1635/9/128

1.181

R:1=0.070, wR2=0.179
R:1=0.083, wR2=0.187

1.13 and -1.01 e/&’
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5 (v74e) 5(q36k)
CCDC accession code 1982214 HHHAE
Empirical formula Ci241H36F12NgO4P2Ru CasHasF12NoOo sP2Ru
Formula weight 1084.70 1110.91
Temperature 20012) K 20012) K
Wavelength 1.54178 A 1.54178 A
Crystal system Monoclinic Monoclinic

Space group
a
b
c

a

B

Y
Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Number of data frames/time
Theta range

Index ranges

Reflections collected
Independent reflections
Completeness/Omax,
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of fit on F2

Final R indices [I>26(I)]

R indices (all data)

Largest diff. peak and hole

P21-C2? (No. 4)
11.7917(10) A

19.7081(14) A

12.3211(1D A

90°

110.665(5)°

90°

2697.1(4) A3

2

1.345 g/’cm3

3.682 mm-!

1093

0.540 x 0.097 x 0.060 mm3
2217/8-30 seconds

4.44 10 68.72°

-13<h<13, -16<k<23, -14<l<14
17556

7199 [Rix = 0.069]
99.0%/66.00°

Multi-scan

1.000 and 0.500
Full-matrix least-squares on F
7199 /43 / 640

1.057

Ri=0.112, wRz =0.294
R1=0.125, wR2 = 0.309
1.84 and -1.05 e7A’

P21-C2? (No. 4)
11.7769(5) A

19.6256(8) A

12.3972(5) A

90°

110.8508(17)°

90°

2677.70(19) A3

2

1.398 g/(:m3

3.661 mml

1128

0.204 x 0.051 x 0.027 mm>
2291/4-6 seconds
3.821t070.23°

-14<h<13, -21<k<23, -14<I<14
19973

7988 [Ri = 0.053]
99.5%/66.00°

Numerical face-indexed
0.823 and 0.265
Full-matrix least-squares on F
7988 /1/641

1.072

R1=10.053, wR2=0.141
R1=0.055, wR2=0.143
1.18 and -0.95 e/A’
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Special Refinement Details for 2.

No special refinement was required

Full Solid-state Structure of 2.

Figure D42: Full solid-state structure of 2. Hydrogen atoms are omitted for clarity except on the

methylene backbone. Displacement ellipsoids shown at the 50% probability level.

558



Special Refinement Details for 3.

Since Br and trans-coordinated CO ligands bonded to Mn have similar sizes and shapes, it is
not surprising that the Cs- Mn(CO)3(N2C13H12)Br molecule (3) might pack in a disordered fashion
with the Br and trans-coordinated CO ligands interchanged 31% of the time. This disorder
necessitated mild bond length and angle restraints for this disordered group of atoms. The Mn-Br,
Mn-Br', Mn-O1, Mn-O1’, Mn-C1, Mn-C1’, C1-O1, C1'-O1'and C2-O2 bond lengths in 3 were all
mildly restrained to have values which were appropriate multiples of the Mn-Br bond length that
was included as a free variable in the least-squares refinement and refined to a final value of
2.406(7)A. When the isotropic thermal parameter for C1’ refined to an unrealistically high value,

it was fixed at a value equal to the average of Mn and O1'.
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Solid-state Structure of 3.

Figure D43: Solid-state structure of 3. Hydrogen atoms, a second molecule of 3 is omitted for

clarity. Displacement ellipsoids shown at the 50% probability level.
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Full Solid-state Structure of 3.

Figure D44: Full solid-state structure of 3. Hydrogen atoms are omitted for clarity.

Displacement ellipsoids shown at the 50% probability level.
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Special Refinement Details for 5 (v74e).

The solvent molecules of crystallization in S(v74e) are disordered and hydrogen atoms
were not included for them in the structural model. A methanol molecule (atoms O3S and C4S)
is present 41% of the time and a nearby water molecule (oxygen O1W) is present the remaining
59% of the time. A second water molecule is 77/23 disordered over two closely-spaced sites
(oxygen atoms O2W and O2W’). We note explicitly here that no rigorous H-bonding scheme
could be detected for these solvent molecules of crystallization, and thus the structural details of
the solvent molecules of crystallization remain elusive. However, these details do not impact the

assignment and structural details associated with the [Ru(Mezdaf);]** core.

The structure of 5(v74e) was refined as a 52/48 racemic twin.
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Solid-state Structure of 5 (v74e).

Figure D45: Solid-state structure of 5(v74e). Hydrogen atoms and co-crystalized water,
methanol, and ethanol are omitted for clarity. Displacement ellipsoids shown at the 50%

probability level.
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Full Solid-state Structure of 5 (v74e).

Figure D46: Full solid-state structure of 5(v74e). Hydrogen atoms omitted for clarity.
Displacement ellipsoids shown at the 50% probability level. Atoms attributable to co-crystalized

water, methanol, and ethanol are present.
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Special Refinement Details for 5 (q36Kk).

No special refinement was required

Solid-state Structure of 5(q36Kk).

