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Abstract

The synthesis and characterization of bis(phosphinimine)pyrrolide complexes of
rhodium is described. A combination of solution and solid-state spectroscopies, X-ray
crystallography, and computational analyses were used to characterize relevant
compounds. Crystallographic analysis of phosphinimine fragments in the reported rhodium
complexes showed significant P—-N bond elongation relative to uncoordinated
phosphinimines in both the parent ligand scaffold and partially-coordinated (x?-N,N)
species, emphasizing the ylidic structure of the P-N linkage.

In the rhodium complexes surveyed, hemilabile phosphinimines were shown to
engage small molecule substrates leading to heterolytic cleavage of H2, CO deoxygenation,
dehydrogenation of hydrosilanes, and the reversible activation of B—H bonds. Catalytic
hydrogenation of alkenes and alkynes could be initiated from well-defined mononuclear
complexes of the bis(phosphinimine)pyrrolido ligand. Taken together, the incorporation of
phosphinimines in a monoanionic ligand scaffold paired with rhodium enabled new

reactivities, representing an advancement in metal-ligand cooperation.
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Chapter 1: Introduction

1.1. Coordination and Organometallic Chemistry of Transition Metals

A sustained focus on the development of transition metal-catalyzed technologies that
increase access to commaodity chemicals from simple building blocks has been a defining
feature of synthetic chemistry in the last century.! To this end, industrial processes often
rely on transition metal catalysts to accelerate selective chemical transformations by virtue
of reductive and oxidative processes that transfer the electrons required to break and forge
new chemical bonds. Often, these reactive metal ions are stabilized (coordinated) by

molecules called ligands, performing ancillary (spectator) or cooperative roles.?

] G

NH; NH3
NH3 HaN cl ~NH3
HaN— C6—NH SN HaN—RU—NH
3 3 PN 3 7 3
HaN | HaN cl HaN
NH3 IN\
s
Werner, 1893 Peyrone, 1844 Taube, 1968

Figure 1.1. Coordination complexes of some late transition metals.

Transition metal coordination complexes (Figure 1.1) of mono- and bidentate
ligands, including ammine, halides, pyridine, bipyridine (bpy), and a variety of phosphines
(PR3) and bis(phosphines), largely define the study of inorganic chemistry.? By extension,
organometallic chemistry, dealing with those complexes containing metal—carbon bonds,
places a focus on carbon-based ligands of varying complexity and reactivity.* Carbocyclic
ligands (Figure 1.2) have contributed substantially to the development of organometallic

chemistry leading to the 1973 Nobel Prize in Chemistry® (Fischer and Wilkinson) for ...



pioneering work on the chemistry of the organometallic, so called sandwich compounds.”
Metallocene complexes (e.g., ferrocene) bearing cyclopentadienyl ligands (Cp = n°>-CsHs),
provide exceptional stability to a transition metal ion (M") by virtue of the n° coordination
mode (i.e., bonding equally to a metal centre through all carbon atoms in the n-system of
the ring),2 and are still employed in the design of organometallic catalysts for a variety of
applications including, but not limited to, olefin polymerization,* C-H amination,®
hydrogenation,® and proton-coupled electron-transfer (PCET) reactions.” The
permethylated Cp* ligand (Cp* = n°®-CsMes), along with the ‘tethered” ansa-metallocenes
build on the Cp framework, enabling modular tuning of electronic and steric parameters

that ultimately translate into distinct reactivities.*
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K ﬁ( 2 % ~ci
. 5_
Cp:nS_CsHs Cp*='l']5'C5M35 MEQSI(]'] 05H4)2
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M = Transition Metal

E and Z = Main Group Element
n=1-3

Figure 1.2. (A) Metallocene complexes. (B) Generic representation of a transition metal
complex stabilized by a pincer ligand coordinated in a meridional geometry.



While metallocene chemistry continues to be prevalent in the chemical literature, the
elaboration of Cp-based frameworks is largely limited to addition of varying substituents
to the core carbocyclic structure. The adoption of tridentate ligands that coordinate to the
metal in a meridional fashion has thus led to a renaissance of organometallic chemistry.
These ‘pincer’ ligands (Figure 1.2), first reported by Shaw in 1976,% have since become
ubiquitous in coordination chemistry and catalysis. In the post-metallocene era of
organometallic chemistry, reactive metals are continuously worked into carefully designed
ligands (PNP, PCP, NCN), providing catalysts for a plethora of useful reactions in both
synthetic organic and inorganic chemistry. Some pioneers of this area include van Koten,®
Fryzuk,!® Milstein,'* and Goldman.*? Notably, the use of monoanionic multidentate
‘hybrid” PNP ligands by Fryzuk inspired some of the chemistry discussed in Chapter 2
(PNP = [N(SiMe2CH2PPh2)2]"). In this example, both ‘hard’ amido nitrogen, and ‘soft’
phosphine donors are components in the same tridentate ligand, providing a flexibility that
would otherwise be unavailable to Cp-based ligands.

With the notable exception of variable coordination (i.e., n°n? ‘ring-slipping’) in
metal indenyl complexes,*® carbocyclic ligands bind strongly to transition metals and are
generally considered inert to substitution. The formation of metallocene complexes bearing
multiple Cp-based ligands (CN > 6) forces the metal to engage with substrates in a specific
way, which can be advantageous for promoting specific chemical transformations (e.g.,
alkene insertion), but limiting in other respects. Monodentate phosphines and amines are
ligands that are often referred to as ‘spectators’ given their role in the stabilization of metal

centers during a catalytic reaction without modification or substitution.? These ligands



provide increased access to the metal center, but often at the cost of lower selectivity and
catalyst stability as a consequence of irreversible ligand loss.

The incorporation of main group element (e.g., N, O, P) donors into tridentate
ligand scaffolds has enabled the synthesis of diverse catalysts that profoundly impact
various areas of chemical science.'* The adoption of pincer ligands (Figure 1.2) in catalysis
both complements, and in many ways, improves upon well-established methods based on
metallocene systems.®® For example, tridentate ligands allow for careful manipulation of
steric and electronic parameters that ultimately control the reactivity of the metal center
with target substrates.® Like metallocenes, pincer ligands impart marked thermal stability
to transition metal complexes with the added benefit of increased access to the metal center
by forming complexes with lower coordination numbers. Tridentate ligands conceivably
provide a platform for the generation of reactive metal centers and will be the focus of the

discussion moving forward.

1.2. Metal-Ligand Cooperation

Milstein’s seminal 2015 review on metal-ligand cooperation has provided a
framework for understanding how the activation of small molecules can be targeted by
leveraging reactivities within specially designed transition metal complexes.'* The
following section is not meant to be a comprehensive review, but rather, a summary of key
aspects of metal-ligand cooperation, particularly those involving pincer-type ligands in late
transition metal systems, to contextualize the work contained in this thesis for rhodium
complexes of bis(phosphinimine)pyrrolide ligands. An emphasis on reversible,

stoichiometric transformations is made to highlight the reactivity of these rhodium



complexes with representative small molecules, including Hz (Chapter 2), CO (Chapter 3),

hydrosilanes (Chapter 4), and hydroboranes (Chapter 5).

oxidative addition X
LM + X-Y L,Mn*+2
reductive elimination \Y

® modification at metal; spectator ligand

L,M" +  X-Y — metai-ﬁgajnd — Y- M—X
~— cooperation ——

e modification at ligand and metal

Scheme 1.1. Reversible bond activation by oxidative addition/reductive elimination (top)
and metal-ligand cooperation (bottom).

In the generic reaction outlined in Scheme 1.1, oxidative addition of an X-Y bond
to a transition metal complex results in the formal oxidation of the metal center and
increases the coordination number by 2.16 Alternatively, the hypothetical molecule X-Y
could be activated and result in the functionalization of both the ligand (Lm) and transition
metal center in an overall redox-neutral process (no change in metal oxidation state).
Whereas the reactive species are the same in both cases, metal-ligand cooperation results
in complementary reactivity to well-established oxidative addition/reductive elimination.
An example of this type of reactivity from Milstein and co-workers described the activation
of N—H bonds in electron-deficient anilines by a ruthenium complex bearing a PNP pincer
ligand (Scheme 1.2).17 An example of metal-ligand cooperation involving
aromatization/dearomatization of the PNP pincer promotes proton-transfer to the

unsaturated fragment in the ligand backbone, causing aromatization of the central pyridine



ring.}* Fryzuk showed related ligand “non-innocence” in the addition of H2 across a

monoanionic PNP complex of iridium.*®
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Scheme 1.2. (A) Activation of Hz by hybrid PNP ligand. (B) Redox-neutral N-H activation
enabled by metal-ligand cooperation.®

Specific ligand-based reactivities that are highlighted include hemilabile P/N-
donors and the formation of metal-ligand multiple bonds (MLMBs). Following a brief
introductory section on these topics, a monoanionic NNN-pincer ligand bearing
phosphinimines will be described. The resulting stoichiometric and catalytic reaction
chemistry of the corresponding rhodium complexes will lay the groundwork for the

remainder of the thesis.
1.3. Hemilabile P/N donors

Activity in homogeneous transition metal catalyzed reactions is often associated

with the availability of open coordination sites on the metal to bind substrates.? A delicate



balance needs to be achieved in order for productive catalysis to occur insofar as to not

saturate the metal center of all available coordination.?

A
PPh PPh H
S8 _PPhy, + 8 s S 4L H PPh
PhsP——Rh'—ClI — S——Rh—CI ~—="- T2 H—RR!"—CI
PhyP + PPhs, - S PhsP PhsP
e reaction initiated by dissociation of phosphine
B
B S
z _— P PPh,

N -
PhP~_ | __PPh, Ph,P~_|
M M

e reversible phosphine dissociation
generates metal coordination site

Scheme 1.3. (A) Loss of triphenylphosphine (PPhs) from Wilkinson’s catalyst initiates
oxidative addition of Hz and substrate binding. (B) A generic PNP pincer ligand bound 3
(left) and «? (right) highlights the ‘hemilability’ of the phosphine.

To initiate catalysis from stable precatalyst species, the dissociation of a phosphine
or amine is often required to generate a vacant coordination site that enables substrate
binding. For example, loss of a triphenylphosphine ligand from (PPh3z)sRhCI (Wilkinson’s
catalyst) is required to promote a diversity of reactions including hydrogenation and
hydrosilation (Scheme 1.3).1° Thus, the development of ligand scaffolds comprising L-type
(neutral) donors capable of reversible dissociation, termed ‘hemilability’, has inspired new
catalyst designs to exploit reactivity patterns between metal and main group elements for

the purpose of designing catalyst systems that generate less waste.4
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Scheme 1.4. Demonstration of the pincer ‘hemilabile’ effect using Milstein’s “normal” and
“long arm” PCN ligands.?°

Milstein’s PCN ligands, bearing “normal” CesHa[CH2P(‘Bu)2](CH2)N(CH2CHz3)2
and “long-arm” CsH4[CH2P(*Bu)2](CH2)2N(CH2CHz3)2 amino donors, (Scheme 1.4), served
as a platform to exploit the ligand hemilability concept in the activation of H2.2° Under
hydrogen pressure, the tertiary amine donors of the “normal” and “long arm” complexes
demonstrated divergent reactivity patterns. In an early display of metal-ligand cooperation,
the hemilabile dimethylamine donor in the “long arm” complex deprotonates a dihydrogen

ligand, leading to reductive elimination of the aryl group from the relatively electron-



deficient metal center and formation of the triplatinum cluster coordinated by the phosphine
component of the original ligand (Scheme 1.4).2° By varying the length of the amine donor
through addition or removal of a methylene (—-CH2-) spacer, Milstein showed that 5-
membered chelates within the “normal” PCN complex are sufficiently stable, to prevent
reactivity with Hz. This important contribution has inspired a broader consideration of
hemilability within well-defined pincer scaffolds.

An application of pincer ligand hemilability that extends beyond the transition
metal series was disclosed in a landmark report from Kiplinger and co-workers,? detailing
the synthesis and characterization of tri- and tetravalent uranium halide complexes with the
monoanionic  bis[2-(diisopropylphosphino)-4-methylphenyl]Jamido ~ (PNP)  ligand
originally developed by Ozerov.?? Notably, both «?-(P,N) and «3-(P,N,P) coordination
modes were observed for the PNP ligand with the latter adopting either pseudo-meridional
or pseudo-facial geometries (Scheme 1.5).2! Permethylated cyclopentadienide (Cp™;
CsMes") ligands, in contrast, adopt only one mode of coordination (n®) leading to divergent
reactivity and strikingly different electronic structures between U(I1l) and U(1V) halide
complexes bearing bis(Cp®) and bis(PNP) ligand scaffolds as determined by electron

absorption and NIR spectroscopies.?
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Scheme 1.5. Varying coordination modes of the PNP ligand in uranium(lll) and
uranium(1V) halides.

In related work by the same group, both «*-(P,N,P) and «?-(P,N) coordination
modes were observed in the remarkable uranyl complex, (PNP)2U(O)2. Starting from
trivalent (PNP)2UI, the uranyl complex was generated by chemical oxidation using 2
equivalents of pyridine-N-oxide and KCs (Scheme 1.6). Notably, (PNP)2U(O)2 represents
the first example of a uranyl phosphine complex.?** Given that the pairing of soft ligands
with the hard [UO2]?* fragment is generally thought of as disfavored, this result illustrates
the flexibility of the PNP ligand in accommodating the highest oxidation state of uranium
(6+). Chemical oxidation of Cp"2UI(THF) gave only mixtures of uranium oxides, along
with the Cp* dimer, (CsMes):2 as the sole organic product. Evidently, under these conditions
the PNP pincer scaffold, likely due in part to its hemilability, is better suited than Cp™ to
supporting complexes of both low- and high-valent uranium (3+ and 6+), thus providing

opportunity to harness redox chemistry in bond activation strategies.?*
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Scheme 1.6. (A) Formation of uranyl complexes supported by a hemilabile PNP ligand.
(B) Decomposition of a uranium(l1l) metallocene complex into uranium oxides and
bis(Cp*).
1.4. Ligand Hemilability in Catalysis

In 2020, Milstein and co-workers shared a detailed mechanistic study of PNP zinc
systems capable of base-free hydrogenation and dehydrogenation.? Their work exploited
key aspects of metal-ligand cooperation and was noteworthy for the utilizations of zinc as
an abundant, non-precious metal in catalysis. Both N-H and H-H bond activations were
shown to be reversible and driven by a combination of aromatization/dearomatization and
phosphorus donor hemilability within a PNP scaffold.** Computational analyses of imine
and ketone hydrogenation suggest a phosphine donor within the B“PNPZnMe complex
dissociates from the metal, leading to heterolytic cleavage of dihydrogen by metal-ligand

cooperation (Scheme 1.7).%
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Scheme 1.7. Hz activation by aromatization/dearomatization metal-ligand cooperation.

Isotopic-labelling studies showed incorporation of the deuterium label into both
methylene sites of the PNP ligand upon exposure of B“PNPZnMe to D2 pressure (Scheme
1.8). Notably, no incorporation of the deuterium label was observed in reactions of D2 with
the PNP ligand, suggesting that metal-ligand cooperation is operative (Scheme 1.8).
Ketones and imines were hydrogenated at relatively low pressures (5-7 bar) of Hz with
catalyst loadings between 2.5 and 5 mol%, a notable achievement considering the low cost
and accessibility of zinc compared to precious metals employed in well-established

hydrogenation catalysis.?®
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Scheme 1.8. Isotopic (D2) labelling studies of the Milstein Zn-PNP system.

1.5. Metal-Ligand Multiple Bonds

Another strategy for the activation of small molecules deals with the reactivity of
ligands bound to transition metals through multiple bonds.** Historically, MLMBs aided
in the development of chemical bonding theory, later becoming instrumental in the
realization of catalytic olefin metathesis, for which the Nobel Prize in Chemistry was
awarded in 2005 (Schrock, Chauvin, and Grubbs).?* Moreover, MLMBs can serve as highly
reactive components of transition metal complexes capable of transferring heteroatom
functionality to substrates containing, for example, unreactive C—C or C-H bonds. More
generally, the activation of small molecules across MLMBs is of interest in considering

metal-ligand cooperation (Scheme 1.9).%4
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Scheme 1.9. (A) Synthesis of a terminal scandium imido complex by addition of
exogenous DMAP. (B) Synthesis of terminal scandium imido enabled by metal-ligand
cooperation.

In a report from Chen in 2011, metal-ligand cooperation was exploited using a
monoanionic Nacnac™ (B-diketiminato) with a tethered amine donor to stabilize a terminal
scandium imido (L.Sc=NR) complex formed by alkane elimination.?® This example
followed previous work from the same group which required addition of exogenous DMAP
to promote the desired reactivity.?® These reports demonstrate how ligand design, and
specifically, ligand hemilability, can be successfully exploited to access unique and
reactive functionalities. Moreover, these works from Chen highlight two aspects of metal-

ligand cooperation, namely ligand hemilability, and reactivity of MLMBs, that are central

to this thesis work.
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Scheme 1.10. (A) Activation of small molecule HX across a generic transition metal imido
complex. (B) C-H bond activation across a transient zirconium imido complex.

The reactivity of MLMBs in the transition series is well-established for early,
intermediate, and late metals. For example, early 3d metals contain MLMBs that are highly
polarized, whereas late transition metals exhibit MLMBs that are more covalent as a result
of metal valence orbitals being closer in energy to main group element energies.?’
Cooperative bond activation in mononuclear imido complexes is well-established (Scheme
1.10), as can be seen in the formal 1,2-addition of benzene across a zirconium-nitrogen
double bond reported by Wolczanski.?® Specifically, a transient zirconium(IV) imido
complex, formed by methane elimination, reacts with benzene giving a stable phenyl amido
complex (Scheme 1.10). Incorporating reactivity of this type in a catalytic cycle, however,
is challenging due to the thermodynamics of the reverse reaction. The focus herein is to
highlight examples of well-defined MLMBs in the context of homogeneous catalysis

pertaining to the work contained in this thesis.
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1.5.1. Metal-Silicon Multiple Bonds in Catalytic Hydrosilation®

The synthesis of late transition metal silylenes (LnM=SiRz2), pioneered by Tilley
and co-workers,?® has provided fascinating insight into metal-ligand cooperation in
homogenous hydrosilation catalysis. Notably, the isolation of ruthenium silylenes of the
general form Cp*(PR3)Ru=SiR2 by Glaser and Tilley in 2003 led to the development of a
new alkene hydrosilation mechanism.® In this work, a hydrogen-substituted ruthenium
silylene [Cp*(P'Pr3)Ru=SiHPh] was combined with alkenes (e.g. 1-hexene), resulting in
direct addition of the Si—H bond to the alkene to produce the terminal hydrosilated alkane

product (e.g. PhSi(H)2Hex) with exclusive anti-Markovnikov selectivity (Scheme 1.11).
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Scheme 1.11. Key Si-C bond-forming step in Tilley-Glaser hydrosilation mediated by
ruthenium silylene.*°

The observed selectivity towards primary silanes (RSiHz3) is not compatible with a Chalk-

Harrod mechanism and led the authors to propose a key Si—C bond-forming step following

In Chapter 4, the involvement of metal-silicon multiple-bonds in catalytic ketone hydrosilation are discussed
in greater detail, along with a thorough description of metal-silicon bonding in the context of MLMB
reactivity.
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concerted addition of the Si—H bond of the silylene across the alkene C=C bond (Scheme
1.11). Moreover, direct addition of alkenes to metal silylene Si—H bonds represents a redox-
neutral process that avoids the intermediacy of a metal alkene complex, and does not,
therefore, require a coordinatively unsaturated metal center to promote the bond-forming
elementary step. Sequential 1,2-H migration, followed by reductive elimination, releases
the silylated product (Scheme 1.12). The interconversion of a ruthenium silylene dihydride
and ruthenium silyl hydride by 1,2-H migration is central to the discussion of base-
stabilized rhodium silylenes (Chapter 4) and borylenes (Chapter 5) and illustrates a key

aspect of metal-ligand cooperation in catalysis.
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Scheme 1.12. Proposed catalytic cycle for the hydrosilation of alkenes by a ruthenium
silylene complex.®°
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1.6. Thesis Goals and Outcomes

The evolution of metal-ligand cooperation into a major area of focus within
coordination chemistry and catalysis has been enabled by the synthesis of new pincer
ligands bearing reactive fragments. Specifically, the design of pincer ligands that can
change coordination number by virtue of hemilability is a viable strategy to low-valent,
and therefore reactive transition metals. Recognizing that monoanionic NNN-pincer
ligands are historically underdeveloped for late transition metals, it was the goal of this
thesis research to evaluate a class of monoanionic bis(phosphinimine)pyrrolide ligands in
the preparation of low-valent rhodium complexes. With these complexes in hand, well-
defined examples of metal-ligand cooperation in bond-activation reactions would be
surveyed.