Figure D47: Solid-state structure of 5(q36k). Displacement ellipsoids shown at the 50%
probability level. Hydrogen atoms, atoms attributable to three co-crystalized acetonitrile

molecules, and a water molecule are omitted for clarity.
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Full Solid-state Structure of 5 (q36Kk).

Figure D48: Full solid-state structure of 5(q36k). Hydrogen atoms omitted for clarity.
Displacement ellipsoids shown at the 50% probability level. Atoms attributable to three co-

crystalized acetonitrile molecules and a water molecule are also present.
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Table D3: Selected bond lengths.

Bond Lengths (A) 5 (v74e) 5 (q36Kk)
Ru-N 2.090(14) 2.104(5)
2.143(15) 2.108(5)

2.150(14) 2.114(6)

2.154(14) 2.123(6)

2.158(12) 2.125(5)

2.159(15) 2.130(5)

Ru-N (avg.) 2.142(34) 2.117(13)
C5-C6 1.39(2) 1.416(9)
1.40(3) 1.420(9)

1.43(2) 1.425(9)

C5-C6 (avg.) 1.41(4) 1.420(16)
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Table D4: Selected bond angles.

Bond Angles (°) 5 (v74e) 5 (q36Kk)
N-Ru-N 79.5(5) 82.2(2)
81.7(5) 83.1(2)
82.1(6) 83.3(2)
N-Ru-N (avg.) 81.109) 82.93)
CH3-C—CHs 108(2) 109.4(7)
112(2) 109.9(7)
109.5(17) 111.9(8)
CH3-C-CHs (avg.) 110(3) 110.4(13)
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NMR Spectra
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Figure E1: 'H-NMR spectrum (400 MHz, CD3CN) of 5-syn + 5-anti. The # symbols denote '*C

satellites on the CD3CN protio-solvent residual.

N 9 AN VO M~NOWINM
<+ << 00 0 0 W © ®©
N e Ke)) [N N N N P
7
J
( /
CO =~ CO 7
oc NZN CO
Br ' Br
CO = ?r
OCu, M Ns Nun wCO
T BMETN
oc NN CO
Br <* co
4.00 1.94

9.6 959493929.19089888.7868584838281807978777675
Chemical Shift (ppm)

Figure E2: Zoomed-in 'H-NMR spectrum (400 MHz, CD3CN) of 5-syn + 5-anti highlighting the

aromatic region.
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Figure E3: 'H-NMR spectrum (400 MHz, CD3CN) comparing the ratio of 5-syn + 5-anti.
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Figure E4: 'TH-NMR spectrum (400 MHz, CD3CN) of 6-syn + 6-anti. The symbols denote the '*C
satellites on the CD3CN protio-solvent residuals (#), toluene ($), water (%), and adventitious

acetone (*).
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Figure E5: Zoomed-in 'H-NMR spectrum (400 MHz, CD3CN) of 6-syn + 6-anti
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Figure E6: 'H-NMR spectrum (400 MHz, CD3CN) comparing the ratio of 6-syn + 6-anti.
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Figure E7: Stacked 'H-NMR spectra (400 MHz, CD3CN) of 2-syn + 2-anti (black), 5-syn + 5-
anti (blue), and 6-syn + 6-anti (red). The presence of both syn- and anti-isomers give rise to the

additional resonances in the spectra.
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Figure E8: The resulting 'H-NMR spectrum (400 MHz, CD3;CN) following the in situ one e
reduction of complex 2-syn + 2-anti using the stoichiometric reductant Cp,Co. The resulting
complex is NMR silent, consistent with the presence of an expected paramagnetic species. The

presence of [Cp2Co]Cl (*, 5.66 ppm) and the solvent residual CD2(H)CN (#).
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IR Spectra
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Figure E9: IR spectra for the CO stretching region showing the carbonyl stretches for S-syn + 5-

anti (upper panel) and 6-syn + 6-anti (lower panel) in THF solution. The greater number of CO

stretches for 6-syn + 6-anti in comparison to 5-syn + S-anti can be attributed to the lower

symmetry of the heterobimetallic compound. The symmetries of S5-syn + S-anti are C>, and Ca,

respectively. Group theory analysis predicts that S-syn should have six IR active bands while 5-

anti should have three IR active bands. Experimentally, there is likely significant overlap of bands

for the CO stretches, as they should have very similar energies, resulting in only three apparent

bands. The symmetries of 6-syn + 6-anti are both Cs. Group theory analysis thus predicts that both

compounds should each have six IR-active CO stretching modes. Experimentally, the observation
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of a greater number of overlapping bands is consistent with the decreased symmetry as well as the

anticipated electronic difference between the [Mn(CO)3] and [Re(CO)3] motifs in both isomers.
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High Resolution Mass Spectra
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Figure E10: Full high-resolution mass spectrum of S-syn + 5-anti. Both syn and anti isomers
could be present and the resulting acetonitrile ligand could bind to either Re or Mn. The
experimental data is shown in black and the predicted data is shown in red. The identified

fragment is given in detail below.
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Figure E11: Fragment (a) was the identified fragement in the data from Figure S10

(Experimental: 555.8495; Theoretical: 555.8497).