First, the evaluation of isolated rhodium alkene and alkyne complexes in
hydrogenation catalysis is discussed in Chapter 2. An explicit aim was to identify novel
pathways for H2 activation in the context of metal-ligand cooperation. Moreover, the
isolation and characterization of catalyst resting states resulting from ligand-based
reactivity was of interest, specifically pathways that exploited phosphinimine hemilability.

Chapter 3 describes the synthesis of rhodium carbonyl complexes and places an
emphasis on the pairing of a Lewis acid activator with a hemilabile phosphinimine. Ligand
modifications are described, highlighting the extent to which phosphinimines can be tuned
to promote or suppress specific reactivities. Exploratory chemistry with B(CsFs)s is
discussed, in which the concepts of Frustrated Lewis Pair (FLP) chemistry are exploited

for C-0O, Hz, and H20 activation.
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Chapters 4 and 5 are conceptually-related and seek to exploit the reactivity of a
rhodium monocarbonyl (described in Chapter 3) in the activation of Si—H and B-H bonds,
respectively. Consecutive Si—H activation leading to dehydrogenation of hydrosilanes is
discussed in the context of hydrosilation catalysis, specifically in reference to historical
routes to transition metal silylene complexes. The reversibility of such bond activation
processes are described in Chapter 5. A specific aim was to understand how the
bis(phosphinimine)pyrrolido ligand promotes B—H bond activation by attempting to isolate
an ‘encounter’ complex comprised of an NNN-rhodium monocarbonyl and a borane
substrate.

Chapter 6 provides preliminary results of attempts to access cationic variants of the
rhodium silylene complexes described in Chapter 4. These data suggest that such species
are indeed obtainable and encourage further development of their reaction chemistry.
Lastly, proposals are presented that would exploit the well-defined carbonyl complexes
described in Chapter 3 in visible light-driven catalysis. More detailed introductory material
is presented at the beginning of each chapter where it was felt to be more pertinent, and

thereby more beneficial, to the reader.
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Chapter 2: Evaluation of Bis(phosphinimine)pyrrolido Rhodium Alkene and Alkyne
Complexes in Catalytic Hydrogenation*

2.1. Abstract

Rhodium(l) alkene complexes of an NNN-pincer ligand catalyze the hydrogenation
of alkenes, including ethylene, as well as the partial hydrogenation of alkynes. The terminal
or resting state of the catalyst, which exhibits a remarkably upfield rhodium hydride H
NMR chemical shift, has been isolated and a synthetic cycle for regenerating the
catalytically active species has been established. The work reported in this Chapter
highlights metal-ligand cooperation in the context of small molecule activation (H2),

specifically phosphinimine hemilability, which will be discussed throughout the thesis.

*Adapted from: ‘Hénninen, M. H.; Zamora, M. T.; MacNeil, C. S.; Knott, J. P.; Hayes, P.
G. Chem. Commun. 2016, 52, 586-589.” with permission from The Royal Society of
Chemistry.
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2.2. Introduction

Although pincer ligands have garnered ever-increasing attention in recent
years,! the sub-class of monoanionic NNN-scaffolds (Figure 2.1) has been less studied than
other variants, especially in the chemistry of late transition metals.? A diverse grouping of
these nitrogen-based pincer ligands have been assembled, primarily for the stabilization of

electrophilic rare earth metal complexes.®
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Figure 2.1. Generic representation of a monoanionic NNN-pincer ligand.

The utility of these species has thus far been limited to a narrow catalytic scope, inspiring
more rigorous examination of monoanionic NNN-ligands with late transition metals given
their exceptional utility in catalysis,® and the novel chemistry often induced by hard
nitrogen-based ligands bound to soft metals.?"# Furthermore, the propensity for ubiquitous
phosphorus-containing pincer ligands to succumb to oxidative degradation® inspired a

broader consideration of nitrogen-containing variants, which are much less prone to such
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decomposition pathways, and could prove particularly useful in stabilizing both robust and
unusual late transition metal complexes.

More specifically, a goal of this thesis work was to utilize monoanionic,
bis(phosphinimine)pyrrolide pincer ligands developed in the Hayes group? with transition
metals that typically form four-coordinate complexes. As discussed in Chapter 1, pincer
systems adopt a meridional geometry that can promote access to low-coordinate, 14-
electron transition metal species that participate in various bond activation processes
relevant to a plethora of industrially relevant catalytic transformations, including
hydrogenation.°t Accordingly, square planar rhodium(l) complexes bearing labile alkene
ligands were identified as appropriate targets for these studies. Moreover, placement of an
ylidic phosphinimine within the primary coordination sphere of low-valent Rh(I) had not
been explored. Although Rh(1) complexes bearing NNN-pincer ligands are relatively
scarce,>'>%6 those that are known have consistently demonstrated intriguing chemical
reactivity. For example, a Rh(l) species bearing a 2,2":6',2"'-terpyridine (Terpy) ligand was
reported to activate Oz in H20 upon addition of Hz,*” a reaction that would have been
impossible if traditional phosphine-containing pincers had been utilized. The following
sections describe the evaluation of a monoanionic bis(phosphinimine)pyrrolide ligand in
the synthesis of alkene and alkyne Rh(1) complexes relevant to catalytic hydrogenation.
The following results will be presented in the context of original thesis work, with co-

author contributions addressed explicitly.

2.3. Results and Discussion

Reaction between the THF-solvated sodiated ligand Na-""NNN-THF, (F"NNN

2,5-[Ph2P=N(4-'PrCsHa)]2N(CsH2)"), and 0.5 equivalents of [RhCI(COE)2]2 (COE
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cyclooctene) at 50 °C in toluene cleanly afforded (""NNN)Rh(COE), 1-COE (Scheme
2.1), after 1 hour, as seen by complete disappearance of the 3!P{*H} NMR resonance for
Na-""NNN-THF (5 8.8), along with concomitant emergence of a new signal at § 33.8 that

features diagnostic coupling to 1%Rh (?Jprh = 6.0 Hz; 1%Rh = 100%, | = %).

Ph,
\ \N
0.5 [RNCI(COE)], oy p Neor” P
Na-PPNNN-THF > %N/ h
50 °C, toluene
—NacCl
—THF
iPr
1-COE

Scheme 2.13. Preparation of 1-COE by salt metathesis.

In addition, resonances corresponding to free COE in benzene-ds, as well as a dramatic
upfield shift and broadening of the resonance attributed to the bound olefin (8 3.52, 2Jnrn =
7.8 Hz, cf. 5 5.65 for corresponding protons in non-coordinated COE) were apparent in
the 'H NMR spectrum. Finally, the *C{*H} NMR spectrum exhibits properties similar to
published rare earth complexes ligated by the P"NNN ligand.3

Next, the substitutional lability of cyclooctene was surveyed. Over the course of 45
minutes at ambient temperature in benzene-ds solution, 1-COE readily reacted with excess
ethylene to form (""NNN)Rh(C2H4), 2-C2Ha, as evidenced by the disappearance of the
coordinated COE signals in the 'H NMR spectrum, along with materialization of
resonances corresponding to a rhodium-coordinated C2Ha ligand (6 3.14, cf. 6 5.22 for free
ethylene in benzene-ds). In addition, a frequency change (from & 33.8 to 6 33.9) was
observed for the 1°*Rh coupled doublet in the corresponding 3P{*H} NMR spectrum.

Recrystallization of 2-C2H4 from pentane at —35 °C gave single crystals suitable for X-ray
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diffraction analysis (Figure 2.2). The structure was confirmed as the planar rhodium
ethylene complex, with an olefinic C—C bond distance of 1.40(2) A suggesting some degree
of metallacyclopropane character. The elongated P-N bond distances (Table 2.1)

emphasize single-bond character consistent with an ylidic phosphinimine.

Figure 2.2. X-ray crystal structure of 2-C2Ha4 at 30% probability ellipsoids. Hydrogen
atoms have been omitted for clarity.

Table 2.1. Selected bond distances (A) and angles (°) for 2-C2Ha.

Parameter 2-C2oH4
Bond distance (A)
Rh1-N1 2.005(9)
Rh1-N2 2.11(2)
Rh1-N3 2.13(2)
Rh1-C47 2.09(1)
Rh1-C48 2.10(2)
Rh2-C83 2.130(3)
P1-N2 1.624(9)
P2-N3 1.63(1)
C47-C48 1.40(2)
Bond angle (°)
N1-Rh1-N3 81.7(4)
N1-Rh1-N2 81.2(4)
N2-Rh1-N3 162.9(4)
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Similarly, 1-COE reacted with a stoichiometric amount of diphenylacetylene to give the
anticipated alkyne complex (""NNN)Rh(PhCCPh), 1-PhCCPh, and liberated cyclooctene
(Scheme 2.2). Diagnostic resonances attributed to coordinated diphenylacetylene were
found at & 8.34, 7.24 and 7.12 in the *H NMR spectrum of complex 1-PhCCPh.
Independent preparation of 1-PhCCPh was also achieved by addition of 1 equivalent of

diphenylacetylene to the ethylene complex 2-C2Ha.

Ph, Ph; ip
S P N
N\Rh/N J +PhCCPh N_ N i
—-COE
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iPr  1.COE iPr 1-PhCCPh
+PhCCPh
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W N iPr +Ph/\/Ph W \N
~ ” ~ 7
PhPy. _-Rh ————>  PhyPy _Rh Ph
N \/ _C2H4 N ph\j
. 2-C,H, , 2-PhCCPh
'Pr Pr

Scheme 2.14. Interconversion of rhodium alkene and alkyne species relevant to Chapter 2.

The ability of complex 1-COE to activate H2and potentially hydrogenate
unsaturated fragments was probed by introducing 1 atm of dihydrogen to an ambient
temperature benzene-ds solution of the complex. Under these conditions, consumption of

H2 and hydrogenation of COE, as indicated by the appearance of a signal consistent with
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free cyclooctane (COA, & 1.51) in the *H NMR spectrum, was observed. Likewise, all COE
resonances gradually vanished. Over the course of the reaction, four new resonances
emerged at 5 31.1 (s), 23.5 (s), 11.8 (d, 2Jprh = 6.2 Hz) and —1.9 (s) in the 3P{*H} NMR
spectrum in a 1:1:1:1 ratio. This spectroscopic signature suggested that an asymmetric
dirhodium complex 2-Rhz (Scheme 2.3), likely the product of self-reaction of a putative
14-electron intermediate, was forming upon ejection of COA from the coordination sphere
of the metal. Under the same conditions, 1 atm of D2 yielded 2-Rh-dz, along with labelled
cyclooctane-dz (broad resonance centered at §1.43 in the?H NMR spectrum), with

identical *H and 3P{'H} spectroscopic signatures as complex 2-Rh..
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Scheme 2.15. Hydrogenation of 1-COE generated the dirhodium complex 2-Rha.

After 19 h at ambient temperature, complex 1-COE was completely converted to
the 2-Rh2. The *H NMR spectrum, while complicated, exhibits diagnostic spectral features,
including four separate 'Pr methine and eight distinct 'Pr methyl signals, which are
consistent with formation of an asymmetric dirhodium complex. Intriguingly, the *H NMR
spectrum contained an wunusually upfield virtual triplet centered ato —35.8
(Y3Hrn1) = YJHRn) = 19.8 Hz), suggesting a remarkably shielded rhodium hydride ligand.

This signal represented the most upfield chemical shift hitherto reported for any rhodium
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hydride species at the time of publication.**?° A deshielded singlet (6 11.40), attributed to
an NH moiety, was also present. As expected, Rh—H and NH resonances are absent in
the 'H NMR spectrum of 2-Rh2-d2; no evidence of H/D exchange was observed after
subjecting either 2-Rhz to 1 atm of D2 or 2-Rh2-d2to Hz gas.

The identity of 2-Rh2 was unambiguously established by an X-ray diffraction study
of high-quality crystals grown from a benzene solution layered with pentane at ambient
temperature. Dr. Mikko Héanninen, a former postdoctoral fellow in the Hayes group,
performed the X-ray diffraction analysis, solved the structure, and completed the data
refinement. The zwitterionic species, 2-Rhz, can be confidently assigned as a dirhodium
complex resulting from the twofold cleavage of Hzand hydrogenation of COE. This
product features a Rh—H-Rh interaction, as well as an unusual u-n%n?-bridging phenyl
group (Scheme 2.3). Hence, in addition to the shielding effects imparted by two directly-
bonded Rh centers, the cause of the low-frequency hydride *H NMR chemical shift is
presumably a consequence of shielding imparted by ring current anisotropy of the bridging
phenyl group, which is locked into position directly above the hydride ligand (H1—phenyl
centroid = 2.318 A; average H1—centroid—C(aryl) angle = 90.0°, Figure 2.3). Although the
NH proton is located near the deshielding vicinity of the aryl ring, its downfield *H
chemical shift most likely originates largely from the positive charge of the
phosphiniminium group; comparable protonated phosphinimine benzofuran ligands and
zwitterionic 2-phosphiniminium-arenesulfonates exhibit resonances with similar chemical

shifts.2122
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Figure 2.3. X-ray crystal structure of 2-Rhz at 30% probability ellipsoids. Hydrogens
atoms except for Rh—H—Rh and N-H, as well as 'Pr groups, and non-ipso aryl carbon atoms
have been omitted for clarity.

Table 2.2. Selected bond distances (A) and angles (°) for 2-Rha.

Parameter 2-Rh2
Bond distance (A)
Rh1-N1 2.060(3)
Rh1-N6 2.120(3)
Rh1-C86 2.170(4)
Rh1-C87 2.091(3)
Rh2-C82 2.086(3)
Rh2-C83 2.130(3)
Rh1-H1 1.70(3)
Rh2-H1 1.69(3)
Rh1---Rh2 2.7689(7)
Rh2-N3 2.118(3)
Rh2-N4 2.103(3)
P1-N2 1.598(3)
P2-N3 1.600(3)
P3-N5 1.567(3)
P4-N6 1.654(3)
Bond angle (°)
N1-Rh1-C86 158.23(12)
N1-Rh1-C87 163.22(12)
N3-Rh2-C83 165.14(11)
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Complex 2-Rha crystallized as dinuclear neutral units in a monoclinic C2/c space
group. The Rh—H bond lengths are identical, which implies resonance forms of alternating
agostic interactions. However, the coordination sphere about each rhodium center is
slightly different which explains the chemically inequivalent ligand environments apparent
in solution-state NMR studies. In addition to the rhodium-hydride (H1) bond, Rh1 is
ligated by the pyrrole (N1) and phosphinimine (N2) nitrogens of one
bis(phosphinimine)pyrrolide ligand, P"'NNN-1; the second phosphinimine nitrogen (N3) is
coordinated to Rh2. Since N3 is bound to the adjacent rhodium center, the remaining
coordination site on Rh1 is occupied by the 7 system of a C=C moiety (C86=C87) from a
P—Ph group of a second bis(phosphinimine)pyrrolide ligand, P"NNN-2, which is bound to
Rh2 via only the pyrrole nitrogen (N4) and another C=C (C82=C83) donor from the
aforementioned phenyl substituent. The coordination sphere on Rh2 is completed with an
agostic interaction from the adjacent Rh—H bond. The absence of coordination by N5 or
N6 is supported by the fact that both atoms are more than 3 A away from either of the metal
centers. Interestingly, as a result of protonation of N6, one of the phosphinimine
functionalities was transformed into a phosphiniminium (or aminophosphonium) group.
Accordingly, the P-N bond distance (P4-N6 = 1.654(3) A) has been elongated by almost
0.1 A compared to the free phosphinimine (P3-N5 = 1.567(3) A, Table 2.1). Both the
hydride and the NH hydrogen were located in the Fourier difference map and refined
isotropically. The bonding in 2-Rhz can be envisioned several ways. A 16e—16e system is
most consistent with the diamagnetic NMR spectra obtained in the solution state. Owing
to the proximity of both Rh atoms, there is likely some degree of overlap between metal d-

orbitals; however, addition of a formal metal-metal bond would imply a 17e-17e system,
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which was ultimately not considered. Taken together, the formation of 2-Rhz highlights
cooperative activation of Hz by the ""NNN ligand scaffold and Rh centers and illustrates
the extent to which the PINNN ligand undergoes structural change to accommodate the
storage of a hydride and proton by way of heterolytic cleavage of Ho.

Since complex 2-Rhz appeared to be the terminal, or resting state of hydrogenation,
the reactivity of this complex was of special interest. Notably, complex 2-Rh2 could not be
converted back to 1-COE even in the presence of excess COE, or with prolonged heating
at 70 °C. Harsher experimental conditions caused decomposition. Likewise, introduction
of Hz in the presence of additional COE did not result in any observable reaction. Attempts
to generate monomeric species by adding o-donors (PPhs, PEts, CO) to 2-Rh2 yielded no
change. By contrast, when an atmosphere of C2Hs was added to a benzene-ds solution of 2-
Rhz, near quantitative conversion to the mononuclear complex 2-C2Has was observed after
96 h at ambient temperature. Intriguingly, ethane formation was also evident, indicating
that the bridging hydride and phosphiniminium proton of 2-Rh2 were either extruded as
H2, or directly transformed 2-Rh2 into a transient rhodium hydride species that ultimately
led to complex 2-C2H4. Finally, addition of COE to 2-CzH4 quantitatively regenerated
complex 1-COE (Scheme 2.4), thus completing the synthetic cycle for the interconversion

of relevant species.
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Scheme 2.16. Synthetic cycle for the interconversion of rhodium alkene complexes 1-COE
and 2-C2Ha4 with 2-Rha.