580



100 -

Intensity (a.u.)
3

N I VO [T PP | ek s -
0 frasnady , . . :

300 400 500 600 700 800
Mass to Charge Ratio (m/z)

Figure E12: Full high-resolution mass spectrum of 6-syn + 6-anti. Both syn and anti isomers
could be present, and the resulting acetonitrile ligand could bind to Re or Mn. The experimental
data is shown in black and the predicted data is shown in red. The identified fragment is

investigated below.
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Figure E13: Fragment (a) was the identified fragment in the data from Figure S12 (Experimental:

687.8672; Theoretical: 687.8674).
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Electronic Absorption Spectra
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Figure E14: Electronic absorption spectrum of 5-syn + S-anti in MeCN.
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Figure E15: Electronic absorption spectrum of 6-syn + 6-anti in MeCN.
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Figure E16: Normalized stacked electronic absorption spectra of 4 (red), S5-syn + 5-anti (blue),

and 6-syn + 6-anti (purple) in MeCN.
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Cyclic Voltammetry Data
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Figure E17: Cyclic voltammogram (100 mV/s) of 1 (green) in 0.1M TBAPFs/MeCN solution.

The trace is the blank taken prior to beginning the experiment.
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Figure E18: Cyclic voltammogram (100 mV/s) of 2-syn + 2-anti ( ) in 0.1M

TBAPFs/MeCN solution. The orange trace is the blank taken prior to beginning the experiment.
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Figure E19: Extended cyclic voltammogram (100 mV/s) of 2-syn + 2-anti ( ) in 0.1M
TBAPFs/MeCN solution. The trace is the blank taken prior to beginning the experiment.
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Figure E20: Cyclic voltammogram (100 mV/s) of 3 (black) in 0.1M TBAPF¢/MeCN solution.

The

trace is the blank taken prior to beginning the experiment.
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Figure E21: Cyclic voltammogram (100 mV/s) of 4 (red) in 0.1M TBAPF¢MeCN solution. The

orange trace is the blank taken prior to beginning the experiment.

590



04 I ! I ' I ' | ' 1 N 1 ' 1 B 1
S
e 02} i
(&
<
E
2 p
@ 00Ff 2
-
@
o
€
o
S 02t -
O
0.4 -
| L | L | L | L | L 1 L | L |

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
Potential (V vs. Fc*?)

Figure E22: Cyclic voltammogram (100 mV/s) of 5-syn + S-anti (blue) in 0.1M TBAPFs/MeCN

solution. The orange trace is the blank taken prior to beginning the experiment.
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Figure E23: Cyclic voltammogram (100 mV/s) of 6-syn + 6-anti (purple) in 0.1M

TBAPF¢/MeCN solution. The orange trace is the blank taken prior to beginning the experiment.
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Figure E24: Stacked cyclic voltammograms (100 mV/s) of complexes 1-6 in 0.1M
TBAPFs/MeCN solution. 1 (black), 2-syn + 2-anti (red), 3 (blue), 4 (green), S-syn + S-anti

(purple), 6-syn + 6-anti (gold).
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Figure E25: Scan rate dependence studies (left) and peak anodic and cathodic current density as

a function of the square root of scan rate (right) for the first redox couple of complex 1.
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Figure E26: Scan rate dependence studies (left) and peak anodic and cathodic current density as
a function of the square root of scan rate (right) for the first redox couple of complex 2-syn + 2-

anti.
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Figure E27: Scan rate dependence studies (left) and peak anodic and cathodic current density as

a function of the square root of scan rate (right) for the second redox couple of complex 2-syn +

2-anti.
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Figure E28: Scan rate dependence studies (left) and peak anodic and cathodic current density as

a function of the square root of scan rate (right) for complex 3.
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Figure E29: Scan rate dependence studies (left) and peak anodic and cathodic current density as

a function of the square root of scan rate (right) for complex 4.
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Figure E30: Scan rate dependence studies (left) and peak anodic and cathodic current density as

a function of the square root of scan rate (right) for complex 5-syn + 5-anti.
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Figure E31: Scan rate dependence studies (left) and peak anodic and cathodic current density as

a function of the square root of scan rate (right) for complex 6-syn + 6-anti.
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Figure E32: Experimental: perpendicular-mode X-band EPR spectrum of 2-syn + 2-anti after
reduction by one ¢ using Cp2Co to generate a singly reduced paramagnetic species in situ (toluene,
Temperature = 20 K, Frequency = 9.6405 GHz, Power = 2 mW). Simulated: Easyspin simulation
of EPR data; Best values: gx = 1.99, gy = 2.01, g, = 1.98, Ax =43 MHz, Ay =50 MHz, A; =15
MHz, HStrain(x) = 1 MHz, HStrain(y) = 100 MHz, HStrain(z) = 100 MHz, peak to peak line width

(Iwpp) = 0.75, weight = 1.
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Crystallographic Information

Refinement Details

X-ray Crystallographic Studies for 1, 2-anti, 3, 4, 5-syn, S5-anti, and 6-syn

Crystals were mounted on polyimide MiTeGen loops with STP Oil Treatment and placed
under a nitrogen stream. Low temperature (100 K) X-ray data were collected on a Bruker
AXS D8 KAPPA diffractometer with an APEX Il CCD detector and TRIUMPH graphite
monochromator running at 50 kV and 30 mA with Mo radiation (K« = 0.71073 A) for 1
and on a Bruker AXS D8 VENTURE KAPPA diffractometer with PHOTON 100 CMOS
detector and Helios focusing multilayer mirror optics running at 50 kV and 1 mA using Cu
radiation (Ko = 1.54178 A) for 5-syn and 5-anti and using Mo radiation (K« = 0.71073 A)
for 2-anti, 3, 4, and 6-syn. Totals of 2374 (1), 2053 (2-anti), 2444 (3), 1206 (4), 1338
(5-syn), 2013 (5-anti), 884 (6-syn), 0.5° or 1.0° -wide @w- or ¢-scan frames were collected
with counting times of 10-20 seconds (1), 4-30 seconds (2), 1-10 seconds (3), 1-20 seconds
(4), 5-60 seconds (5-syn), 1-15 seconds (5-anti), and 2-60 seconds (6-syn). Preliminary
lattice constants were obtained with the Bruker Apex2 Software Suite.! Integrated
reflection intensities for all compounds were produced using SAINT in the Bruker Apex2
Software Suite. Each data set was corrected empirically for variable absorption effects with
SADABS? using equivalent reflections. The Bruker software package SHELXTL was used
to solve each structure using intrinsic direct methods phasing. Final stages of weighted full-
matrix least-squares refinement were conducted using Fo?> data with SHELXTL? or the
Olex2 software package equipped with XL* All non-hydrogen atoms were refined
anisotropically. All hydrogen atoms were included into the model at geometrically

calculated positions and refined using a riding model. The isotropic displacement
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parameters of all hydrogen atoms were fixed to 1.2 times the U value of the atoms they are
linked to. The relevant crystallographic and structure refinement data for all seven

structures are given in Table S1.
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Table E1: Crystal Refinement Data

1(al5100)

2-anti (p15249)

3 (pl5315)

CCDC accession code
Empirical formula
Formula weight
Temperature
‘Wavelength

Crystal system

Space group

a

b

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Number of data frames/time
Theta range

Index ranges

Reflections collected
Independent reflections
Completeness/Omax
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>26(I)]

R indices (all data)

Largest diff. peak and hole

2005316
C11HsCIN4OsRe
463.85

100K

0.71073 A
monoclinic

P2y/c (No. 14)
6.2872(3) A
14.9679(7) A
13.4775(T) A

90°

102.408(2)°

90°

1238.69(11) A3

4

2.487 g/em3

10.038 mm-!

864
0.4x0.06x0.02 mm’
2374/10-20 seconds
2.06 to 29.992°
-8<h<8, -21<k=21, -18<I<18
32945

3602 [Rixe = 0.039]
100%/25.000°
Multi-scan

1.000 and 0.630

Full-matrix least-squares on F

3602/0/193

1.252

R1=0.0212, wR2=0.0453
R1=0.0226, wR2 = 0.0457

1.19 and -0.91 e-/A’

2005317
C14HsClzN4OsRez
769.53

100 K

0.71073 A
monoclinic
P2y/c(No. 14)
6.3386(3) A
11.9351(6) A
12.3347(6) A

90°

97.6407(17)°

90°

924.86(8) A3

2

2.763 glem?’
13.406 mm-1

700
0.06x0.04x0.02 mm>
2053/4-30 seconds
2.385 to 24.992°
-7<h<7, -14<k<14, -14<1<14
21581

1634 [Rine = 0.055]
100%/24.992°
Multi-scan

1.000 and 0.852

Full-matrix least-squares on F

1634/0/ 145

1.401

R1=0.0267, wR2 =0.0478
R1=0.0304, wR2 = 0.0485

1.57 and -1.79 e-/A’

2005320

C11HsBrMnN+O3

377.05

100K

0.71073 A

triclinic

P-1(No.?2)

6.6093(3) A

6.6618(3) A

14.8504(8) A
102.3575(17)°
93.1195(18)°
102.3828(17)°

620.40(5) A3

2

2.018 g/om?

4.296 mm-1

368

0.300x 0.150x 0.100 mm?3
2444/1-10 seconds

3.173 to 36.362°
-10=h<10, -10<k<11, -24<1<24
31855

5964 [Rixe = 0.038]
99.9%/25.242°

Mulit-scan

0.7471 and 0.5920
Full-matrix least-squares on F
5964 /0/ 181

1.040

R1=0.0289, wR2 = 0.0572
R1=0.0411, wR2 = 0.0605

0.778 and -0.778 e-/A’
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4 (p15260)

5-syn (p15288)

5-anti (p15287)

CCDC accession code
Empirical formula
Formula weight
Temperature
‘Wavelength

Crystal system

Space group

a

b

B
Y

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Number of data frames/time
Theta range

Index ranges

Reflections collected
Independent reflections
Completeness/Omax
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of fit on F2

Final R indices [I>20(I)]

R indices (all data)

Largest diff. peak and hole

2005318

C1HsBrMnN4O3

377.05

100K

0.71073 A

monoclinic

P21 /e (No. 14)

6.4216(2) A

14.7565(6) A

13.5124(5) A

90°

102.0331(12)°

90°

1252.30(8) A3

4

2.000 g/em3

4.257 mm-!