Although hydrogenation of C2Ha4 can be challenging,® the ethylene complex 2-
C2Ha4 gratifyingly reacts under 1 atm of H2 at ambient temperature to produce ethane. Thus,
rhodium(1) complexes bearing the P"NNN-pincer are capable of hydrogenating even the
smallest alkenes. In addition, the alkyne complex 1-PhCCPh can undergo hydrogenation
of its diphenylacetylene ligand to form the trans-1,2-diphenylethylene complex
(P"NNN)Rh((E)-PhHC=CPhH), 2-PhCCPh, exclusively (Scheme 2.2). Notably, 2-
PhCCPh was independently prepared following the addition of trans-1,2-
diphenylethylene to either 1-COE or 2-C2Ha. Finally, the catalytic hydrogenation of COE
was investigated with 30—60 equiv. of COE consumed under ambient conditions. When
compared to Wilkinson's catalyst RhCl(PPhs)s, 1-COE showed comparable activity in

turnover frequency at >95% conversion (TOF = 12 h™* for Wilkinson's catalyst, 20
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h™! for 1-COE). These exploratory experiments clearly demonstrate the potential of these
Rh complexes to serve as hydrogenation catalysts. This display of metal-ligand cooperation
encouraged further study by systematic ligand modification.
2.4. Conclusions

In addition to facilitating the catalytic hydrogenation of COE using H2, the Rh
NNN-pincer framework in 1-COE can exchange COE for other unsaturated hydrocarbons,
including ethylene and alkynes. As a result, the catalyst system tolerates a range of =-
donating species, and by virtue of 2-Rhz storing both hydridic and protic hydrogen, a
synthetic route has been established to regenerate active Rh-alkene species 1-COE.
Beyond hydrogenation, this Rh NNN-pincer system serves as a modular platform to
explore a variety of small-molecule activation by leveraging the reactivity of a low-valent
transition metal complex supported by electron-donating bis(phosphinimine)pyrrolide
ligands. Moreover, the observation of net heterolytic, rather than homolytic cleavage of Hz
suggests that element—hydrogen bonds may be activated in analogy to Frustrated Lewis
Pairs,?3 where a hemilabile phosphinimine Lewis base and suitable Lewis acid could access

promising reaction chemistry.
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Chapter 3: Metal-Ligand Cooperation Enables Activation and Deoxygenation of
CO*

3.1. Abstract

The rhodium dicarbonyl complex (F'NNN)Rh(CO)2 (3-(CO)2), P'"NNN = 2,5-['Pr2P
= N(4-'PrCsHa)]2N(C4Hz)"), which bears a monoanionic NNN-pincer ligand, effectively
promotes the complete C-O bond cleavage of a carbonyl ligand with the addition of
B(CsFs)s. Solid-state characterization of the encounter complex
(P'NNN)Rh(CO)2-B(CsFs)s (3-(CO)2-BCF) by X-ray crystallography provided evidence
to suggest a hemilabile phosphinimine acts cooperatively with B(CeFs)s to activate CO.
Mechanistic studies using the 3CO-labelled complex 3-(*3CO)2-BCF revealed that a
deoxygenative metathesis reaction between P—-N and C—O atoms is operative, affording the
CO-derived organic product (CeFs)3B«:C=N(4-'PrCsHa) along with modification of the

"P'NNN ligand to include a phosphine oxide capped by B(CsFs)s.

*Adapted from: MacNeil, C. S.; Glynn, K. E.; Hayes, P. G. Organometallics 2018, 37,
3248-3252. with permission from the American Chemical Society.
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3.2. Introduction

The chemistry of C1 oxygenates (CO, CO2, COs?*) defines the global carbon cycle
and is intrinsically tied to energy production and consumption. Processes capable of
converting CO:2 into value-added chemicals, specifically liquid hydrocarbon fuels
(CnaH2n+2), present an ongoing challenge in organometallic chemistry and industrial
catalysis. Electrocatalytic reduction of CO2 has been achieved,* providing an efficient route
to CO; however, further deoxygenative transformations are rarely observed outside of
cluster complexes relevant to heterogeneous catalysis (Figure 3.1).2 Overcoming the
oxophilicity of carbon presents an ongoing challenge in realizing a general strategy that
enables complete deoxygenation of CO2. The first example of a single-component
mononuclear complex facilitating the deoxygenation of CO was reported in 2016 by
Braunschweig and co-workers (Figure 3.1B).2 Given the considerable strength (257 kcal
mol) of the C=0 triple bond,* reactions that result in deoxygenation are understandably

limited under mild conditions.
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Figure 3.1. (A) CO deoxygenation on a reduced molybdenum platform.6 (B) CO
deoxygenation by a well-defined iron borylene.?

The complete scission of carbonyl ligands at molybdenum under reducing
conditions has been known for decades.® Eight electron equivalents are required to fully
reduce COg, six for CO. A representative example reported by Cummins and co-workers
described the addition of electron equivalents (e.g. Na/Hg) to (CO)Mo{N(R)Ar}s followed
by pivaloyl chloride, resulting in the formation of a carbyne pivalate.> With the addition of
Na metal in THF, C—-O bond scission gave a molybdenum methylidyne H(C)Mo{N(R)Ar}3
complex. In conceptually related work, KCs and oxophilic silyl cations (RsSi*) were
combined to enact the deoxygenative coupling of CO leading to the generation of C2
products. In their study, Agapie and Buss described the activation and cleavage of CO,
leading to the formation of the terminal molybdenum carbide LnMo(C)(CO) (Ln = 1,4-
bis(2-(diisopropylphosphino)phenyl)benzene).® Subsequent C-C coupling generated
metal-free ethynol derivatives R3SiOC=CSiR3, (R = Me, 'Pr), providing an analogy to the

synthesis of multiple carbon atom containing products from CO and Hz.’
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Isoelectronic with SiR3*, borane electrophiles (BR3; R = Et, CsFs), introduced
externally, or as the Lewis acidic component of phosphinoborane ligands (Re-—
Ph2P(CH2)nB(CsH14); n = 1, 2), have shown a propensity to activate metal-carbonyl
ligands.2 From their initial findings in this area, Bercaw and co-workers developed a
working model for the reductive coupling of CO, demonstrating that a pendant borane
directs the transfer of a nucleophilic hydride from [HPt(dmpe)2]* to
[(Ph2P(CH2)2B(CsH14))2Re(C0O)4]* by activating the oxygen atom of the CO ligand.’!!
Braunschweig reported that two Lewis acidic borylene boron atoms can cooperatively
activate and cleave a CO multiple bond (Figure 3.1B).2 This work marked the first example
of a well-defined, single-site transition-metal complex facilitating complete CO bond
scission. Notably, a distinguishing feature of the system is the fact that the deoxygenation
reaction proceeds in the absence of explicit reducing agents (e.g. Na/Hg or KCs). In
addition, the authors claim that the zerovalent iron center exerts minimal influence on the
observed chemistry.3

Combinations of transition metals with reactive ligand environments capable of
stabilizing CO in atypical bonding modes might promote deoxygenation. Interest in the
fundamental transformations of CO and other diatomics was piqued after observing
effective metal-ligand cooperation in the heterolytic cleavage and storage of Hz, described
in Chapter 2. Addition of Hz to the rhodium cyclooctene complex 1-COE resulted in
hydrogenation of the alkene and formation of the dirhodium complex 2-Rh2 bearing a
protonated phosphinimine and a bridging hydride (Scheme 3.1).%? In this system, H2 could
be liberated following addition of ethylene to 2-Rh2. Realizing the capacity of hemilabile

phosphinimines to act cooperatively with Rh in activating Hz, it was questioned whether
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similar reactivities could be translated to CO activation. Work from Stephan’s group has
demonstrated the ability of phosphinimine—borane combinations to be effective in
activating CO2, alkynes, and H2.2* Rhodium carbonyl complexes of the
bis(phosphinimine)pyrrolide ligand paired with a suitable borane might very well mediate
the activation of CO, in analogy to well-established Frustrated Lewis Pair (FLP)
reactivity.!'+ 18
3.3. Results and Discussion

Recognizing that the P"NNN ligand scaffold described in Chapter 2 participates in
cooperative chemistry insofar as stabilizing a dirhodium complex through a unique p-nZ:n?-
bridging phenyl group (Scheme 3.1), a modified NNN ligand was employed which
substitutes phenyl groups for isopropyl on the P atom of the phosphinimines. This ligand
modification renders the phosphinimines more electron-donating while suppressing
formation of the dirhodium species in the presence of Hz. In developing a strategy for CO
activation and ultimately, reduction to (CnH2n+2), Hz is the ideal terminal reductant as a
source of protons and electrons, obviating the chemical overpotentials associated with

strong reductants (e.g. Na/Hg or KCs) and acids (e.g. HBF4).
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Scheme 3.17. Metal-ligand cooperation in the heterolytic cleavage of H: (the aryl
component of an uncoordinated phosphinimine was made transparent for clarity).
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Accordingly, addition of the sodiated pincer ligand Na-P'NNN (P"NNN = 2,5-[Pr2P = N(4-
'PrCsHa)]2N(C4H2)") to a toluene solution of 0.5 equivalents of [Rh2(pu-Cl)(CO)2]2 resulted
in the formation of the rhodium dicarbonyl complex (P"NNN)Rh(CO): (3-(CO)z), wherein
the P"NNN ligand showcases x?-N,N bonding to the metal center through pyrrole and
phosphinimine nitrogens (Scheme 3.2). Alternatively, 3-(CO)2 could be prepared by
condensation of CO gas onto a toluene solution of 2-COE, the analogous rhodium

cyclooctene complex bearing P'NNN.
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toluene N, 57 Co ~COE
~NaCl Q

Pr
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Scheme 3.18. Syntheses of 3-(CO)2 by salt metathesis (left to right) or condensation of CO
(right to left).

The 3P NMR spectrum of complex 3-(CO)2 exhibits two resonances at § 57.9 and
13.8 for the bound and free phosphinimine donors, respectively (Figure 3.3).2° Two unique
downfield 3C NMR resonances for the CO ligands in 3-(CO)2 were observed at & 185.9
(dd, YJcrh = 68.5 Hz, 2Jcc = 9.5 Hz) and 184.4 (dd, *Jcrn = 69.3 Hz, 2Jcc = 9.5 Hz) (Figure
3.2). This assignment was made possible by preparing the 3C-labelled complex 3-(*3*CO):

using 13C-enriched CO gas.

43



3 N\ 7
|Pr2P\\N/Rh\ = Pr,p Rh/\
C~ c
b N 7 N
©
i
o 3-cO Pr
3-(C0O),
A
B e I R e :.LIM sidaddy N A )

110 100 9 80 70 60 50 40 30 20 10 0 -10 -20 -30 -40
f1 (ppm)

Figure 3.2. 3P NMR (125 MHz) spectrum of 3-(CO)2 in benzene-ds at 23 °C. A small
amount (< 5%) of 3-CO is observed.
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Figure 3.3. Downfield region of 13C NMR (75 MHZ) spectrum of 3-(*3CQO)2 (CO ligands
enriched with 99% 3CO) in benzene-ds at 23 °C.

Single crystals of 3-(CO)2 suitable for X-ray diffraction studies were grown from a
concentrated pentane solution at —35 °C. The structure of 3-(CO)2 was fully consistent with

3P NMR spectroscopy, and confirmed the x>-N,N ligand bonding (Figure 3.4).
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Figure 3.4. X-ray crystal structure of 3-(CO)2 at 30% probability ellipsoids. Hydrogen
atoms have been omitted for clarity.

Table 3.1. Selected bond distances (A) for 3-(CO).

Parameter 3-(CO)2
Bond distance (A)
P1-N1 1.562(2)
P2-N2 1.612(2)
C1-01 1.149(4)
C2-02 1.139(4)
Rh1-C1 1.848(3)
Rh1-C2 1.847(4)
Rh1-N2 2.090(2)
Rh1-N3 2.094(2)

The crystallographic data for 3-(CO): illustrates the extent to which P-N bonds compress
or elongate to accommodate various bonding situations. An elongated P—N bond reflects a

more pronounced ylidic character, where a formal positive charge is located on P and N
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bears a formal negative charge. In the case of 3-(CO)2, one phosphinimine coordinates
directly to a Rh center, with a P-N bond distance of 1.613(3) A, reflecting this ylidic
character when compared directly to the non-interacting phosphinimine with a compressed
P—N bond distance of 1.562(2) A. This crystallographic feature appears throughout the
thesis and will be discussed when relevant.

Recognizing that in forming 3-(CO)2, a small amount (< 5% based on 3P NMR
spectroscopy) of the monocarbonyl complex 3-CO was also generated, a direct synthesis
of 3-CO was targeted. Initially, conversion of 3-(CO)2 to 3-CO was achieved by prolonged
exposure of a stirring toluene solution of 3-(CO)2 to vacuum at 323 K, typically in modest
yield (< 70 %). Notably, the rhodium dicarbonyl complex 3-(CO)2 can be regenerated by
addition of CO gas onto a toluene solution of 3-CO in aromatic solvents, accompanied by
a color change from red to bright yellow. Following the initial synthesis of 3-CO, an
improved method was developed which exploits an intermetallic CO transfer reaction
between 2-COE and 3-(CO)2. When 1 equivalent of rhodium dicarbonyl 3-(CO)2 was
combined with the cyclooctene complex 2-COE, a comproportionation reaction occurred,
rapidly generating 2 equivalents of 3-CO. This method was found to be reproducible and
gave substantially better yields of the desired monocarbonyl product (> 95%). Moreover,
a reliable method of interconverting rhodium carbonyl complexes was established, being
crucial to studies involving 3-CO in Chapters 4 and 5. Moving forward, 3-CO was
prepared following the revised procedure (Scheme 3.3). Analysis by multinuclear NMR
spectroscopy showed that complex 3-CO contains 7 *H and 11 3C NMR resonances,
consistent with a complex of Cov symmetry. The 3'P NMR spectrum of 3-CO in benzene-

ds contained a single resonance centered at 5 60.9 (d, 2Jprh = 5.6 Hz). In pentane at —35 °C,
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3-CO crystallized as large red blocks suitable for X-ray diffraction analysis (Figure 3.5).
The crystallographic data confirm the #3-N,N,N bonding arrangement of the

bis(phosphinimine)pyrrolide ligand.
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Scheme 3.19. Interconversion of rhodium carbonyls and 3-(CO)2 by intermetallic CO
transfer from 3-(CO)2 to 2-COE and CO addition to 3-CO.
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Figure 3.5. X-ray crystal structure of 3-CO at 30% probability ellipsoids. Hydrogen atoms
have been omitted for clarity.

Table 3.2. Selected bond distances (A) for 3-CO.

Parameter 3-CO
Bond distance (A)
P1-N1 1.629(3)
C1-01 1.149(6)
Rh1-C1 1.828(4)
Rh1-N1 2.007(3)
Rh1-N2 2.111(2)

Next, the reactivity of 3-(CO)2 with the prototypical Lewis acid B(CsFs)s was
evaluated to determine whether the uncoordinated phosphinimine could participate in the
activation of a CO ligand. Combining B(CsFs)3 with 3-(CO)z in benzene-ds resulted in

quantitative formation of a new product in 15 minutes. The *'P NMR spectrum (Figure 3.6)
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of this compound showed two equal-intensity resonances at & 58.8 and 54.2 (cf. 6 57.9 and

d 13.8 for 3-(CO)2).
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Figure 3.6. 3P NMR (125 MHz) spectrum from the reaction of 3-(CQO). + B(CsFs)s in
benzene-ds at 23 °C.
Attempts to locate the °C signals associated with the CO ligands were initially
unsuccessful, although a broad !B resonance was located at § —3.1. Together with Adm,p=
3.8 ppm in the °F NMR spectrum, these data suggest the presence of a neutral four-
coordinate borane.?® Notably, at 243 K, the ®F NMR spectrum contained 15 unique
resonances, implying that B—Caryi bond rotation is slower than the NMR time scale.?*

It could be reasoned that CO abstraction would give rise to the Lewis acid—base
adduct (OC)B(CsFs)s and the monocarbonyl species 3-CO. In a report from Berke and
Erker, the free energy change for the reaction B(CeFs)s + CO — (OC)B(CsFs)s was

assigned a value of AG = +40 kJ mol™ at 298 K in the gas phase.?? Furthermore, 3P and
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19F NMR spectra are not consistent with the formation of 3-CO and (OC)B(CsFs)3. Thus,
CO abstraction from the metal was ruled out on the basis of the available spectroscopic
evidence. Intriguingly, comparing the IR spectra of 3-(CO)2 and the product of 3-(CO)2 +
B(CsFs)s showed a dramatic attenuation of one of the two CO absorption bands upon

addition of the Lewis acid (Figure 3.7).
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Figure 3.7. Overlay of the IR spectra of 3-(CO)2 (gray hashed trace) and 3-(CO). +
B(CsFs)s (red trace).

Recrystallization of product from a 1:1 pentane:toluene solution at 238 K gave
bright yellow crystals suitable for X-ray diffraction studies. The structure confirmed the
identity of the product as 3-(CO)2-BCF, a phosphinimine-stabilized metalated formamide
(P'NNN)Rh(CO)2-B(CsFs)3, an ‘O-B encounter complex’ between a carbonyl ligand
oxygen atom and B(CsFs)s boron atom. CO activation is accompanied by formation of a

new C—N bond (1.420(3) A), completing a six-membered metallaheterocycle (Figure 3.8).
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Figure 3.8. X-ray crystal structure of 3-(CO)2-BCF at 30% probability ellipsoids.
Hydrogen atoms and solvent molecules of recrystallization have been omitted for clarity.

Table 3.3. Selected bond distances (A) and angles (°) for 3-(CO).-BCF.

Parameter 3-(C0O)2:BCF
Bond distance (A)
P1-N1 1.693(2)
P2-N2 1.606(3)
C1-01 1.291(3)
C2-02 1.144(3)
Rh1-C1 1.958(2)
Rh1-C2 1.829(3)
Rh1-N2 2.131(2)
Rh1-N3 2.055(2)
C1-N1 1.420(3)
01-B1 1.520(3)
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Bond angle (°)

N1-C1-01 106.2(2)
Rh1-C1-01 130.9(2)
N1-C1-Rh1 122.7(2)

This formulation was maintained as a benzene-ds solution based on spectroscopic
evidence, with 2Jpc = 17.2 Hz in the 3P NMR spectrum of the *CO-labeled sample 3-
(*C0)2-BCF. Unambiguous characterization of both CO ligands in the product was made
possible by *C NMR spectroscopy of 3-(**CO).:BCF, revealing a doublet of doublets for
the activated CO ligand (dd, YJcrh = 57.1 Hz, 2Jcp = 17.2 Hz) centered at § 227.1, and a
doublet of doublets (dd, 3Jcrn = 79.9 Hz, 3Jcr = 4.8 Hz) centered at & 190.4 for the
unactivated CO ligand (Figure 3.9). Comparing the product IR spectra of 3-(CO). +
B(CsFs)3 and 3-(*3CO)z2 + B(CsFs)s showed v(*2C=0) and v(**C=0) vibrations at 1993 and
1950 cm2, respectively. The isotopically labeled product 3-(*3CQO).-BCF moves to lower
frequency by 43 cm2, consistent with the predicted shift (44 cm=) from the reduced mass

calculation for a simple harmonic oscillator model (Figure 3.10).
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Figure 3.9. Downfield region of 3C NMR (175 MHz) spectrum of 3-(**CO)2-BCF in
benzene-ds at 23 °C.
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Figure 3.10. Overlay of the IR spectra of 3-(CO)2 + B(CsFs)s (purple trace) and 3-(**CO)z2
+ B(CsFs)3 (magenta trace).
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Isolation of 3-(CO)2-BCF in the solid state allowed comparison with a variety of
organometallic complexes with activated carbonyl ligands in atypical bonding modes. For
example, 3-(C0O)2:BCF  resembles  the  n?-formyl complex  Zr(n®-
CsHs)(BHa4)(HCOP'Pr2SiMe2)N(SiMe2CH2P'Pr2BHa), reported by Fryzuk, wherein a labile
phosphine stabilizes a formyl ligand.?®> Moreover, the rhodium—carbon bond in 3-
(CO)2-BCF (Rh1-C1 = 1.958(2) A, Table 3.3) compares well with the Fe—Ccarboxyl bond
(1.959(3) A) in the Braunschweig CO bond scission product (Figure 3.1).3 A report from
Oestreich and co-workers re-examined Bullock’s cationic tungsten(I) catalyst
[CpW(CO)2(IMes)][B(CsFs)4]?* and found that the active species in ionic outer-sphere
hydrosilation using triethylsilane was a tungsten hydride complex bearing a silyl cation-
functionalized CO ligand (Scheme 3.4A).% Successful crystallization of this CO-activated
complex adduct from neat EtsSiH confirmed the W—CO-SiEts arrangement. Examination
of the X-ray crystal structure reveals important similarities between the EtsSi* adduct and
3-(CO)2:-BCF, specifically the activation of carbonyl ligands by the valence-isoelectronic
silylium cation (EtsSi*; C-O = 1.25(2) A) and B(CsFs)s Lewis acid (Scheme 3.4B). The
C1-01 distance of 1.291(3) A in 3-(CO)2-BCF is significantly lengthened relative to the
unactivated C—O bond (C2-02 = 1.144(3) A) in the neighboring CO ligand, as well as the
C-0 bond trans to the phosphinimine nitrogen donor in 3-(CO)2 (C1-O1 = 1.149(4) A,
Table 3.1) suggesting the complex bears some boroxycarbene character (3-(CO)2-BCF-1
depicted in Scheme 3.4B). Formation of 3-(CO)2-BCF also results in significant elongation
of the P—N bond of the phosphinimine bound to the activated CO (P1-N1 = 1.693(2) A cf.
P1-N1 = 1.562(2) A in complex 3-(CO)2).% In the solid state, boron adopts a near-

tetrahedral geometry (average O—B—Caryi angle 107.3°). Further examination of the crystal
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structure of 3-(CO)2-BCF revealed a n-stacking interaction between one —CsFs group and

a proximal N-aryl ring.
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Scheme 3.20. (A) Product of EtsSiH activation by Bullock’s cationic tungsten(II) catalyst.
(B) Possible resonance structures of 3-(CO)2-BCF, illustrating both the boroxycarbene (3-
(CO)2-BCF-1) and coordinating adduct (3-(CO)2-BCF-2) structures. Relevant bond
distances shown for comparison.