736

0.250 X 0.100 x 0.050 mm?>
1206/1-20 seconds

3.083 to 36.307°
-10<h<10, -24<k<24, -22<1<22
28709

6048 [Rixe = 0.039]
99.9%/25.242°
Multi-scan

0.7474 and 0.5901
Full-matrix least-squares on F
6048 /0/ 181

1.045

R1=0.0309, wR2 = 0.0638
R1=0.0476, wR2 = 0.0687

0.969 and -0.693 e/A’

2005315
Ci7H12BrsMnaN4O7
647.96

100K

1.54178 A
orthorhombic
Cmem (No. 63)
17.597(3) A
10.830(2) A
11.8313(18) A

90°

90°

90°

2254.8(7) A3

4

1.909 g/cm?
13.687 mm-!
1248.0

0.1x0.03 x 0.03 mm?
1338/5-60 seconds
4.794 to 74.214°
-21<h<19, -13<k<11, -14<1<9
4267

1178[Rize = 0.109]
97.9%/66.00°
None

0.7538 and 0.5415

Full-matrix least-squares on F

1178/29/93

1.065

R1=0.0616, wR2=0.1333
R1=0.1106, wR2=0.1538

0.97 and -1.13 e/A’

2005321
C14HsBr2MnaN+Os

595.93

100K

1.54178 A

triclinic

P-1 (No.2)

6.4380(6) A

8.3336(7) A

9.4980(9) A

98.880(7)°

100.604(7)°

96.117(7)°

490.08(8) A3

1

2.019 g/em?

15.626 mm-!

286

0.070 x 0.050 x 0.030 mm?
2013/1-15 seconds

4.814 to 72.057°

-6<h<7, -10<k<10, -11<I<11
5479

1911[Rx = 0.092]
99.7%/67.679°

Multi-scan

0.7538 and 0.5580

Full-matrix least-squares on F

1911/0/127

1.062

R1=0.0702, wR2=0.1569
R1=0.1034 wR2=0.1759

1.451 and -0.966 /A’

605



6-syn (p15317)

CCDC accession code
Empirical formula
Formula weight
Temperature
‘Wavelength

Crystal system

Space group

a

b

B
Y

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Number of data frames/time
Theta range

Index ranges

Reflections collected
Independent reflections
Completeness/Bmax
Absorption correction

Max. and min. fransmission
Refinement method

Data / restraints / parameters
Goodness-of fit on F2

Final R indices [I=26(I)]

R indices (all data)

Largest diff. peak and hole

2005319
Ci17Hi2BrsMnNsO7Re
785.27

100K

0.71073 A
orthorhombic

Cmcm (No 63)
17.6165(8) A
10.9052(5) A
11.8240(6) A

90°

90°

90°

2271.53(19) A3

4

2.296 g/om

9.444 mm-!

1472

0.100 x 0.030 x 0.030 mm?3
884/2-60 seconds

2.196 to 30.501°

-22<h<25, -14<k<14, -16<I<15

15274

1811[Rin: = 0.056]
09.9%5/25.242°

Multi-scan

0.7466 and 0.5762

Full-matrix least-squares on F
1811/199/126

1.060

R1=0.0286, wR2 = 0.0489
R1=0.0448, wR2 =0.0519

0.892 and -1.442 e/A’
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Special Refinement Details for 1.

Complex 1 crystalizes in the monoclinic space group P2; /c. The crystal exhibits disorder in regard
to the axial CO and axial CI. Specifically, the disorder was modeled by refining the relative
occupancies of Cll and Clla, giving a ratio of 94:6. Additionally, refinement of the relative

occupancies of O3 and O3a revealed a ratio of 94:6.
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Solid-State Structure of Complex 1.

r @

Figure E33. Solid-state structure of complex 1. Partial occupancy CO and Cl omitted for clarity.
Hydrogen atoms are omitted for clarity. Displacement ellipsoids are shown at the 50% probability

level.
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Full Solid-state Structure of Complex 1.

Figure E34. Full solid-state structure of complex 1. Hydrogen atoms are omitted for clarity.

Displacement ellipsoids are shown at the 50% probability level.
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Special Refinement Details for 2-anti.

Complex 2-anti crystalizes in the monoclinic space group P2; /C. The crystal exhibits disorder in
regard to the axial CO and axial Cl ligands. Specifically, the disorder was modeled by refining the
relative occupancies of Cl1 and Cl1A, giving a ratio of 80:20. Additionally, refinement of the

relative occupancies of C7 and C7A, as well as O3 and O3 A, revealed a ratio of 80:20.
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Solid-State Structure of Complex 2-anti.

Figure E35: Solid-state structure of complex 2-anti. Partial occupancy CI1A, CI1C, C7A, O3A,
C7AA, and O3AA atoms are omitted for clarity. Hydrogen atoms are omitted for clarity.

Displacement ellipsoids are shown at the 50% probability level.
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Full Solid-State Structure of Complex 2-anti.

Figure E36: Full solid-state structure of complex 2-anti, showing admixture of 2-syn that is also
present in the unit cell due to packing disorder. Hydrogen atoms are omitted for clarity.

Displacement ellipsoids are shown at the 50% probability level.
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Special Refinement Details for 3.

No special refinement was required.

Full Solid-State Structure of Complex 3.

Figure E37. Full solid-state structure of complex 3. Hydrogen atoms are omitted for clarity.

Displacement ellipsoids are shown at the 50% probability level.
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Special Refinement Details for 4.

Complex 4 crystallizes in the monoclinic space group P2i/c with one molecule in the
asymmetric unit. The highest electron density maximum is located in a position consistent with a
bromine disordered with carbon monoxide (C1 and O11). This disorder was not modeled because
the occupancy of this bromine refined to less than 5% and no partially occupied carbon monoxide

could be located in the bromine position (Brl).
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Full Solid-State Structure of Complex 4.

Br1

Figure E38: Full solid-state structure of complex 4. Hydrogen atoms are omitted for clarity.

Displacement ellipsoids are shown at the 50% probability level.
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Special Refinement Details for 5-syn.

Complex 5-syn crystallizes in the orthorhombic space group Cmcm with one quarter of a
molecule in the asymmetric unit along with a quarter of an acetone. The occupancy of the acetone
molecule was decreased to a quarter because it is located on multiple symmetry elements (mirrors
and two-fold rotation axis). The acetone was refined with the help of similarity restraints on the
1,2- and 1,3-distances and displacement parameters as well as rigid bond restraints for anisotropic
displacement parameters. In addition, the C-C distances were restrained to be 1.51(4) A and all
atoms were restrained to be flat. The quality of this crystal is relatively poor because is appeared

to decompose over the course of data collection, possibly due to light exposure.

616



Solid-State Structure of Complex 5-syn.

Br1

Figure E39: Solid-state structure of complex 5-syn. Hydrogen atoms and a disordered acetone

molecule are omitted for clarity. Displacement ellipsoids are shown at the 50% probability level.
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Full Solid-State Structure of Complex 5-syn.

& Br1 Br1A

Figure E40: Solid-state structure of complex S-syn. Hydrogen are omitted for clarity.

Displacement ellipsoids are shown at the 50% probability level.
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Special Refinement Details for S-anti.
No special refinement was required.

Full Solid-State Structure of Complex S-anti.

@BF‘IA

Br1

Figure E41: Full solid-state structure of 5-anti. Hydrogen are omitted for clarity. Displacement

ellipsoids are shown at the 50% probability level.
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Special Refinement Details for 6-syn.

Compound 6-syn crystallizes in the orthorhombic space group Cmcm with a quarter of a
molecule in the asymmetric unit along with a quarter of an acetone. All disordered atoms were
refined with the help of similarity restraints on the 1,2- and 1,3-distances and displacement
parameters as well as rigid or enhanced rigid bond restraints for anisotropic displacement
parameters. The molecule is located on multiple symmetry elements (mirror planes and a 2-fold
rotation axis). Due to this situation, only one metal position is present in the asymmetric unit which
was modeled as a mixture of Mn and Re. Refinement of the relative occupancies of Mn and Re
gave a ratio of approximately 49.4:50.6. For the final refinement the occupancies of Mn and Re
were constrained to be 50:50 and the anisotropic displacement parameters were constrained to be

equal. As a result of the Mn-Re disorder, the carbonyl ligands were also disordered.

The occupancy of the acetone molecule was decreased to a quarter because it is located on
multiple symmetry elements (mirror planes and two-fold rotation axis). The acetone was refined
with the help of similarity restraints on the 1,2- and 1,3-distances and displacement parameters as
well as rigid bond restraints for anisotropic displacement parameters. In addition, the C-C distances

were restrained to be 1.51(4) A and all atoms were restrained to be flat.
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Solid-State Structure of Complex 6-syn.

Figure E42: Solid-state structure of complex 6-syn. Hydrogen atoms, a disordered acetone
molecule, and a disordered molecule of 6-syn are omitted for clarity. Displacement ellipsoids are

shown at the 50% probability level.
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Full Solid-State Structure of Complex 6-syn.

Br"l Br‘1A

Figure E43: Solid-state structure of complex 6-syn. Hydrogen atoms are omitted for clarity.