With 3-(CO)2-BCF in hand, the stability of the O—B interaction was investigated.
Addition of 1 equivalent of THF to a benzene-ds solution of 3-(CO)2-BCF resulted in the
immediate formation of 3-(CO)2, suggesting that the B—O interaction in 3-(CO)2-BCF is
weak, with B(CeFs)s being readily coordinated by exogenous donors. Moreover, an
equilibrium mixture between 3-(CO)2-BCF + THF and 3-(CO)2 + (THF)B(CsFs)3 was not
observed by NMR spectroscopy. The 3P NMR spectrum of 3-(CO)2-BCF in benzene-ds

was monitored over time, revealing gradual consumption of the rhodium complex at

ambient temperature (t2 = 3 h) even in the absence of THF or other coordinating species.
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Heating a benzene-ds solution of 3-(CO)2-BCF at 323 K for 18 h resulted in complete
conversion of starting material into three new products observed by multinuclear NMR
spectroscopy. The 3P NMR spectrum of the product mixture exhibited resonances at § 61.0
and 6 59.9 in a 1:1 ratio that were correlated by two-dimensional NMR experiments. In
addition, a resonance was observed at & 60.9, resembling the 3P NMR spectrum of an
authentic sample of 3-CO (Figure 3.11).

3'(C0)2'B(C6F 5)3
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PP A - R
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3+(CO),PO-B(CF5); ~~——
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3-CO JL
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59 58
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Figure 3.11. 3P NMR spectra of 3-(CO)2-BCF in benzene-ds after 5 minutes (top, blue

trace) after 18 h (middle, green trace) and the 3P NMR spectrum of an authentic sample
of monocarbonyl 3-CO (bottom) in benzene-ds.

The °F NMR spectrum of the product mixture contained two sets of CeFs resonances in
approximately 1:1 ratio, suggesting the presence of two unique B(CsFs)s-containing
products. Notably, though, only one broad !B signal was observed (8 —21.2). These
findings are consistent with a report by Stephan that describes phosphine oxide adducts of

B(CeFs)3.2” Thus, a rhodium center bearing two CO ligands and a
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phosphinimine/phosphine oxide-borane adduct scaffold was the presumed fate of complex
3-(CO)2-BCF.

By monitoring the thermal decay of the *3C-labelled complex 3-(**CO).-BCF in
benzene-ds, unambiguous assignment of the relevant products in the apparent
deoxygenation pathway was possible by 3C NMR spectroscopy. The B*C{3'P} NMR
spectrum of the product mixture revealed four unique 3CO resonances in an approximate
1:1:1:1 ratio, attributed to three separate **CO-containing products, one of which appeared
to possess two chemically inequivalent Rh—3CO ligands. Specifically, two multiplets were
observed at § 184.5 (dd, *Jcrn = 69.7 Hz, 2Jcc = 9.2 Hz) and 183.6 (dd, Jcrn = 66.5 Hz,
2Jcc = 9.2 Hz). In addition, a doublet was observed at § 195.6 (1Jcrn = 74.5 Hz), assigned

as 3-13CO by comparing the spectrum with that of an authentic sample of 3-CO.
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Figure 3.12. 3C NMR (74 MHz) spectrum of products resulting from deoxygenative
metathesis. 3-(*3C0)2PO-BCF, 3-13CO, and *C-labelled isocyanide-B(CsFs)z adduct in
benzene-ds at 23 °C.

The final *C-labeled resonance appears as a broad singlet centered at & 131.9, consistent
with isocyanide-borane adducts described by Erker and Berke,?? thus implying the
formation of (CeFs)3B«—:13C=N(4-'PrCeHa) from P-N fragmentation of the phosphinimine
group. The organic product of the reaction was isolated and characterized by X-ray

crystallography (Figure 3.13).
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Figure 3.13. X-ray crystal structure of (CeFs)3B-CN(4-'PrCeHs) at 30% probability
ellipsoids. Hydrogen atoms and solvent molecules of recrystallization have been omitted
for clarity. Four crystallographically-unique molecules (Z = 4) were found in the unit cell;
metrical data correspond to the labelled molecule.

Table 3.4. Selected bond distances (A) and angles (°) for (CsFs)3B-CN(4-PrCsHa).

Parameter (CoFs)3B-CN(4-'PrCeHa)
Bond distance (A)
B1-C1 1.627(3)
C1-N1 1.143(2)
Bond angle (°)
B1 C1 N1 174.6(2)

Extraction and recrystallization from pentane confirmed the identity of the rhodium
carbonyl complex 3-(CO)2PO-BCF (Figure 3.14). The bonding in 3-(CO).PO-BCF
highlights the differences between phosphine oxide and phosphinimine donors insofar as
no interaction was observed between the newly formed phosphine oxide and CO ligand in
the presence of B(CsFs)s. This observation may be a result of the steric inaccessibility of a
hemilabile phosphinimine relative to phosphine oxide. Nevertheless, the pronounced ylidic
nature of the P—N bond facilitates C—O activation as well as deoxygenative metathesis akin
to aza-Wittig reactions between carbonyl substrates and P-N bonds.?” Examination of the

3P NMR spectrum of isolated 3-(CO)2PO-BCF (Figure 3.15) matched closely with the
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3P NMR spectrum of the product mixture obtained from heating 3-(CO)2-BCF (Figure

3.11).

Figure 3.14. X-ray crystal structure of 3-(CO)2PO-BCF at 30% probability ellipsoids.
Hydrogen atoms and solvent molecules of recrystallization have been omitted for clarity.

Table 3.5. Selected bond distances (A) and angles (°) for 3-(C0).PO-BCF.

Parameter 3-(C0O).PO-BCF
Bond distance (A)
P1-01 1.532(2)
P2-N1 1.613(2)
C3-03 1.127(3)
C2-02 1.135(4)
Rh1-C2 1.850(3)
Rh1-C3 1.865(3)
Rh1-N1 2.070(2)
Rh1-N2 2.110(2)
01-B1 1.535(3)
Bond angle (°)
P1-01-B1 147.3(2)
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Figure 3.15. 3P NMR (125 MHz) spectrum of 3-(C0O)2PO-BCF in benzene-ds at 23 °C.

The distribution of products are reasonably explained by a deoxygenative
metathesis reaction between CO and the phosphinimine in complex 3-(CO)2-BCF to
liberate (CsFs)3B«—:CN(4-'PrCeHa) and the putative 14-electron intermediate ['Pr2P=N(4-
'PrCeHa4)C4H2NiPrP=0]Rh(CO), which could react rapidly with a second equivalent of 3-
(CO)2-BCF by intermetallic CO transfer (vide supra) to afford the phosphine oxide—borane
adduct 3-(CO)2PO-BCF and 3-CO in a 1:1 ratio (Scheme 3.5). Notably, the same
distribution of products was observed after repeating the reaction multiple times in either

benzene-ds or toluene-ds.
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Scheme 3.21. Proposed mechanism for the deoxygenative metathesis of CO and synthetic

cycle for the interconversion of relevant species.

Recognizing that deoxygenative metathesis proceeds gradually at ambient

temperature, the reactivity of 3-(CO)2-BCF was evaluated to better understand the relative
rates of metathesis compared with small molecule activation. Recognizing that THF
rapidly displaces B(CsFs)s from the carbonyl oxygen atom in 3-(CO)2-BCF, it was
reasoned that other oxygen-containing molecules might lead to sequestration of B(CeFs)s.
An NMR tube was charged with 3-(CO)2-BCF and dissolved in benzene-ds. A small excess
(5 equivalents) of distilled H20 was then added, accompanied by an immediate color

change from dark yellow to orange. In the downfield region of the *H NMR spectrum, a
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doublet was observed (Jup = 10.5 Hz) at 8 9.25, assigned as a protonated phosphinimine
similar to that observed in 2-Rh2 (Chapter 2). When the 3P nucleus was decoupled from
'H the doublet collapsed to a singlet, further supporting this assignment. The downfield

chemical shift can be reasonably explained by a hydrogen bonding interaction between the
protonated phosphinimine —P=NH" and either free H20 or the OH group of the putative

anion (HO)B(CsFs)s . Notably, water did not displace the borane but was instead
deprotonated in a reaction that resembles FLP chemistry. Cooperative activation of the O—

H bond in water by the phosphinimine/borane pair inspired additional bond activation

reactions.
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Scheme 3.22. Reaction of 3-(CO)2-BCF with Hz (top), H20 (middle), and THF (bottom).
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When a benzene-ds solution of 3-(CO)2-BCF in a J. Young NMR tube was
pressurized with 4 atm of Hg, the solution turned rose-gold over the course of 16 h.
Examination of the 3P NMR spectrum showed clean conversion of 3-(CQO)2-BCF to an
asymmetric product with inequivalent phosphinimines (Figure 3.16) with resonances
at § 62.7 and 5 47.4. The 'H NMR spectrum revealed a well-defined doublet at § 4.58 (Jxp
= 8.5 Hz) which, when decoupled from 3!P, collapsed to a broad singlet (Figure 3.17).
Multinuclear NMR spectroscopy (*°F, 1'B) suggested formation of the hydridoborate anion
HB(CsFs)s~ consistent with FLP reactivity between phosphinimine and borane partners.
Presumably, dihydrogen was heterolytically cleaved, delivering a proton (H*) to the
phosphinimine nitrogen and a hydride (H") to B(CsFs)s. The chemical shift of the proton
assigned to the protonated phosphinimine is markedly upfield from the reaction of 3-
(CO)2-BCF with H20. The foregoing results indicate that spectroscopic assignments of
protonated phosphinimines are sensitive to hydrogen-bonding interactions between the

solvent or the counter anion generated in the reaction.
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Figure 3.16. %P NMR (124 MHz) spectrum of the reaction between 3-(CO)2-BCF and 4
atm Hz in benzene-ds at 23 °C and proposed structure of the product.
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Figure 3.17. 'H (top) and *H{®'P}(bottom) NMR (300 MHz) spectra of the reaction
between 3-(CO)2-BCF and 4 atm H: in benzene-de at 23 °C.

3.4. Conclusions

The P'NNN ligand reported herein serves as a platform to study the activation and
deoxygenative metathesis of CO at ambient temperature. The metathetical reaction
between the phosphinimine P—N ylide and the CO multiple bond was confirmed by isotopic
labeling with %3CO, along with characterization of the labeled isocyanide
(CéFs)3B«—:13C=N(4-'PrCeHa). Cooperative action of the phosphinimine and borane Lewis
acid appear to promote the deoxygenation reaction with minimal influence from the metal
center. The foregoing hypothesis involves the cooperative engagement of CO by a
dissociated phosphinimine and Lewis acid, raising questions as to whether an external

additive is required to promote metal-ligand cooperation in the context of small molecule
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activation. The remaining chapters of this thesis will focus on leveraging the

aforementioned metal-ligand cooperation in the absence of activators.
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Chapter 4: Accessing Neutral Base-stabilized Rhodium Silylenes by Metal-Ligand
Cooperation*

4.1. Abstract

Divergent reactivity of organometallic rhodium complexes is reported, leading to
the isolation of neutral rhodium silylenes obtained by dehydrogenation of the
corresponding hydrosilane. Addition of PhRSiH2 (R = H, Ph) or PhsSiH to the rhodium
cyclooctene complex (P'NNN)Rh(COE) (2-COE; ™NNN = 2,5-[Pr.P=N(4-
'PrCsH4)]2N(CeH2)-, COE = cyclooctene) resulted in the oxidative addition of an Si-H
bond, providing rhodium silyl hydride complexes (P"NNN)Rh(H)SiHRPh (R = H, 4-
SiH2Ph; Ph, 4-SiHPhz) or (P"NNN)Rh(H)SiPhs (4-SiPhs) along with loss of cyclooctene.
When the carbonyl complex (P"'NNN)Rh(CO) (3-CO) was treated with hydrosilanes, base-
stabilized rhodium silylenes «2-N,N-(P"NNN)(CO)RhSiRPh (R = H, 4-SiHPh; Ph, 4-
SiPhz) were isolated and characterized by multinuclear NMR spectroscopy (*H, 3P, 3C,
29Si) and X-ray crystallography. Both silylene species feature short Rh—Si bonds [2.262(1),
4-SiHPh; 2.2702(7), 4-SiPhz] that agree well with the gas-phase DFT-computed
structures. Examination of the natural bonding orbitals (NBOs) in 4-SiHPh and 4-SiPhy,
together with second-order perturbation theory analysis, suggest Si-based acceptor orbitals
are stabilized by delocalization of electron density from phosphinimine lone pairs along
with Rh-based d-orbitals of m-symmetry. The overall reaction led to a change in the P"NNN
ligand bonding mode (®*—«?) with deuterium labelling experiments supporting loss of D2

from the deuterosilane PhSiRDx.

*Adapted from: MacNeil, C. S.; Hayes, P. G. Chem. Eur. J. 2019, 25, 8203-8207. with
permission from John Wiley and Sons.
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4.2. Introduction

Essential to the production of organosilicon compounds RnSiH4n (n = 1, 2, 3),
hydrosilation (HS) of carbon-element multiple bonds is a principal application of platinum
group metal catalysis.! Homogeneous catalysts based on rhodium provide high stereo-,
regio-, and enantioselectivities, particularly in the HS of ketones.? Oxidative addition of a
Si—H bond to well-defined complexes of Rh is a common feature of such processes; for
example, Ojima demonstrated it to be the first step in the HS of ketones using Wilkinson’s
catalyst, (PPhs)sRhCI (I, Scheme 4.1).2 According to Ojima, O-coordination of the ketone
(or aldehyde) substrate to the rhodium center (I1) led to insertion of the carbonyl
functionality into the Rh—Si bond (I11). Reductive elimination produces a silyl ether and
the active rhodium catalyst is regenerated (I'V). Inconsistencies associated with the Ojima
cycle have been highlighted in several follow-up mechanistic studies on Rh-catalyzed HS
of ketones; most notably perhaps is that the mechanism does not account for the observed
rate increase on going from mono- to dihydrosilanes (e.g. R2SiH2 > R3SiH). Zheng and
Chan proposed an alternative mechanism wherein the ketone oxygen binds selectively to
the silyl silicon atom instead of the Rh center.? In both cases, loss of ligand (e.g. PPhs) and
oxidative addition of the Si—H bond occur before the ketone substrate interacts with the
active catalyst. Insertion of the incipient carbonyl group into the Si—H generates an
alkoxysilylrhodium intermediate which undergoes reductive elimination with the rhodium

hydride (Scheme 4.2).
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Scheme 4.23. Rh-catalyzed hydrosilation of cyclohexanone proposed by Ojima.® Step I:
oxidative addition of triethylsilane. Step I1: O-coordination of cyclohexanone to the Rh(l1l)
center. Step I11: Insertion of the C=0 double bond into the Rh—Si bond. Step 1V: reductive
elimination and regeneration of the active catalyst.
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Scheme 4.24. Rh-catalyzed hydrosilation of ketones proposed by Zheng and Chan.?¢ This
mechanism deviates from the Ojima mechanism in the locus of ketone coordination (Si vs.
Rh). Secondary hydrosilanes (R2SiH2) translated to higher rates of reaction compared to
tertiary hydrosilanes (R3SiH).

Building on these early reports from Ojima, Zheng, and Chan,?® additional
mechanisms have been proposed for ketone HS wherein the general form of the hydrosilane
is either R2SiH2 or RSiH3 (a secondary or primary silane). Specifically, the HS of
acetophenone catalyzed by cationic rhodium oxazoline-N-heterocyclic carbene chelates
showed an inverse KIE (kn/ko = 0.8) for Ph2SiH2 and Ph2SiD2.# For an inverse KIE to be
observed, a rate-determining C-H/D forming step must take place before reductive
elimination and catalyst regeneration. Accordingly, the authors proposed a pathway that
invokes a transient, but key, rhodium silylene dihydride [LnRh(H)2=SiRz2]* intermediate,
resulting from consecutive Si—H activation or “double silicon-hydrogen activation”

(Scheme 4.3). Following oxidative addition of the first Si—H bond to the Rh center, the

second Si—H bond is cleaved by a-H migration from Si to Rh. DFT studies by Gade and
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Hofmann were in accord with experiment, supporting this silylene-based mechanism over
the established mechanisms of Qjima, Zheng and Chan.®> Following the disclosure of
Gade’s proposed mechanism in 2009, experimental work by Kiihn, Herrmann, and co-
workers provided supporting evidence that rhodium silylenes are key intermediates in
ketone HS catalysis.® Despite mounting evidence supporting the intermediacy of rhodium
silylenes, a structurally characterized example remained elusive at the outset of this thesis

work, inspiring the following studies.
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Scheme 4.25. Rh-catalyzed hydrosilation of ketones proposed by Gade.*> A rhodium
silylene dihydride species is formed by a-H migration from Si to Rh. The rate-determining
step is C—H bond formation, supported experimentally by an inverse KIE of 0.8.