Displacement ellipsoids are shown at the 50% probability level.
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Appendix F

Evidence for Redox Chemistry Following Photoinduced CO Release from

[Mn(CO)s3] Complexes
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Complexes of Interest
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Electrochemical Data
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Figure F1: Cyclic voltammogram (100 mV/s) of 1 in 0.1M TBAPF¢MeCN solution.
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Figure F2: Cyclic voltammogram (100 mV/s) of 2 in 0.1M TBAPF¢MeCN solution.
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Figure F3: Cyclic voltammogram (100 mV/s) of 3 in 0.1M TBAPF¢MeCN solution.
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Figure F4: Cyclic voltammogram (100 mV/s) of 4 in 0.1M TBAPF¢MeCN solution.
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Spectrochemical Redox Titration
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600
Wavelength (nm)

Figure F5: A solution of 2 in MeCN is titrated with increasing equivalents of Cp*>Co to generate

Mn;(CO)s(bpy)o.
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Figure F6: From the titration shown in Figure F5, an absorbance vs. concentration of
Mn(CO)s(bpy)2 plot is constructed to extract the molar absorptivity of Mnz(CO)s(bpy). at 810

nm.
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Photolysis Data with NMR Monitoring
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Figure F7: NMR spectroscopic monitoring of a solution containing complex 2 irradiated over
time with 415 nm light at 175 W. The irradiation results in the disappearance of the starting

material. Broadening of the resonances in the spectra can be observed after 10 min. of irradiation.
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Photolysis Data with IR Monitoring
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Figure F8: Full IR spectra. IR monitoring of a solution containing complex 2 irradiated over time
with 415 nm light at 175 W. The irradiation results in follow-up chemical activity that is exhibited
by the presence of new CO stretches in the IR spectrum after 2 min. of irradiation. The presence

of free carbon monoxide is present after 2 min.
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Figure F9: Zoomed in IR spectra. IR monitoring of a solution containing complex 2 irradiated

over time with 415 nm light at 175 W. The presence of free carbon monoxide is present after 2

min and continues to increase during the course of irradiation.
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Photolysis Data with UV-Vis Monitoring
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Figure F10: UV-Vis monitoring of a solution containing complex 1 irradiated over time with 410
nm light at 175 W. The irradiation results in follow-up chemical activity that is exhibited by the
presence of new transitions in the UV-Vis spectrum after 2 min. of irradiation. The long

wavelength absorptions resemble those observed in 2.
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Figure F11: UV-Vis monitoring of a solution containing complex 2 irradiated over time with 415
nm light at 175 W. The irradiation results in follow-up chemical activity that is exhibited by the
presence of new transitions in the UV-Vis spectrum after 2 min. of irradiation. The spectrum is
consistent with the generation of Mn2(CO)s(bpy)2, closely resembling the spectroelectrochemical

data provided by Deronzier and co-workers.
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Figure F12: The spectrum obtained by irradiation of 2 is consistent with the generation of
Mn(CO)es(bpy)2, closely resembling the spectroelectrochemical data provided by Deronzier and
co-workers (upper panel).! The data in the upper panel also closely resembles the spectrochemical
titration data provided here (lower panel). This supports the generation of an in sifu reductant.
Using the molar absorptivity of Mna(CO)s(bpy)2 obtained in Figure F6, the conversion of 2 to

Mn(CO)s(bpy)2 was determined to be 42 + 5%.
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Figure F13: UV-Vis monitoring of a solution containing complex 2 irradiated over time with 415
nm light at 175 W under ambient atmosphere. The irradiation results in follow-up chemical activity
that is exhibited by the presence of new transitions in the UV-Vis spectrum after 2 min. of
irradiation. Notably, the transitions corresponding to the generation of Mnx(CO)s(bpy). are not
observed, confirming the air sensitivity of Mn2(CO)s(bpy)2, a result that is further supported by

the reduction potential of 2 (Ep.=—1.62 V vs Fc).
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Figure F14: UV-Vis monitoring of a solution containing complex 3 irradiated over time with 454

nm light at 175 W. The irradiation results in follow-up chemical activity that is exhibited by the

presence of new transitions in the UV-Vis spectrum after 2 min. of irradiation. The long

wavelength absorptions resemble those observed in 2, and the shift of the absorption features

suggests that the ““*bpy ligand is still bound in the newly generated compound.
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Figure F15: UV-Vis monitoring of a solution containing complex 2 irradiated over time with 410
nm light at 175 W. The irradiation results in follow-up chemical activity that is exhibited by the
presence of new transitions in the UV-Vis spectrum after 2 min. of irradiation. The long

wavelength absorptions resemble those observed in 2.