Beyond the relevance to HS catalysis, the reactivity, structure, and bonding of an
isolable rhodium silylene is of fundamental interest. Following the isolation of donor-
stabilized complexes of Ru and Fe,” synthetic methods were developed in order to access

reactive silylenes for a host of transition metals.® Tilley and co-workers have shown that

o-H migration from Si to a metal center (a 1,2-shift) can be promoted by abstraction of
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either a methide (CHs") or hydride (H") ligand with B(CeFs)s, generating cationic silylenes

from silyl complexes of Pt and Ir (Scheme 4.4).%1°
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Scheme 4.26. Generic route to access transition metal silylenes by hydride (H), Si—H, or
methide (CH3") abstraction using B(CsFs)3.°

Such a-H migration processes could serve as a promising route to rhodium
silylenes, given the ubiquity of rhodium silyl hydride complexes that can be easily prepared
by routine oxidative addition reactions of Si—H bonds.* Along these lines, Sadow and co-
workers employed this strategy to generate the cationic Rh silylene [{«3-N,Si,C-
PhB(OxMe2)(OxMe2SiHPh)ImMes}Rh(H)CO][HB(CsFs)3s] (OxMe2 = 4,4-dimethyl-2-
oxazoline; ImMes = 1-mesitylimidazole) from the addition of B(CsFs)s to the neutral
rhodium silyl hydride {PhB(OxMez)2lmMes}RhH(SiH2Ph)CO  (Scheme 4.5).
Comprehensive NMR spectral data provided evidence for a silylene Si atom stabilized by
coordination from a borate-linked oxazoline donor.!! The NMR data corresponding to
Sadow’s rhodium silylene provided a useful reference point for the purpose of comparing

29Si chemical shifts (cf. & 6.6) in this thesis work (vide infra). Furthermore, these results
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showed that directed o-H migration and related strategies may lead to the isolation and

structural characterization of catalytically important rhodium silylenes.
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Scheme 4.27. Synthesis of an oxazoline-coordinated cationic Rh silylene by Sadow and
co-workers (an oxazoline-component of the ligand was made transparent for clarity).!!
Following a conceptually-related strategy, Huertos and co-workers employed a
silyl-bridged pincer scaffold, and showed by NMR spectroscopy that a molecule of PPhs
stabilizes the Si atom of a cationic dihydrido-Rh silylene complex {Rh(H)z[Si(PPhs)(o-
CsHaSMe)2](PPha) }[BArF24] (Scheme 4.6.).12 Reactivity studies of this silylene showed
that benzophenone was reduced to form the corresponding alkoxysilyl-Rh complex
{Rh(H)[SI(OCHPh2)(0-CsHaSMe)2](PPh3)}[BArF24] in line with the proposed mechanism
by Gade and Hofmann (Scheme 4.3).4° This recent work emphasizes the ongoing interest
in studying rhodium silylenes as elusive intermediates in hydrosilation over the past

decade. Attempts to synthesize and characterize such species are herein disclosed.
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Scheme 4.28. Generation of a phosphine-stabilized Rh silylene by Huertos and co-workers
(a portion of the ligand was made transparent for clarity).'?
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4.3. Results and Discussion

Rhodium complexes bearing phosphinimine donors as part of a monoanionic
RNNN ligand, (RNNN = 2,5-[R2P=N(4-"PrCeH4)]2N(C4H2) ", R = Ph, 'Pr) have been shown
to facilitate cooperative bond activation of H2 and CO (Chapters 2 and 3, respectively).?
The ylidic nature of the P—N bond results in strongly basic N donors capable of stabilizing
electrophilic metals and main group functionalities.'* Recognizing that transition metal
silylenes are defined by the pronounced Lewis acidity of the Si atom,® precursor Rh silyl
hydride complexes bearing a strongly-donating NNN ligand were targeted. A toluene
solution of (P"NNN)Rh(COE) (2-COE) was combined with 1 equivalent of either PhsSiH,
Ph2SiH2, or PhSiHs and stirred for 1 hour at ambient temperature leading to Si—H oxidative

addition products along with the elimination of cyclooctene (Scheme 4.7).

‘grz 'Pr,
SN N S S O e
ProPy, RN R'R,SiH PryPS, _-Rh—H
N N, - N
Toluene, 1 h, 23 °C SiRzR’
-COE
iPr iPr
2-COE 4-SiH,Ph (91%), R=H; R =Ph

4-SiHPh, (94%), R = Ph; R'= H
4-SiPh; (79%), R=R'=Ph

Scheme 4.29. Synthesis of rhodium silyl hydride complexes discussed in this chapter.

Recrystallization of the red-orange solids from pentane at —35 °C gave analytically
pure rhodium silyl hydride complexes (P'NNN)Rh(H)SiRsz in good to excellent yields (79-
94%). The X-ray crystal structures of complexes 4-SiH2Ph and 4-SiHPhz confirmed the
presence of both rhodium hydride and silyl hydrogens (Figures 4.1 and 4.2). The

crystallographic data show coordination of both phosphinimines to the Rh center, resulting
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in elongation of the P—N bond distances relative to free phosphinimine (Table 4.1 and 4.2).
In both 4-SiH2Ph (Si1---H1 = 1.93(3) A) and 4-SiHPh: (Si1---H1 = 1.92(3) A), the Rh-H
ligand sits directly above the silyl Si atom forming acute angles with the Rh atom (Sil-
Rh1-H1 =57(1)° in 4-SiH2Ph and Si1l-Rh1-H1 =58(1)° in 4-SiHPh2) suggesting that the
complexes may contain some (Si—-H)c agostic character.! Nevertheless, hydride ligands for
4-SiH2Ph and 4-SiHPh2 were characterized by *H NMR spectroscopy as doublets centered
at 8 —14.3 (MJu-rn= 25.6 Hz) and § —13.7 ({Ju-rn = 26.1 Hz), respectively (}%Rh; | = %,
100%). The °Si NMR spectrum of 4-SiH2Ph features two unique overlapping doublets
(Nsi-rn = 27.5 Hz, YJsi-rn = 27.7 Hz) at 5 —8.0 and & —8.1, presumably the result of two

rotomers that interconvert slowly on the NMR timescale via rotation about the Rh—Si bond.
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Figure 4.1. X-ray crystal structure of 4-SiH2Ph shown with 30% probability ellipsoids.
Hydrogen atoms except for Rh—H and Si—H are omitted for clarity.

Table 4.1. Selected bond distances (A) and angles (°) for 4-SiH2Ph.

Parameter 4-SiH2Ph
Bond distance (A)
P1-N2 1.627(2)
P2-N3 1.619(2)
Rh1-Si1 2.2466(7)
Rh1-N1 2.011(2)
Rh1-N2 2.087(2)
Rh1-N3 2.115(2)
Si1-H2 1.37(3)
Si1-H3 1.44(3)
Sil---H1 1.93(3)
Rh1-H1 1.60(4)
Bond angle (°)
Sil-Rh1-H1 57(1)
N3-Rh1-N2 164.56(8)
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Figure 4.2. X-ray crystal structure of 4-SiHPh2 shown with 30% probability ellipsoids.
Hydrogen atoms except for Rh—H and Si—H are omitted for clarity.

Table 4.2. Selected bond distances (A) and angles (°) for 4-SiHPh..

Parameter 4-SiHPh2
Bond distance (A)
P1-N2 1.628(2)
P2-N3 1.632(2)
Rh1-Sil 2.2301(8)
Rh1-N1 2.005(2)
Rh1-N2 2.102(2)
Rh1-N3 2.088(2)
Sil-H2 1.49(2)
Si---H1 1.92(3)
Rh1-H1 1.55(3)
Bond angle (°
Sil-Rh1-H1 58(1)
N2-Rh1-N3 161.63(8)
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With silyl hydride complexes 4-SiH2Ph and 4-SiHPh: in hand, attempts to generate
Rh silylenes via H™ abstraction using B(CsFs)s, in line with work by Tilley and Sadow,
were conducted.*1%1 Specifically, a bromobenzene-ds solution of 4-SiH2Ph was combined
with 1 equivalent of B(CsFs)s, forming the anticipated hydridoborate anion [HB(CsFs)3],
as confirmed by 1B and °F NMR spectroscopy. However, the putative metal cation arising
from a-H migration from Si to Rh could not be confidently assigned in the resulting mixture
which contained multiple products according to *H and 3!P NMR spectra. Exhaustive
efforts to isolate a Rh silylene species from this mixture by recrystallization proved
unsuccessful. Moreover, monitoring the reaction by low-temperature (-80 °C) NMR
spectroscopy in either bromobenzene-ds or toluene-ds did not provide sufficient evidence
to assign targeted Rh silylene.

Recognizing that the 'NNN ligand platform had previously demonstrated
cooperative activity with Rh toward small molecules,® a strategy was conceived by which
silylene formation could be mediated by a hemilabile phosphinimine donor. With this goal
in mind, and the knowledge that the previously-reported dicarbonyl complex
(P'NNN)Rh(CO)z, 3-(CO): exhibits a k>-N,N bound P'NNN ligand, it was postulated that
combinations of 3-CO and/or 3-(CO)2 with silanes might lead to oxidative addition
products featuring a pendant phosphinimine donor capable of stabilizing a Lewis acidic

silylene Si.
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Scheme 4.30. Synthesis of rhodium silylene complexes discussed in this chapter by
dehydrogenation of hydrosilanes.

Reaction of 3-CO and PhSiHs in benzene-ds at 50 °C for 3 hours afforded a product
showing two equal intensity peaks at & 53.0 and & 43.5 in its 3'P NMR spectrum.’® The
latter resonance was not consistent with a free phosphinimine but was similar to the 3P
NMR spectrum of 3-(CO)2-BCF.1% Examination of the 'H NMR spectrum revealed a
sharp singlet at 6 4.47 ppm, which disappeared upon exposure to reduced pressure,
suggesting the evolution of H2 gas. Cases in which silylene formation occurs with
spontaneous H:z loss are rare;'® an example from Djukic and co-workers highlighted the
role of an exogeneous donor (THF) in promoting such H2 elimination at well-defined
complexes of iridium.t” A diagnostic silicon-bound hydrogen was identified as a doublet
of doublets (*Ju-rn = 5.4 Hz, 3Ju-p = 5.8 Hz) at § 5.90. When decoupled from 3P, this
resonance collapses into a doublet with well-resolved 2°Si satellites (}Ju-si = 183 Hz) (*°Si:
| = %; 14%). A polarization transfer experiment (*H—2°Si) indicated a single 2°Si
environment as a doublet of doublet of doublets (ddd) centered at 6 54.6 ppm (Figure 4.3),
a marked downfield shift compared to both 4-SiH2Ph (6 —8.3 ppm) and the previously

reported Rh silylene described by Sadow (vide supra) (5 6.6).1* The 2°Si nucleus is coupled
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to two chemically-unique 3'P nuclei (3Jsi-p = 10 Hz and 3Jsi-p = 2.6 Hz), consistent with a
phosphinimine-stabilized Rh silylene. Notably, the observed 2°Si chemical shift is
comparable to base-stabilized Ru silylenes [Cp*(P'Pra3)RuH2(SiPh2:DMAP)]* (DMAP = 4-
dimethylaminopyridine) (8 68.5 ppm) and [Cp*(P'Prs)RuH2(SiPh2:NHMePh)]* (§ 55.7
ppm) reported by Fasulo and Tilley (Chart 4.1).18 Base-free, or terminal metal silylenes of
the type LaM=SiRR' typically exhibit 2°Si chemical shifts in the range & 200-370. The
synthetic development of these silylenes has been reviewed by Waterman, Hayes, and

Tilley.®

1J .
Si1-Rh = 55 Hz
2J :
Si1-P1 =13 Hz
Jsi1-P2 = 3 Hz

549 547 545
f1 (ppm)

Figure 4.3.2°Si{*H} NMR (INEPT) (139 MHz) spectrum of 4-SiHPh in benzene-ds at 23
°C.
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Recrystallization of the purported silylene complex in pentane at —35 °C provided
single yellow crystals suitable for X-ray diffraction analysis. The solid-state structure
(Figure 4.4) confirmed the identity of 4-SiHPh as x?-N,N(""NNN)(CO)RhSiHPh, an H-
substituted Rh silylene,’® and was, to the best of our knowledge, the first example of an
isolated Rh silylene derived from a hydrosilane. The Rh—Si bond distance of 2.262(1) A
was the shortest observed at the time of publication. The N—Si contact between the
phosphinimine N atom and the Lewis acidic silylene Si is 1.834(3) A, 0.12 A longer than
N-—Si bonds reported for stable N-heterocyclic silylene complexes of rhodium [1.711(2)—

1.714(3) A].20
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Figure 4.4. X-ray crystal structure of 4-SiHPh shown with 30% probability ellipsoids.

Hydrogen atoms except Si—H have been omitted for clarity.

Table 4.3. Selected bond distances (A) and angles (°) for 4-SiHPh.

Parameter 4-SiHPh
Bond distance (A)
P1-N1 1.647(3)
P2-N2 1.597(3)
C1-01 1.165(6)
Rh1-Si1 2.269(2)
Rh1-C1 1.785(5)
Rh1-N2 2.200(4)
Rh1-N3 2.089(3)
N1-Sil 1.824(4)
Bond angle (°)
N1-Si1-Rh1 113.8(1)
N2-Rh1-Sil 171.5(2)
N3-Rh1-C1 172.3(2)
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Figure 4.5. X-ray crystal structure of 4-SiPh2 shown with 30% probability ellipsoids. All
hydrogen atoms have been omitted for clarity.

Table 4.4. Selected bond distances (A) and angles (°) for 4-SiPha.

Parameter 4-SiPhy
Bond distance (A)
P1-N1 1.636(2)
P2-N2 1.607(2)
C1-01 1.149(4)
Rh1-Sil 2.2702(7)
Rh1-C1 1.807(3)
Rh1-N2 2.224(2)
Rh1-N3 2.096(2)
N1-Sil 1.842(2)
Bond angle (°)

N1-Sil-Rh1l 113.55(8)
N2-Rh1-Sil 167.10(6)
N3-Rh1-C1 176.2(1)
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In order to ascertain the generality of the above reaction, Ph2SiH2 was combined
with 3-CO to give the anticipated diphenylsilylene «2-N,N-(P"NNN)(CO)RhSiPh, (4-
SiPh2) and Ha. The X-ray crystal structure of 4-SiPh2 (Figure 4.5) is isostructural with 4-
SiHPh with only minor geometrical deviations (Rh—Si = 2.2702(7), N-Si = 1.842(2) A)
(Table 4.4). For both 4-SiHPh (t4 = 1.0) and 4-SiPh2 (12 = 0.97) the geometry at Si is
tetrahedral according to equation 4.1.

14 = (360° — (o0 + B))/(360° — 20) (4.1)
o and B are the largest valence angles of the coordination center

6 =109.5°

Pr
iPr2P-‘..‘;~NO 5 oa=113.8
A\ \

N-—R\h—-CEO

/s}-f?---
) Y, ' .- '\
'Pl’g =N \ \/‘\ B

=107.9°

The 2°Si NMR spectrum of 4-SiPh2 revealed one resonance centered at & 51.4 (dd),
consistent with the connectivity established by X-ray diffraction analysis. Deuterium
labelling experiments conducted with Ph2SiD2 exclusively produced D2 gas, which was
detected by 2H NMR spectroscopy, thus confirming that the silane is the source of liberated
H2. When the reaction was repeated using a 1:1 mixture of Ph2SiH2 and Ph2SiD2, no HD
gas was observed, thus implying Hz loss occurs via an irreversible, intramolecular process

through a short-lived rhodium hydride that does not exchange with Ph2SiD».
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In an effort to understand the nature of the Rh—Si interactions in complexes 4-
SiHPh and 4-SiPh2, a DFT study was conducted at the BP3LYP/aug-cc-pVDZ level of
theory using effective core potentials (ECP) for Rh. Geometry optimizations reproduced
Rh-Si and Si—N bond lengths within 0.02 and 0.07 A, respectively. Inspection of the
Kohn-Sham orbitals obtained for both 4-SiHPh and 4-SiPh2 show HOMOs corresponding
to a nonbonding Rh orbital consistent with a d® square planar Rh(I) center. The LUMOs
for both species are delocalized over the ""NNN scaffold. Examination of the localized
natural bonding orbitals (NBOs) of 4-SiHPh revealed a Si-based acceptor orbital of p-
character (94.1%). Second-order perturbation theory analysis provided a measure of
electron delocalization from donor NBOs to the Si-based acceptor NBO (Figure 4.6). The
strongest delocalization (E® = 158.4 kcal mol?) originated from one of two hybrid (sp)
lone pairs on the phosphinimine group (Figure 4.7). Delocalizations originating from a Rh-
based NBO of dx2-y2parentage were observed, but were relatively small compared to those
reported previously for iridium silylenes (Figure 4.8).1° Djukic and co-workers found that
coordination of a THF solvent molecule to an [Ir=SiHPh] moiety resulted in a 30%
reduction of the m character in the Ir—Si interaction.!’ It is therefore reasoned that the
stronger o-donor abilities of the phosphinimine may account for the diminished metal-
ligand multiple bond character in the present system. A comparison of the natural atomic
charge on Si in 4-SiHPh, with that in the base-free (PNP)(H)Ir=SiHMes (PNP = [N(2-
P'Pr2-4-Me-CeH3)2] ), reported by Tilley,*° indicated similar values (+1.19 c.f. +1.03,
respectively), which is perhaps at odds with this hypothesis. Whereas strong
delocalizations from phosphinimine lone pairs render rhodium silylenes sufficiently stable

for isolation, the reactivity of these species is diminished relative to base-free silylenes.
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Figure 4.6. Graphical representation of the silicon-based acceptor (LP*) NBO in 4-SiHPh.
Orbital surfaces plotted with an isovalue of 0.08. Si LP*: s (5.49%) p (94.11%) d (0.40%).

Figure 4.7. Graphical representation of the nitrogen-based lone pair (LP) donor NBO in 4-
SiHPh. Orbital surfaces plotted with an isovalue of 0.08. N LP (2): s (25.61%) p (74.35%).
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Figure 4.8. Orbital interaction between the rhodium-based donor NBO and Si-based
acceptor NBO in 4-SiHPh derived from second-order perturbation theory analysis. Orbital
surfaces plotted with an isovalue of 0.08. Rh LP (3): s (0.14%) p (0.05%) d (99.73%), dx2-

y2.

In an effort to glean insight into the mechanism of silylene formation attempts were
undertaken to generate 4-SiHPh and 4-SiPh2 following a complementary route. When
either of the rhodium silyl hydrides 4-SiH2Ph or 4-SiHPh2 were combined with excess CO
gas, immediate formation of 3-(CO)2 was observed, along with reductive elimination of

the corresponding silane (Scheme 4.9).
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Scheme 4.9. Synthesis and interconversion of rhodium complexes relevant to Chapter 4.
Accordingly, the relative thermochemistry of 3-CO and 3-(CO)2 was investigated using

DFT gas-phase calculations that demonstrated 3-CO is destabilized by 13.8 kcal mol™
relative to 3-(CO)2. To further probe mechanistic questions, and to contrast the reactivity

of 2-COE and 3-CO, each complex was also allowed to react with the tertiary silane
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PhsSiH. Unsurprisingly, Si—H oxidative addition, along with concurrent elimination of
cyclooctene, was observed in the former case, giving the rhodium silyl hydride
(P'NNN)Rh(H)SiPhs (4-SiPh3). In contrast, at elevated temperatures with PhsSiH over
multiple days, 3-CO slowly transformed into an asymmetric product, characterized by
equal intensity resonances in the 3P NMR spectrum (8 76.2 and 42.9). A possible structure
is the zwitterionic compound x?-N,N-(H-P"NNN)(CO)RhSiPhs, the result of deprotonation
of the putative rhodium hydride in x>-N,N-(°""NNN)(CO)Rh(H)SiPhs by the phosphinimine
base (Scheme 4.10).%' Notably, careful examination of the 'H NMR spectrum of the

reaction mixture did not reveal any resonances attributable to a Rh—H ligand.
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Scheme 4.10. Proposed formation of a zwitterionic complex following Si—H oxidative
addition of PhsSiH to 3-CO.
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Unfortunately, under all tested experimental conditions, this proposed complex
decomposed at a rate that was competitive with its formation, thereby rendering further
study impossible. Nonetheless, these data suggest that following Si—H oxidative addition,
Rh—H deprotonation by the free phosphinimine, subsequent a-H migration from Si to Rh,
and finally Hz loss (NH and Rh—H)/phosphinimine coordination to Si, may be a plausible
pathway for silylene formation (Scheme 4.11 A). A reasonable alternative is that direct
phosphinimine coordination to Si would create a 5-coordinate hypervalent Si intermediate

from which Hz loss (from Rh—H and Si—H) is possible (Scheme 4.11 B).
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4.4. Conclusions

By leveraging metal-ligand cooperation,?! base-stabilized rhodium silylenes can be
accessed directly from commercially available hydrosilanes via dehydrogenation.
Thermochemical analysis using DFT suggests the observed reactivity stems from the
energetic disparity of a hard nitrogen-donor ligand set and the soft rhodium center. The
overall neutral, base-stabilized rhodium silylenes, which were synthesized on a preparative
scale, allow for further studies into structure, bonding and reactivity. Cationic analogues
could not be isolated by hydride abstraction using B(CeFs)s3, even at low temperatures. An
alternate pathway to cationic rhodium silylenes was developed after the initial report on

neutral silylenes and is described in Chapter 6 (Conclusions and Future Work).
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Chapter 5: Metal-Ligand Cooperation Enables Reversible Dehydrogenation of a
Primary Borane*

5.1. Abstract

The reversible activation and dehydrogenation of B—-H bonds in primary aryl
boranes [H2BAr; Ar = 2,4,6-(CH3)3CsH2 (Mes), 3,5-(CFz)2CeHs (ArF)] by the 16-electron
rhodium(l) monocarbonyl complex, (P'NNN)Rh(CO) (3-CO; P'NNN = 2,5-[[Pr.P=N(4-
'PrCeHa4)]2N(C4Hz2)") is described. Notably, the results of this chapter follow closely from
observations made in the preceding chapter, to wit: the consecutive activation of Si—H
bonds in primary and secondary silanes. A neutral, ligand-stabilized ‘borylene’ complex
(P'™NNN)(CO)RhBMes (5-BMes), the result of dehydrogenative {BMes} extrusion, was
synthesized and isolated. Combined X-ray diffraction and computational (DFT/NBO)
analyses revealed a trigonal planar boron atom stabilized by a lone pair from the adjacent
ylidic phosphinimine nitrogen atom. Addition of H2 gas to 5-BMes resulted in the
reformation of 3-CO and H2BMes. The trifluoromethylated aryl borane H2BAr" reacted
with 3-CO to afford the B—H sigma complex 5-CO-H2BArF, stabilized by phosphinimine
N—B and Rh—(B-H) agostic interactions. Variable temperature *H NMR spectroscopy
established dynamic B—H agostic interactions between the captured borane and the T-
shaped 14-electron Rh center. Reactivity studies revealed that 5-BMes promotes formal

group transfer and that {BAr} fragments accessed by dehydrogenation are reactive entities.

*Adapted from: ‘MacNeil, C. S.; Hsiang, S.-J.; Hayes, P. G. Chem. Commun. 2020, 56,
12323-12326.” with permission from The Royal Society of Chemistry.
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5.2. Introduction
Metal-catalyzed hydroboration and C-H borylation are powerful methods for the
conversion of feedstock hydrocarbons into value-added chemicals.! Organoboron
compounds serve as intermediates in synthesis and are often critical lynchpins in late-stage
transformations. The oxidative addition of a single B—H bond by an electron-rich metal
center is well-precedented for boron electrophiles (e.g. 9-borabicyclo[3.3.1]nonane,
pinacol-, catechol-, and alkylboranes).? Building on ground-breaking work by Alcaraz and
Sabo-Etienne,?consecutive B—H activation has been observed in the formation of borylenes
(Scheme 5.1. A) from dihydroboranes (Scheme 5.1. B),* boron-to-metal a-hydride
migration from amineboranes,® and in the dehydropolymerization of ammonia-borane and
primary amineboranes.® Taken together, these advances have established a framework for
understanding the elementary steps involved in catalytic hydroboration, borylation, and
more recently, the dehydrocoupling of amineboranes to form BN polymeric materials.
The concerted formation of a metal-boron multiple bond along with H, from a
primary borane is an ideal, atom-economical route for the generation of transition
metal borylenes [LnM=BR; R = alkyl, aryl, amino)] from which group transfer
methods may be developed (Scheme 5.1. C). Indeed, consecutive B-H and B-F
activation has been used to access terminal borylenes at low valent metal centers in the
cases of fac-(PMes)sIr(BNR2)(H)2 (R = Pr or Cy),° and more recently in
Fe(BF)(CO)2(CNATrTPP2), respectively.” Notably though, the complete separation of
boron from hydrogen is exceedingly rare in transition metal systems. Partial
dehydrogenation to give B-B coupled products has been reported by Braunschweig

and co-workers at low-valent bis(phosphine) platinum.® Adjacent hydride ligands have
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been shown to exert a stabilizing influence on the boron atom, as in
RuHCI(BMes)(PCys)2 where interactions between the borylene B atom and the hydride
were investigated by NBO analysis.*® It was shown that the borylene B atom
participates in (Ru—H)oc bonding despite the explicit characterization of :BR as a
neutral CO analogue. The participation of the boron in the natural localized molecular
orbital (NLMO) of (Ru-H)o suggests a more nuanced account of the total bonding
picture. By considering the two structural isomers of RUHCI(BMes)(PCys)2 (square
pyramid and trigonal bipyramidal), Sabo-Etienne and co-workers provided strong
evidence that supports a coordination geometry where borylene and the wn-donating Cl
ligand are not trans-disposed as in RUHCI(CO)(PCys)2. A complete understanding of
the bonding in this Ru system was complicated by the fact that the hydride was not
explicitly located in the Fourier difference map. A reversible, successive B-H
activation sequence (Scheme 5.1. C) is challenging, given the fidelity of B-H
interactions in transition metal complexes that contain hydride ligands.® While the
treatment of borylenes (:BR) as m-accepting neutral ligands has allowed for useful
comparisons between ubiquitous ligands in organometallic chemistry such as CO and
N>, further investigations into the coordination chemistry of transition metal borylenes

without neighbouring hydride ligands is warranted.
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A terminal metal borylenes

L
/
L,M=B—R LM=B
R
B Sabo-Etienne & co-workers
PCys PCys
Ha.,, “t'\ -H, H..,,
‘Ru’ B—Mes b — ‘Ru=—B—Mes
c1~ | "'T_" +H, c~ |
PCy; PCy;

C Strategy: borane dehydrogenation to access borylene (:BR)

® Reversible dehydrogenation ® Group transfer reactivity?
® Metal-mediated ® Access to new chemical space?

Scheme 5.31. A. Generic representations of terminal transition metal borylene complexes.
B. Reported ruthenium complex that reversibly activates B—H bonds in mesityl borane. C.
Reversible dehydrogenation of aryl borane to access aryl borylene for group transfer
reactivity.
5.3. Results and Discussion

As outlined in the previous chapter, metal-ligand cooperative dehydrogenation
of primary and secondary silanes has been demonstrated at a mononuclear rhodium(l)
center and led to the isolation of the hydrogen-substituted silylene
(P'NNN)(CO)Rh=SiHPh.1® Hence, a conceptually-diagonal approach was taken that
combined an electron-rich rhodium complex (P"NNN)Rh(CO) (3-CO) with a primary

aryl borane. Dihydroarylboranes were prepared by reduction of the requisite

dimethoxy precursor (MeO).BAr, or by lithium-halogen exchange with the
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corresponding aryl halide, followed by quenching with BH3-SMe> (Scheme 5.2).
Mesitylborane (H2BMes) was isolated as a colourless crystalline solid while the 3,5-
trifluoromethylated analogue (H2BAr"; Arf = 3,5-(CF3)2-CeHs) was stored as the

diethylether solution (see Chapter 7.1.1 for experimental details and synthetic

procedures).
1) Mg 1) n-BulLi
B(OMe), 2) 3.1 B(OMe)s Br  2)BHj3-SMe, FsC BH;Li
THF, 20 h Et,0, 1h \Q/
-15°C—>23°C R ~78°C—»23°C CF,

1) LiAIH,
2) Me3SicCl /@f"‘z F3C BH; Me3SiCl
Et,O/Pentane Et,0
CFj

(5:1)
Scheme 5.32. Synthesis of dihydroarylboranes used in this chapter.

Analysis by *H and 3P NMR spectroscopy revealed that treatment of 3-CO
with 1 equivalent of mesitylborane (H2BMes) in benzene-ds gave a mixture of
unreacted 3-CO and a new, asymmetric product with 3!P resonances appearing at
6 52.7 and 6 37.9 (Figure 5.3). The apparent asymmetry of the resulting complex is
consistent with chemically inequivalent phosphinimines, as in 3-(CO).-BCF (Chapter
3) and 4-SiRR’ (Chapter 4). In these examples, the resonance associated with the
phosphinimine bound to the main group element (C, Si) appears upfield relative to the
phosphinimine bound to Rh, by A3 = 4.5 and 9.7 ppm, respectively. Notably, when the
reaction was carried out in a J. Young NMR tube in benzene-ds, a resonance with a

chemical shift consistent with H, gas in solution (8 4.47) was visible by *H NMR

106



spectroscopy. Sabo-Etienne has demonstrated that isolated ruthenium borylenes can
react with excess Haz, forming bis(c-borane) complexes. Thus, it was reasoned that a
rhodium borylene complex might react with evolved hydrogen gas, resulting in an
equilibrium between 3-CO and H2BMes. Accordingly, the procedure was repeated in
a 1.1 mixture of pentane and toluene under reduced pressure; recrystallization from
EtcO at -35 °C provided a bright yellow crystalline solid identified as
((P"NNN)(CO)RhBMes, 5-BMes) in 22% yield (vide infra). Characterization of 5-
BMes by 'H NMR spectroscopy revealed a coordinated {BMes} fragment absent of

B—H hydrogens in an overall low-symmetry complex (Figures 5.1 and 5.2).

— e

Figure 5.1.'H NMR (300 MHz) spectrum of 5-BMes in benzene-ds at 23 °C.
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Figure 5.2. 'H{®'P} NMR (300 MHz) spectrum of 5-BMes in benzene-ds at 23 °C.
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Figure 5.3.3'P{*H} NMR (121 MHz) spectrum of 5-BMes in benzene-ds at 23 °C.

Single-crystal X-ray diffraction studies confirmed the identity of 5-BMes as a

phosphinimine-stabilized rhodium borylene. The geometry at the 3-coordinate boron
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atom (Zangles = 359.8 ©) is strictly trigonal planar. Careful examination of the Fourier
difference map provided no indication of residual electron density from possible
rhodium hydride or B—H atoms, which is consistent with the 'H NMR spectrum of
isolated 5-BMes. Mesityl 0-CH3s groups occupy the axial space above and below the
equatorial plane defined by the phosphinimine nitrogen, mesityl ipso-carbon, and
rhodium center. The rhodium-boron distance in 5-BMes [Rh1-B1 = 2.024(5) A] is
shorter than the sum of the covalent radii for Rh and B (2.13 A) and is comparable to
that in the bridged dirhodium borylene complex [{(n°-CsHs)(CO)Rh}2{p-
BN(SiMes),] reported by Braunschweig [Rh—B = 2.054(2) A].** Further inspection of
the unit cell revealed a secondary interaction between an oxygen atom of a CO ligand
and pyrrolic C—H atom of a second molecule of 5-BMes (Figure 5.5). In benzene-ds,
5-BMes features a broad B resonance at § 32.6 (w12 = 457 Hz). This signal is upfield
compared to known rhodium aminoborylene (:B—NXz) complexes (& 75 to 120),112
suggesting that m-donation from nitrogen to boron in 5-BMes effectively shields the
1B nucleus. At the time of publication, 5-BMes was the first example of a structurally
characterized terminal rhodium borylene, prompting a comprehensive study of

bonding by density functional theory (DFT), as well as NBO analysis.
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Figure 5.4. X-ray crystal structure of 5-BMes illustrated using 30% probability ellipsoids.
Hydrogen atoms have been omitted for clarity.

Table 5.1. Selected bond distances (A) and angles (°) for 5-BMes.

Parameter 5-BMes
Bond distance (A)
Rh1-B1l 2.024(5)
Rh1-N2 2.268(5)
Rh1-N3 2.068(5)
Rh-C1 1.797(6)
P1-N1 1.658(6)
P1-N2 1.584(5)
C1-01 1.168(8)
N1-B1l 1.501(8)
Bond angle (°)
P1-N1-B1 127.9(4)
P2-N2-Rh1 114.2(2)
N3-Rh1-C1 177.9(2)
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Figure 5.5. Depiction of a secondary interaction in the unit cell of 5-BMes illustrated at
30% probability ellipsoids. Short contact (2.193 A) between O1 and H48 is shown.
Hydrogen atoms, except those of one pyrrole ring, have been omitted for clarity.

The gas-phase structure of 5-BMes was optimized at the B3LYP/aug-cc-pVDZ
level of theory with associated pseudopotentials for Rh (see Chapter 7 for details).
Metrical parameters were reproduced in good agreement with experiment (Tables 5.1
and 5.2). The P1-N1 bond is elongated in the DFT-computed structure by +0.049 A
(%diff = 2.91%) and is consistent with single-bond P-N character in the
phosphinimine bound to boron. X-ray diffraction studies from chapters 3 and 4 have

emphasized the extent to which phosphinimines elongate when bound to a main group
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element. It was reasoned that as contributions from the second lone pair on nitrogen
increase, the P—N bond tends toward the ylidic (single-bond) extreme.

A natural bond orbital (NBO) calculation was performed on the optimized
structure of 5-BMes to enhance understanding of the localized orbital interactions
between rhodium, boron, and nitrogen. The B—Rh o-bonding NBO is slightly polarized
toward boron (Figure 5.6), suggesting a bonding model in which B—~Rh o-donation is
the predominant interaction. Infrared (IR) spectroscopic analysis of 3-CO (1930 cm~
1) and 5-BMes (1909 cm™) revealed a redshift of the vco stretch as a result of borylene
formation, highlighting the o-donor ability of borylene relative to phosphinimine. The
B—Rh Wiberg bond index (WBI) of 0.93 falls slightly below the range established for
terminal neutral borylene complexes of Co, Rh, and Ir [(77°-CsHs)(L)YM=BNX_), L =
CO, PMes, X = Me, SiHs, SiMes] (0.97-1.33).2 Second order perturbation theory
analysis indicated strong delocalization of the Lewis-type nitrogen lone pair donor
orbital, N(Ip) to a vacant acceptor orbital on boron, B(p) (Table 5.3). Notably, the
N(lp)—B(p) interaction [E®: 35.2 kcal mol*] was substantially stronger than the
donor-acceptor m-interaction between rhodium and boron [E®: 10.3 kcal mol™?]
(Figure 5.7). These data imply that phosphinimine (N) w-donation to Rh is important

in 5-BMes.
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Rh-B 6 NBO
Rh d, ,(46.9%)
B p, (53.0%)

Figure 5.6. NBO representation of the DFT-derived Rh—B bonding orbital (occupancy:
1.807 electrons). Orbital surfaces are plotted with an isovalue of 0.08 using Gaussview.

Table 5.2. Comparison of DFT-calculated (B3LYP/aug-cc-pVDZ) and experimental
structural parameters in 5-BMes.

Parameter Experimental Calculated % Difference
d(Rh1-B1) (A) 2.024(5) 2.031 0.34%
d(P1-N1) (A) 1.658(6) 1.707 2.91%
d(N1-B1) (A) 1.501(8) 1.518 1.12%
d(Rh1-C1) (A) 1.797(6) 1.824 1.49%
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Figure 5.7. From left to right: representations of donor (Rh and N) and acceptor (B) NBOs
for 5-BMes.

Table 5.3. Selected second-order interactions involving the borylene boron atom in 5-
BMes.

Donor Acceptor E® (kcal mol?) Ei-€j Fij
197.LP (4)Rh  209. LP* (2) B 1.89 0.21 0.018
202.LP (1)N  209. LP* (2) B 35.17 0.30 0.093
195.LP (2) Rh  209.LP*(2) B 10.35 0.21 0.044
196. LP (3) Rh  209. LP* (2) B 6.88 0.23 0.036

Table 5.4. NBO-derived Wiberg Bond Indices (WBI) of selected bonds in 5-BMes at the
B3LYP/aug-cc-pVDZ level of theory.

Selected Bond Wiberg Bond Index (WBI)
Rh1-B1 0.9308
N1-B1 0.7026
P1-N1 0.8570
P2-N2 1.0606

The incorporation of a phosphine oxide moiety in ligand scaffolds has been
shown to stabilize both primary and secondary boranes; work from the Stradiotto group
highlights this strategy in the activation of both silanes and boranes in the same
system.** Moreover, Drover, Schaefer, and Love have disclosed phosphoramidate-
supported late metal systems for the activation of amino- and alkylboranes.’® An

obvious difference between phosphine oxide and phosphinimine in the present work is
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the additional steric bulk surrounding the B atom, imposed by the N-aryl group. A
space-filling model of 5-BMes (Figure 5.8) illustrates the extent to which the boron
atom is sterically confined. Close examination of the X-ray crystal structure revealed
n—m interactions between the N- and B-aryl groups (centroid-centroid = 4.165 A) that
may hinder free rotation about the mesityl ipso C—B bond. Treatment of 5-BMes with
one equivalent of 4-dimethylaminopyridine yielded no evidence for adduct formation
when analyzed by H and 3P NMR spectroscopy, even with prolonged heating at 50

°C.
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Figure 5.8. Space-filling model of 5-BMes illustrating the steric shielding around the
boron atom (pink).
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To better understand the reversibility of B—H activation, the formation of 5-

BMes was reinvestigated in a series of isotopic-labelling experiments. Upon reaction

of 3-CO with a 1:1 mixture of 0.5 H2BMes and 0.5 D>BMes (1 total equivalent of

borane), both H, and HD gas were identified in the *H NMR spectrum (Figure 5.9).

Examination of the 3P NMR spectrum revealed resonances corresponding to 3-CO,

5-BMes and some intermediate species (Figure 5.10).

—

e
70 6.5 6.0 5.5 5.0 45

HD

JULL

e g—
4.6 45 4.4
f1 (ppm)

4.3

T
4.2

o

,,,,,,

f1 (ppm)

Figure 5.9.'H NMR (700 MHz) spectrum of reaction between 3-CO and a 1:1 mixture of
mesitylborane and mesitylborane-dz in benzene-de. Inset: enlarged region showing Hz and

HD gas.
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Figure 5.10. 3*P{*H} NMR (283 MHz) spectrum of the reaction between 3-CO and a 1:1
mixture of mesitylborane and mesitylborane-dz in benzene-ds. Here, the proposed species
“5-C0O-H2BMes” could be any of the isotopologues 5-CO-H2BMes/5-CO-D2BMes/5-
CO-HDBMes.