640



Photolysis Data with EPR Monitoring

g value
654 3 2
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Figure F16: Two component X-band continuous wave EPR spectra of in situ generated Mn"
species following the irradiation of a solution of 1 (gold; simulated spectrum in light yellow), 2
(orange; simulated spectrum in light orange), 3 (red; simulated spectrum in light red), and 4 (blue;

simulated spectrum in light blue) in frozen MeCN.
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Figure F17: Experimental spectrum (gold): Following irradiation of 1 with ambient light for 24
hours, a perpendicular-mode, X-band EPR spectrum of two Mn'" species was measured in MeCN
at 7.4 K (frequency = 9.6418 GHz; power = 2 mW, attenuation= 20 dB; time constant = 5.12 ms;
modulation amplitude = 8.000G). Simulated spectrum (black): Easyspin simulation of the EPR
data; simulations parameters for Component A: nucleus: Mn, S = 5/2, g =[1.88 3.23], A =[273
300], HStrain = [705 490], lwpp = [10 30], DStrain = [5.1 5.0], and weight = [0.94]. Component
B: Mn, S =5/2, g =[4.27], A = [72], HStrain = [73], Iwpp = [57], DStrain = [5.0], and weight =

[0.06].
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Figure F18: Experimental spectrum (orange): Following irradiation of 2 with ambient light for 24
hours, a perpendicular-mode, X-band EPR spectrum of two Mn'" species was measured in MeCN
at 7.4 K (frequency = 9.6427 GHz; power = 2 mW, attenuation= 20 dB; time constant = 2.56 ms;
modulation amplitude = 8.000G). Simulated spectrum (black): EasySpin simulation of the EPR
data; simulations parameters for Component A: nucleus: Mn, S =5/2, g =[1.87 3.32], A =[283
536], HStrain = [ 1284 308], Iwpp =[20 25], DStrain = [5.0 5.0], and weight =[0.95]. Component
B: Mn, S =5/2, g =[4.39], A = [81], HStrain = [73], Iwpp = [59], DStrain = [1.0], and weight =
[0.05].
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Figure F19: Experimental spectrum (orange): Following irradiation of 2 with ambient light for 24
hours, a perpendicular-mode, X-band EPR spectrum of two Mn!" species was measured in MeCN
at 7.4 K (frequency = 9.6415 GHz; power = 2 mW, attenuation= 20 dB; time constant = 5.12 ms;
modulation amplitude = 8.000G). Simulated spectrum (black): EasySpin simulation of the EPR
data; simulations parameters for Component A: nucleus: Mn, S = 5/2, g=[1.87 3.29], A =[339
534], HStrain = [1300 315], Iwpp =[21 22], DStrain = [5.0 5.0], and weight =[0.94]. Component
B: Mn, S =5/2, g =[4.29], A =[191], HStrain = [74], Ilwpp = [59], DStrain = [5.0], and weight =
[0.06].
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Figure F20: Experimental spectrum (orange): Following irradiation of 2 with ambient light for 24
hours, a perpendicular-mode, X-band EPR spectrum of two Mn'" species was measured in MeCN
at 7.4 K (frequency = 9.6407 GHz; power = 2 mW, attenuation= 20 dB; time constant = 5.12 ms;
modulation amplitude = 8.000G). Simulated spectrum (black): EasySpin simulation of the EPR
data; simulations parameters for Component A: nucleus: Mn, S =5/2, g=[1.90 3.60], A =[314
529], HStrain = [400 230], Iwpp =[9 16], DStrain = [1.0 1.0], and weight = [0.89]. Component
B: Mn, S =5/2, g =[4.91], A =[194], HStrain = [83], Iwpp = [64], DStrain = [1.0], and weight =
[0.11].
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Figure F21: Peak deconvolution of the integrated EPR spectrum of 1. The overall signal was fit
with three separate gaussians, where peaks 2 and 3 correspond to Component A and peak 1
corresponds to component B. Based on the integration, the weighting of Components A and B are

0.92 and 0.8, respectively.
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Figure F22: Peak deconvolution of the integrated EPR spectrum of 2. The overall signal was fit
with three separate gaussians, where peaks 2 and 3 correspond to Component A and peak 1
corresponds to component B. Based on the integration, the weighting of Components A and B are

0.92 and 0.8, respectively.
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Figure F23: Peak deconvolution of the integrated EPR spectrum of 3. The overall signal was fit
with three separate gaussians, where peaks 2 and 3 correspond to Component A and peak 1
corresponds to component B. Based on the integration, the weighting of Components A and B are

0.92 and 0.8, respectively.
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Figure F24: Peak deconvolution of the integrated EPR spectrum of 4. The overall signal was fit
with three separate gaussians, where peaks 2 and 3 correspond to Component A, and peak 1
corresponds to component B. Based on the integration, the weighting of Components A and B are

0.89 and 0.11, respectively.
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Scheme F1: Proposed mechanism for the speciation of [Mn(CO);Br(diimine)] complexes 1-3.
Initial carbon monoxide release and solvent coordination were proposed in a prior publication
based on ultrafast transient absorption spectroscopy with UV-visible monitoring.? After loss of an
MeCN ligand, the proposed Mn solvento species would be a much better reductant than the starting
material. The in situ generated reductant then reacts with an equivalent of the starting material,
and the resulting redox chemistry then generates Mn(0) and Mn(Il) species. The 17¢~ Mn(0)
species can then react with an equivalent of itself to generate [Mn(CO)3(bpy)]2, which is supported
by the UV-vis and IR studies. The initial Mn(II) species that is generated would be labile and could
lose its supporting ligands. The generation of Mn(Il) and loss of its surrounding ligands is
supported by experimental EPR measurements and theoretical modeling with EasySpin, as well as

IR and gas chromatography measurements.**
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