Isotope mixing supports the presence of a reactive boryl hydride,>!® capable of rapid
Rh-H(D) and B-D(H) exchange at a rate that is competitive with the formation of 5-
BMes. Notably, the control reaction between HoBMes and D2BMes in the absence of
3-CO showed no sign of H/D scrambling or evolution of HD gas. In an effort to
corroborate the reversibility of borylene formation, a J. Young NMR tube containing
5-BMes in benzene-ds was pressurized with 4 atmospheres of H, and monitored by 'H

and 3P NMR spectroscopy. Rapid generation of mesitylborane and formation of 3-

CO (>80% in 10 minutes) was confirmed by comparing the product spectra of the

118



reaction to spectra of authentic samples. Examination of the 3P NMR spectrum after
1 week indicated that the equilibrium of 3-CO + H.BMes and 5-BMes + H> was
maintained under Hy pressure (5-BMes:3-CO = 9:1). Hence, it was concluded that the
poor yields obtained for reactions conducted at ambient temperature were likely the
result of rapid re-uptake of hydrogen by 5-BMes. Altering the original procedure by
carrying out the reaction at low temperature under reduced pressure allowed the
isolation of analytically pure 5-BMes in substantially improved (53%) yield.’

To demonstrate the capacity for 5-BMes to participate in group transfer
chemistry beyond that already observed with H» gas, reactions that would release the
{BMes} fragment from the rhodium(l) center were investigated. Complete borylene
transfer was observed upon addition of pinacol to 5-BMes, producing the boronate
ester MesBpin, 3-CO, and H; gas (Scheme 5.4). Monitoring the reaction by 3P NMR
spectroscopy for ~1 week revealed gradual consumption of 5-BMes with no evidence
of any intermediate species (Figure 5.11) consistent with the formation of strong B-O

bonds in a thermodynamically-favourable reaction.

P, , HO OH Pr

v ™ i 2
Propl N ﬁp\\w Pr

2R\ _ //Rh\ _ i N\ e (')
N—E Can > PPy, RN *
S benzene-dg, 55 °C N Ca B-g
—H, <o
'Pr
ipr
5-BMes 3-CO

Scheme 5.4. Reaction of 5-BMes with pinacol in benzene-ds monitored over 6 days at 55
°C.
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Figure 5.11. Stacked 3!P{*H} NMR (283 MHz) spectra of the reaction between 5-BMes
and 1 equivalent of pinacol. Blue trace: 1 hour; Green trace: 1 day; Red trace: 6 days. The
bottom (red) 3'P{*H} spectrum is in accord with the 3P{*H} NMR spectrum of an
authentic sample of 3-CO.

Monitoring the reaction of 3-CO and H2BMes by variable temperature NMR
spectroscopy in toluene-ds at —40 °C led to the observation of an intermediate species
with 3!P resonances at § 50.4 and & 47.8 (vide supra). The accompanying *H NMR
spectrum revealed a broad resonance centered at § —2.7. Upon warming to 22 °C, 'H
and 3!P peaks corresponding to the intermediate species were completely consumed

while those attributed to 5-BMes had grown in intensity. Notably, H2 gas (5 4.57) was
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always visible in solution during the experiment. The intermediate species forms by
dissociation of phosphinimine from rhodium, followed by coordination to the aryl
borane to afford 5-CO-H,BMes. A B-H bond then undergoes oxidative addition,
producing the Rh boryl hydride species (P"NNN)(CO)Rh(H)(BHMes). Finally, H2 loss

presumably occurs via either a 4-centered transition state involving Rh—H (5+) and B—

H (8-), or a Brgnsted pathway mediated by a free phosphinimine group (Scheme 5.3).1°

|pr2 - igrz
. ;\’_ , N—CD—Pr  +MesBH, _ \ N jN—@'iPF
PPy~ “He PRy R
g C\\\O +H, gN“B C%‘O
— MesBH;
o i 5-BMes
P (vco 33'(:920 em™’) 3 \@ (veo = 1909 cm™)
4
- MesBH, 1 + MesBH, +H, ‘ —H,
Vi
‘sz [ H ]

N LRE
'PI’Q pf _®_ n \

l .............. - {
/ B
5‘ 5.CO-H,BMes

B;ryl Hydride Intermediate
(Not Observed)

Scheme 5.3. Proposed formation of 5-BMes via rhodium(111) boryl hydride.

The generality of aryl borane dehydrogenation was studied by reducing the
steric profile about boron and altering the electronics of the aryl group. The
trifluoromethylated borane H2BAr" (ArF = 3,5-(CF3)2CsHs) was combined with 3-CO
in benzene-dg leading to new 3!P NMR resonances at 5 51.2 and § 48.8, which closely
resemble the intermediate observed in the low temperature reaction between 3-CO and

mesitylborane (8 50.4 and § 47.8, vide supra). In benzene-ds, the !B NMR spectrum
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exhibits a single peak at 6 —5.92 (w12 = 11.1 Hz). In anticipation of unproductive back
reaction with Hy, the experiment was repeated at —30 °C in diethylether. A gradual
colour change from orange to dark-yellow was accompanied by formation of a
crystalline yellow solid which was isolated in 80% yield. Single crystals suitable for
X-ray diffraction analysis were grown from a concentrated pentane/benzene (5:1)
solution. The X-ray crystal structure of the isolated product 5-CO-H:BAr" was
confirmed as an encounter complex between 3-CO and H.BArF (Figure 5.12),
stabilized by phosphinimine coordination to boron [N1-B1 = 1.558(2) A] and a B—H

agostic interaction [H1-Rh1 = 1.61(2) A] with the Rh center (Table 5.5).
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Figure 5.12. X-ray crystal structure of 5-CO-H2BArF illustrated using 30% probability
ellipsoids. All hydrogen atoms (except H2BArF) and one solvent molecule of benzene have
been omitted for clarity.

Table 5.5. Selected bond distances (A) and angles (°) for 5-CO-H2BArF (‘non-covalent
interaction).

Parameter 5-CO-H:BAr*
Bond distance (A)

Rh1-B1 2.482(2)"
Rh1-N2 2.094(1)
Rh1-N3 2.129(1)
Rh-C1 1.805(2)
P1-N1 1.642(1)
P1-N2 1.612(1)
c1-01 1.155(2)
N1-B1 1.558(2)
Rh1-H1 1.61(2)
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B1-H1 1.32(2)

B1-H2 1.11(2)
Bond angle (°)
P1-N1-B1 119.0(2)
P2-N2-Rh1 116.90(7)
N3-Rh1-C1 172.95(7)
N2-Rh1-H1 175.6(7)
N1-B1-H1 110(1)
H1-B1-H2 115(1)
H2—Bl—Cipso 111(1)
H1-B1-Cispo 105.9(9)

The vco stretching frequency (1950 cm™?) in 5-CO-H2BATrF is blue-shifted in the order
5-CO-H:BArf > 3-CO > 5-BMes, consistent with Nakazawa’s report that strong
delocalization of electron density from Rh to B is facilitated by a Rh-*H-B linkage.*®
At 23 °C, the 'H NMR spectrum of 5-CO-H>BArF contains a broad resonance at § —
3.8, tentatively assigned to the two rapidly exchanging BHz. Upon cooling a toluene-
ds solution of 5-CO-H.BArF to —80 °C distinct resonances at & 3.9 (B—H) and & —9.8
(Rh—H-B) were observed. The coalescence temperature (Tcoa) Was determined by
careful inspection of the *H NMR spectra in toluene-ds at a range of temperatures
(Figure 5.14). At -25 °C, the peaks corresponding to the B—H and Rh—H protons
vanished and the broad signal corresponding to the BH> moiety had not yet appeared.
Here, Av is the maximum peak separation in Hz. The AG* was calculated using
equation 5.1 at the coalescence temperature (—25 °C). The two signals coalesce at —25
°C (AG* = 9.9(4) kcal mol™), reappearing as the original broad resonance (8 —3.8) near
0°C.

T
1.914 % 107(Teoq)[9-972 + log=224l]
4.184

AGHeoar (kcal mol™?) = (5.1)

Teoal = coalescence temperature (K)
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Av = maximum peak separation (Hz)
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Figure 5.13. Stacked 'H NMR spectra of 5-CO-H2BArF in toluene-ds. Coalescence
temperature highlighted in red. Asterisks depict B—H chemical shifts of interest.
Despite the attenuated steric profile of H2BAr", no evidence for borylene

formation was observed, perhaps because the oxidative addition product, a Rh boryl

hydride, is unstable to reductive elimination and reformation of 5-CO-H>BArF. These

observations are in line with a recent contribution from Braunschweig detailing the

steric and electronic parameters associated with borylene formation from

Ru(PCys)2HCI(H,) and various dihydroboranes.*® For spontaneous dehydrogenation

to occur from bis(c)-borane complexes, aryl groups bearing ortho-substituents were
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required. Aryl boranes containing only meta-substitution resulted in net endergonic
reactions (AG between +0.98 and +2.40 kcal mol?), providing strong evidence that an
ortho-to-boron effect is operative in the destabilization of ruthenium bis(c)-borane
complexes. Notably, the authors reported that attempts to prepare rhodium borylene
complexes resulted in starting material decomposition.

Without a viable pathway for release of H, and consequently, borylene formation,
reaction progress apparently stalls at 5-CO-H2BAr". While the interactions between
3-CO and H;BATr" render the complex stable for the purpose of isolation, dissolution
of 5-CO-H,BArf in THF-ds immediately and exclusively gave 3-CO and
H,ArFB-THF. Furthermore, when a sample of 5-CO-H.BArF was left at 23 °C in
benzene-ds for 48 h, a gradual change in the *'P NMR spectrum was accompanied by
darkening of the solution and the appearance of rhodium black. A new asymmetric
product formed, as judged by 3!P peaks located at §52.0 and § 10.6. The latter
resonance is diagnostic of a dissociated phosphinimine,'® implying that the new
complex features a x2-bound P"NNN ligand scaffold. A broad resonance at & 4.7 in the
IH NMR spectrum sharpened considerably when decoupled from !B. It is postulated
that spontaneous decarbonylation of 5-CO-H>BArF afforded a new bis(c-B—H) borane
complex featuring H2BAr" as a bis(c-B—H) ligand (Scheme 5.5). Despite repeated
efforts, an X-ray crystal structure supporting the formation of such a species has not
been obtained, so the identity of the product remains tenuous. However, examination
of the corresponding IR spectrum supported this hypothesis, as there were no
distinguishable stretching frequencies corresponding to a CO ligand. Accordingly, the

13C-labelled complex 5-13CO-H,BArF was prepared using 3-3CO. The ¥C NMR
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spectrum of 5-13CO-H,BArF in benzene-ds exhibited a doublet (*Jcrn = 73.4 Hz)
centered at 6 190.6 which completely disappeared after 12 h at 23 °C. Given that the
13C label was not identified in any by-products, it is reasonable to conclude that *3CO
elimination from 5-13CO-HBArF occurred with concomitant formation of the
rhodium bis(c)-borane complex 5-H:BAr® (Scheme 5.5). While spontaneous
decarbonylation from square-planar Rh is rare, Nakazawa showed that a B-H-Rh
linkage can destabilize m-back-donation from Rh to CO.'® Comparing vco (IR)
frequencies and *Jcrn coupling constants (Hz) suggests that the weakest Rh—C bond is
present in 5-CO-HBArF (1950 cm™, 73.5 Hz; c.f. 1930 cm™, 76.9 Hz for 5-BMes
and 1909 cm™, 87.9 Hz for 3-CO). These spectroscopic data imply that of all the
rhodium carbonyl complexes described in this chapter, 5-CO-H.BAr" is most poised

for decarbonylation.
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Scheme 5.4. Proposed formation of the borane complex 5-H2BArF by irreversible CO
elimination.
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5.4. Conclusions

The reversible dehydrogenation of an aryl dihydroborane has been
demonstrated for the first time at rhodium. Complexation of the borane by a hemilabile
phosphinimine led to spontaneous H> elimination in the case of mesitylborane. Group
transfer reactivity of the {BMes} fragment was observed in reactions with H, and
pinacol, where the latter generated the boronate ester MesBpin, along with H> gas.
Entrapment of the electron-deficient borane H2B(3,5-(CF3)2CsH3) by 3-CO highlights
that subtle steric and electronic factors are involved in spontaneous dehydrogenation. *°
Ultimately, with the demonstration of formal borylene transfer, these results provide a
method for interconversion of boranes and borylenes with hydrogen, from which new

and more efficient routes to organoboranes may be developed.
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Chapter 6: Conclusions and Future Work

6.1. Conclusions

The pairing of monoanionic bis(phosphinimine)pyrrolido ligands and rhodium(l)
has led to the development of bond activation strategies enabled by metal-ligand
cooperation. Beginning with the P-phenylated ligand P"NNN described in Chapter 2, alkene
interconversion and catalytic hydrogenation was developed. The P"NNN ligand is
instrumental in the stabilization of the catalyst resting state 2-Rhz, and to the heterolytic
cleavage of H2 across metal and ligand, as evidenced by the solution- and solid-state
characterization of a protonated phosphinimine (5 11.40; d, 1H, 2Jxp = 2.5 Hz, P=NH). By
all accounts, the isolation and characterization of 2-Rh2 marked the beginning of the
investigations that ultimately make up this thesis work insofar as highlighting a ligand
platform which could be modified to exploit metal-ligand cooperation in the activation of
small molecules.

In Chapter 3, a series of carbonylated rhodium(l) complexes bearing a modified
bis(phosphinimine)pyrrolido ligand were prepared and characterized in solution and in the
solid state. Replacement of the phenyl substituents on the phosphinimine P atom with
isopropyl groups rendered the P'NNN ligand sufficiently electron-donating to stabilize
either mono- or dicarbonylated Rh(l) metal centers, along with the activated CO complex
3-(C0O)2:BCF. In combination with the Lewis acid B(CsFs)3, gradual deoxygenation of the
CO ligand at ambient temperatures permitted an isotopic-labelling study using **C-
enriched 3-(**CO).-BCF, prepared from the condensation of 3CO gas onto a solution of
2-COE. Following the 3C-isotope label by 3C NMR spectroscopy revealed that

deoxygenative metathesis was operative in the complete scission of the CO ligand.
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Isolation of the relevant products, and their subsequent characterization by NMR
spectroscopy and X-ray crystallography, provided a comprehensive summary of the
reaction, and identified the fate of all reactive species.

Characterization of the so-called ‘encounter complex’ 3-(CO)2-BCF in the solid
state by X-ray crystallography permitted a thorough investigation into the structure and
bonding of the phosphinimine bound to CO. Notably, significant elongation of the P—N
bond (1.693 A) relative to both free phosphinimines and phosphinimines bound to
rhodium(l) throughout this thesis, revealed an ylidic character in 3-(CO)2-BCF that places
a formal positive charge on the P atom in the corresponding resonance form. Notably, this
was a recurring feature in Chapters 3 and 4 and is likely a stabilizing influence that enables
the activation of small molecules.

Divergent reactivity with Si—-H bonds was demonstrated in Chapter 3 by
substitution of the organometallic ligand in 16-electron Rh(lI) complexes of the
bis(phosphinimine)pyrrolido ligand P'NNN. Oxidative addition of the Si-H bonds in
PhSiHs, Ph2SiH2, and PhsSiH to 2-COE gave the corresponding Rh(ll1) silyl hydrides.
Replacement of the alkene ligand in 2-COE with CO resulted in distinct reactivity with
PhSiH3 and Ph2SiH2. The 16-electron monocarbonyl complex 3-CO served as platform to
study consecutive Si—H activation in formal dehydrogenative silylene extrusion. Neutral
rhodium(l) silylenes stabilized by a hemilabile phosphinimine were fully characterized by
multinuclear (*H, 3P, 13C, 2°Si) NMR spectroscopy and X-ray crystallography.

Finally, a conceptually related approach was taken in Chapter 5 to access neutral
Rh(1) borylenes stabilized by a phosphinimine in ""/NNN. Reversible activation of B-H

bonds in arylboranes (ArBH:) by 3-CO was studied to better understand the implications
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of metal-ligand cooperation in B—H activation and formal group transfer of the {BAr}
fragment. Notably, for boranes substituted with electron-deficient arenes, formation of a
base-stabilized borylene was not observed. Instead, a hemilabile phosphinimine

coordinates to the borane which forms a B—H agostic complex with the Rh(l) center.

6.2. Future Work

Si—H and B—H bond activation strategies have emerged by exploiting metal-ligand
cooperation and the hemilability of phosphinimine donors in Rh(l) complexes of
bis(phosphinimine)pyrrolido ligands. Chapter 4 describes the consecutive activation of Si—
H bonds leading to the isolation of neutral rhodium silylenes stabilized by phosphinimine
donors with the loss of Ha. It was reasoned that this methodology could be extended to
access cationic rhodium silylenes relevant in hydrosilation catalysis. Computational
analysis of rhodium-catalyzed ketone hydrosilation by Gade and co-workers has shown
that silylene formation occurs by oxidative addition of a Si—H bond to a rhodium complex
followed by a second Si—H activation which delivers a hydride to the rhodium center via
o—H migration (a 1,2-H shift).1? Notably, the a—H migration proceeds spontaneously in
the absence of an external activator (e.g. B(CesFs)s or [CPhs][B(CeFs)4]).

As described in Chapter 4, Sadow and co-workers have had success in generating
a cationic rhodium silylene following an H-abstraction method.® Using the Lewis acid
B(CsFs)3, evidence was provided to support formation of the hydridoborate [HB(CeFs)s],
along with a putative cationic oxazolinylborate-coordinated rhodium(lll) silylene that
catalyzed the partial deoxygenation of esters, aldehydes, amides, and ketones.® Through
multinuclear (?°Si, °N, H, 'B) NMR spectroscopy, the authors present a case where H-

abstraction by B(CeFs)s is followed by rearrangement of the ligand to yield an unusual
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oxazoline-coordinated silylene and coordinatively-unsaturated rhodium center. The
preference for the oxazoline-silicon over oxazoline-rhodium coordination is rationalized
by the enhanced electrophilicity of the silylene Si atom relative to the rhodium center.® It
was therefore reasoned that electron-donating phosphinimines might be effective in
stabilizing a cationic silylene.

6.2.1. Targeting a Cationic Rhodium Silylene

Following the work of Tilley and Sadow,3# attempts to prepare cationic rhodium
silylenes by H-abstraction from well-defined rhodium silyl hydrides with B(CsFs)3 or
[CPhs][BArF24] generated intractable mixtures in bromobenzene. It was reasoned those
combinations of the square planar rhodium monocarbonyl (P"NNN)Rh(CO) (2-CO) and
B(CsFs)s with silanes could generate cationic rhodium silylenes following a similar
consecutive Si—H activation pathway as described in Chapter 4. The key difference with
the proposed method is the presence of B(CsFs)s3, used to intercept a transient Rh—H ligand
by hydride abstraction, resulting in the formation of [HB(CsFs)3]~. Notably, for a cationic
rhodium silylene to form, H-abstraction by B(CsFs)3 would have to outcompete Hz loss,
and by extension, formation of 4-SiHPh or 4-SiPha.

First, interactions between 3-CO and B(CsFs)s were probed by multinuclear NMR
spectroscopy. In benzene-ds, 3-CO was combined with 1 equivalent of B(CsFs)3 resulting
in considerable broadening of the 3P NMR spectrum. The cause of spectral broadening
was presumed to be a consequence of the borane interacting with either the carbonyl
oxygen or a hemilabile phosphinimine donor. Crystallographic evidence of carbonyl O-
coordination to B(CsFs)s was described in Chapter 3 in the isolation of 3-(CO).-BCF.

Additional precedent for carbonyl O-coordination was reported by Oestreich and co-
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workers in the discovery of a novel Si—H activation pathway in hydrosilation catalysis.®
Strong experimental evidence supports an outer-sphere mechanism for ketone
hydrosilation by Bullock’s cationic tungsten(II) catalyst® [CpW(CO)2(IMes)]*[B(CsFs)4]
wherein tertiary silanes (RsSiH) are heterolytically cleaved, forming a tungsten hydride
and silylium cation (RsSi*). The silylium cation is stabilized by O-coordination of a CO
ligand and was confirmed by X-ray crystallography.> Boranes and silylium cations are
isoelectronic and contain a vacant p-orbital capable of productive overlap with the lone
pair of a CO ligand. It is therefore reasonable to suggest that 3-CO might interact with
B(CeFs)s in a similar fashion. The alternative, N-coordination of a hemilabile
phosphinimine donor, would result in the temporary formation of a 14-electron T-shaped
rhodium center, poised for oxidative addition of an incipient Si-H bond. While this
possibility has not been ruled out, it lacks obvious precedent. A thorough investigation into
the fundamental coordination chemistry is therefore warranted.

The putative adduct of 3-CO and B(CsFs)s was generated in situ and combined with
1 equivalent of PhSiHs. Analysis by multinuclear NMR spectroscopy revealed formation
of a new asymmetric product containing a rhodium hydride centered at § —13.4 (d, *Jurn =
27.1 Hz). In less than 1 hour, the product decomposed to an intractable mixture. Repeating
the reaction with the secondary silane Ph2SiHz in bromobenzene-ds led to quantitative
formation of a product that was stable in solution for multiple days at ambient temperature.
The 3P NMR spectrum of the product revealed two equal intensity resonances at & 60.0
and & 56.1 (Figure 6.1), consistent with an asymmetrically bound P"NNN ligand, bearing
resemblance to isolated neutral silylenes (cf. 6 53.0 and & 43.5 for 4-SiHPh in benzene-

de).
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Figure 6.1. 3'P{*H} NMR (283 MHz) spectrum of the reaction between 3-CO, B(CsFs)3,
and Ph2SiH2 in bromobenzene-ds at 25 °C.
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Figure 6.2. 2°Si{*H} NMR (139 MHz) spectrum of the reaction between 3-CO, B(CsFs)s,
and Ph2SiHz in bromobenzene-ds at 25 °C.

The °F NMR contained resonances consistent with an anionic 4-coordinate
hydridoborate anion [HB(CsFs)3] (Admp= 2.7 ppm), originating from either a Si—H or Rh—
H bond. With the anion identified as the hydridoborate, the rhodium hydride cation would
necessarily contain the SiPh2 fragment trapped as a silylene coordinated by a hemilabile
phosphinimine. Notably, a carbonyl ligand was identified by *C NMR spectroscopy as a
doublet centered at & 185.3 (*Jcrn = 68.0 Hz) which may impart a stabilizing effect on the
cation, consistent with the report from Sadow.3 The formation of the putative cationic
rhodium silylene, [(""NNN)(CO)RhH(SiPh2)]* ([6-SiPh2]*) is the result of consecutive Si—
H activation of Ph2SiH2. An upfield resonance corresponding to a Rh—H was observed at

& —13.8 in the *H NMR spectrum of [6-SiPh2]* in bromobenzene-ds along with a 2°Si
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resonance at & 33.3 assigned to the putative phosphinimine-stabilized silylene (Figure 6.2).
The prolonged stability of [6-SiPhz]*, relative to the hydrogen-substituted analogue [6-
SiHPh]*, is presumably the result of deleterious reactivity of the silylene Si—H bond, which
is absent in [6-SiPh2]*, or from increased protection of the electrophilic Si center by an
additional Ph group. Notably, when the order of addition was changed, and the combination
of Ph2SiH2 and B(CsFs)s was added to 3-CO, the same product formed in quantitative yield.

The apparent generation of [6-SiPh2]* is an encouraging result toward a more
reactive class of rhodium silylenes stabilized bis(phosphinimine)pyrrolido ligands. Efforts
should be made to isolate and characterize [6-SiPh2]* in the solid state, allowing for direct
comparisons of structure and bonding with neutral phosphinimine-stabilized silylenes
reported in Chapter 4. Beyond the fundamental studies into coordination chemistry, a
reliable procedure to generate [6-SiPh2]* would aid in the evaluation of such a species in
hydrosilation catalysis, as well as other reaction chemistry.
6.2.2. Photophysical Properties of Rhodium Carbonyls

The incorporation of visible light in organic reaction development has enabled
novel C—C and C—heteroatom disconnection strategies by way of photoredox catalysis,
with profound implications in medicinal chemistry.” The well-established photophysics of
homoleptic ruthenium (e.g. Ru(bpy)s?*) and homo- and heteroleptic iridium complexes
(e.g. Ir(ppy)s) of polypyridyl ligands (bpy = 2,2'-bipyridine; ppy = 2-phenylpyridine) has
laid the groundwork for exploiting the energy transfer (EnT) and single-electron transfer
mechanisms that give rise to open-shell intermediates.’® Photo-initiated electron-transfer

specifically, has been instrumental in generating organic radicals that can be intercepted by
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organometallic complexes (e.g., BubpyNi; Bibpy = 4,4'-Di-tert-butyl-2,2'-dipyridyl) which
serve as platforms for C—C bond coupling by reductive elimination.®

While the emerging fields of photoredox and metallaphotoredox catalysis over the
last few years have inspired fundamental studies in ‘designer’ photocatalysts for specific
applications, a general interest in the interactions of visible and ultraviolet light with
organometallic complexes has been pervasive in the chemical literature for decades. For
example, the photochemistry of transition metal carbonyls was reviewed by Wrighton in
the mid-70s and continues to be studied and exploited in many areas of chemistry,
including catalysis outside of a photoredox manifold.”>° In general, low valent transition
metals tend to display a greater degree of covalency compared to higher valent species,
which is why stable carbonyl complexes are often derived from low valent metals (e.g.
Fe(CO)s). Strong delocalization of electron density from metal to ligand should therefore
translate to dramatic changes in bonding. Photophysical studies on the 16-electron
rhodium(l) carbonyl complexes 3-(CO)2 and 3-CO described in Chapter 3 should be
carried out to evaluate these complexes for use in photo-driven catalysis.

Generating 14-electron rhodium complexes by ligand dissociation is a proven
method of promoting oxidative addition and was described in Chapter 4 for Si—H bonds.
As a design principle, substitution of a labile alkene in 2-COE for a CO ligand in 3-CO
resulted in two distinct pathways for Si—H activation, namely oxidative addition in the
former case, and dehydrogenation by consecutive Si—H activation in the latter. Notably,
phosphinimine-stabilized rhodium silylenes 4-SiHPh and 4-SiPh2 described in Chapter 4
each contain a CO ligand which would imply that a thermal CO dissociation is either

reversible or not operative in the formation of 4-SiHPh and 4-SiPh2 from 3-CO. More
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likely is the dissociation of a phosphinimine, generating a carbonylated 14-electron species
capable of oxidative addition. Evidence for this process appeared in Chapter 5 with the
isolation of 5-CO-H2BArF, a (B-H)c complex between 3-CO and H2BArF (ArF = 3,5-
(CF3)2-CsHs) where a hemilabile phosphinimine coordinates to the boron atom.

The controlled photo-dissociation of CO ligands from well-defined organometallic
complexes is an effective strategy to generate active catalysts for a host of chemical
transformations, including the hydrogenation of alkenes described by Chirik and co-
workers.% In that work, a bis(phosphine)cobalt dicarbonyl hydride operates by two distinct
hydrogenation pathways under thermal and photochemical conditions, with hydrogen atom
transfer (HAT) occurring at elevated temperatures. Under visible light irradiation, CO
dissociation generates a highly active cobalt hydride capable of hydrogenating functionally
rich alkenes by a 2-electron, coordination-insertion pathway. Following this strategy, the
irradiation of 3-CO by varying wavelengths of light might result in controlled CO photo-
dissociation providing complementary reactivity to 3-CO under thermal conditions where
phosphinimine dissociation is operative. The ability to selectively activate 3-CO by either
phosphinimine or CO dissociation would allow for a myriad of bond activation reactions
to be surveyed. Beyond hydrogenation, carbonylated rhodium complexes reported in this
thesis include phosphinimine-stabilized silylenes and borylenes which might provide
unique reaction chemistry under visible light irradiation. The photodissociation of CO from
either 4-SiHPh or 4-SiPhz may promote the migration of the {SiR2} fragment from the
phosphinimine to the metal, giving a terminal silylene complex with a «3-N,N,N ligand
bonding arrangement. The generality of such a transformation could then be evaluated with

5-BMes, providing a method of generating terminal main group fragments at rhodium.
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Scheme 6.34. A. Thermal and photochemical activation pathways for the generation of
14-electron rhodium complexes. B. Proposed formation of a terminal rhodium silylene by
CO photodissociation.

6.2.3. Directed-Activation of C—F bonds by Rhodium Borylenes

After the realization of formal group transfer in Chapter 5, further exploration of
this reactivity is warranted. The reaction of pinacol and 5-BMes resulted in the generation
of MesBpin and 3-CO with loss of Hz. While the mechanism of this transformation is

unclear, a reasonable pathway might involve coordination of a pinacol hydroxyl OH group

to the boron atom as an initiating step. Transfer of the {BMes} fragment away from 5-
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BMes is likely driven by formation of a stable chelate containing two B—O bonds.
Translating this reactivity in the activation of C—X bonds aided by an ortho directing group
(e.g. —OH) might serve as a viable strategy. Of interest is the activation of C(sp?)- and
C(sp®)—F bonds. Per- and polyfluoroalkyl substances (PFAS) are chemicals which persist
in the ecological timeline, and by virtue of their inert C—F bonds, are difficult to sequester.
A directed C—F activation might result in {BMes} group transfer, changing the

fundamental properties of the PFAS to aid in removal.
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Scheme 6.35. Directed C—F activation by 5-BMes by a proposed borylene insertion.

6.3. Outlook

Within the subset of monoanionic pincer ligands, NNN scaffolds are under-
developed but offer a diversity of structure and function that should be explored in the
design of new transition metal complexes. The incorporation of phosphinimine donors in
the RNNN (R = Ph, 'Pr) bis(phosphinimine)pyrrolido ligands described here places a unique
ylidic structure in the primary coordination sphere of a metal which until this work, had
been used to stabilize electrophilic rare earth metals,*! along with divalent metal ions (Ca?*,
Mg?*, and Zn?).2 A central goal of this thesis work was to synthesize
bis(phosphinimine)pyrrolido complexes of late transition metals for the purpose of

developing new bond activation reactivity enabled by metal ligand cooperation. To this
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end, a diversity of reactions has been successfully developed for complexes of rhodium,
leading to a thorough understanding of H-H, C-O, Si—H, and B—H bond activation. While
rhodium complexes served as a model system for this study, the reactivity observed here
may translate onto other late transition metals. Moreover, first-row transition metals
including Fe, Co, and Cu offer a high density of oxidation states and rich single-electron
chemistry that could be exploited in the development of new chemical reactivity with these

bis(phosphinimine)pyrrolido ligands.
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Chapter 7: Experimental Methods

7.1. General

7.1.1. Laboratory Equipment and Apparatus

An argon filled MBraun glove box was employed for manipulation and storage of
all oxygen and moisture sensitive compounds. All thermally unstable compounds were
stored in a —35 °C freezer within the glove box. All reactions were performed on a double
manifold high vacuum line using standard techniques.® Commonly utilized specialty
glassware includes the swivel frit assembly, needle valves, and thick walled (5 mm) glass
bombs equipped with Kontes Teflon stopcocks.* All glassware was stored in a 110 °C oven
for a minimum of 12 hours, or flame-dried before immediate transfer to the glove box

antechamber or assembled on the vacuum line and evacuated while hot.

7.1.2. Solvents

Toluene, pentane, and tetrahydrofuran (THF) solvents were dried and purified
using the Grubbs/Dow purification system and stored in evacuated 500 mL bombs over
titanocene? (toluene and hexanes) or sodium/benzophenone ketal (THF).2 Diethyl ether,
pentane, heptane, benzene, benzene-ds, toluene-ds, and THF-ds were dried and stored over
sodium/benzophenone ketal in glass bombs under vacuum. Bromobenzene and
bromobenzene-ds were pre-dried over 4A molecular sieves, stored over calcium hydride
and distilled prior to use. Unless otherwise noted, solvents were introduced via vacuum
transfer with condensation at —78 °C. Liquid nitrogen (-196 °C), liquid nitrogen/pentane
(-130 °C), dry ice/acetone (78 °C) dry ice/acetonitrile (—45 °C) and water/ice (0 °C) baths

were used for cooling receiving flasks and to maintain low temperature conditions.
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7.1.3. Instrumentation and details for NMR experiments

All NMR spectra were recorded at ambient temperature, except where noted, with
a Bruker Avance Il NMR spectrometer (300.13 MHz for 'H, 46.07 MHz for 2H, 96.29 MHz
for 1B, 75.47 MHz for 13C, 282.40 MHz for 1°F, 121.48 MHz for 3'P, and 59.63 MHz for
29Si) or Avance IIl NMR spectrometer (700.13 MHz for *H, 107.47 MHz for ?H, 224.63
MHz for 1'B, 176.05 MHz for 13C, 658.78 MHz for 1°F, 283.54 MHz for 3'P, and 139.09
MHz for 2°Si) NMR spectrometer. All *H NMR spectra were referenced to SiMes through
the residual *H resonance(s) of the employed solvent; benzene-ds (7.16 ppm), toluene-ds
(2.09, 6.98, 7.02 and 7.09 ppm), THF-ds (1.73 and 3.58 ppm), or bromobenzene-ds (6.94,
7.02 and 7.30 ppm). 2H NMR spectra were referenced relative to an external standard of
Si(CDz3)4 (0.0 ppm) in benzene-ds prior to spectrum acquisition. **B NMR spectra were
referenced to an external standard of boron trifluoride diethyl etherate (BF3-Et20; 6 0.0
ppm) in benzene-ds prior to acquisition of the first spectrum. 3C NMR spectra were
referenced relative to SiMes through the resonance(s) of the employed solvent; benzene-ds
(128.0 ppm), toluene-ds (20.4, 125.2, 128.0, 128.9, 137.5 ppm), THF-ds (25.4, 67.6 ppm),
or bromobenzene-ds (122.3, 126.1, 129.3, 130.9 ppm). °F NMR spectra were referenced
externally to CeHsF (6 —113.1 in benzene-ds). Temperature calibration for NMR
experiments was achieved by monitoring the *H NMR spectrum of pure methanol (below
room temperature) and pure ethylene glycol (above room temperature).* *H NMR data for
diamagnetic compounds are reported as follows: chemical shift, multiplicity (s = singlet, d
= doublet, t = triplet, g = quartet, quint = quintet, sp = septet, br = broad, m = multiplet,
app = apparent, obsc = obscured, ov = overlapping), coupling constants (Hz), integration,

assignment. 13C NMR data for diamagnetic compounds are reported as follows: chemical
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shift, assignment. Assignment of resonances were supported by *H-'H COSY, B¥C{'H}

APT, 'H-13C{*H}, DEPT 135, DEPT 90, NOESY, and HSQC/HMBC experiments.

7.1.4. Crystallographic details

All structures were collected on a Rigaku SuperNova diffractometer equipped with
a Dectris Pilatus 3R 200K-A hybrid-pixel-array detector, a four-circle k goniometer, sealed
graphite-monochromated Mo Ko (A = 0.71073 A) and Cu Ko (A = 1.54178 A) X-ray
sources, and an Oxford cryostream-cooling device fixed at 100 K. Single crystals suitable
for X-ray diffraction studies were mounted on a MiTiGen cryo-loop using desiccated
Paratone—N oil stored in a glove box.

The structures were solved by the Intrinsic Phasing methods and refined by least-
squares methods using SHELXT-2014 and SHELXL-2014 with the OLEX2 interface.>’
The program PLATON was employed to confirm the absence of higher symmetry space
groups.® All non-H atoms were located in difference Fourier maps, and then refined
anisotropically. Outlier reflections were omitted from refinement when appropriate.
Hydrogen atoms on C atoms were placed at idealized positions and refined using a riding
model. The isotropic displacement parameters of all hydrogen atoms were fixed to 1.2
times the atoms they are linked to (1.5 times for methyl groups). Crystallographic
refinement details, including disorder modeling and software employed, have been
delineated within each crystallographic information file (*.cif). Molecular graphics were
generated using ORTEP. | performed all measurements at the University of Lethbridge.
Data for 2-Rh2 was collected by Dr. Mikko Hanninen. Further details on structures are

noted below in the relevant chapter sections.
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7.1.5. Computational Methods

Density Functional Theory (DFT) calculations were carried out on unmodified
structures obtained from X-ray crystallography using the Gaussian 16 (revision B.01)
computational suite.® Cartesian coordinates (*.xyz) were obtained from X-ray diffraction
analysis. Gas-phase geometry optimization was performed using the B3LYP functional,°
employing the aug-cc-pVDZ basis set with associated pseudopotentials (Rh) for non-C, H
atoms (cc-pVDZ).1! Visualization of optimized structures and rendering of molecular
orbitals was performed using Gaussview.'? Wiberg bond indices were determined using

NBO 3.1,*4 also using the B3LYP/aug-cc-pVDZ level of theory.

7.1.6. Additional instrumentation

Elemental analyses (%CHN) were conducted at the University of Lethbridge by
Jackson Knott or Dylan Webb on an Elementar Americas Vario MicroCube Analyzer (C,
H, N, O, S capabilities) using bulk recrystallized compounds. Infrared spectroscopy was
conducted on a Thermo-Nicolet iS10 FT-IR spectrometer using bulk recrystallized

compounds.
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7.1.7. Synthesis of ligands and starting materials

Synthesis of Na-""NNN:

II;TZ A mixture of P"NNN (from literature’® procedure)
th p/ _'@_ (0.398 g, 0.567 mmol) and NaH (0.016 g, 0.65 mmol)
o THF was added to a 100 mL round-bottomed flask attached
Q to a double manifold vacuum line and dissolved in THF

iPr
(50 mL) to afford a cloudy, white, effervescent slurry.

The reaction mixture was stirred at ambient temperature for 18 h to generate a clear,
colourless solution. The solvent was removed in vacuo to afford a white powder which was
washed with pentane (3 x 20 mL) and dried in vacuo, resulting in a white powder (0.366
g, 81.1%). 'H NMR (benzene-ds, 300.13 MHz): 7.84 (dd, 8H, 3Jue = 11.5 Hz, 3Jun = 7.3
Hz, Ph CH), 6.98 (dd, 4H, 3Jun = 7.3 Hz, 4Jue = 1.5 Hz, Pipp CH), 6.86 (ov m, 12H, Ph
CH), 6.77 (dd, 2H, 3Jue = 2.0 Hz, “Jup = 2.0 Hz, 3,4-pyrrole CH), 6.66 (d, 4H, 3Jun = 7.3
Hz, CH(CHa)2), 3.44 (m, 4H, OCH2CH2), 2.66 (sp, 2H, 3Jun = 6.7 Hz, CH(CHa)2), 1.34
(m, 4H, OCH2CH?2), 1.14 (d, 12H, 3JuH = 6.7 Hz, CH(CH3)2). *C{1H} NMR (benzene-ds,
75.47 MHz): 150.3 (d, 2Jcp = 5.1 Hz, Pipp C), 137.8 (s, Pipp C), 135.8 (d, 1Jcp = 20.4 Hz,
2,5-pyrrole C), 133.7 (d, *Jcp = 85.9 Hz, Ph C), 133.7 (d, 2Jcp = 9.2 Hz, Ph CH), 131.3 (s,
Pipp CH), 128.7 (d, 3Jcp = 11.6 Hz, Ph CH), 127.6 (s, Pipp CH), 123.9 (d, 4Jcr = 17.2 Hz,
Ph CH), 121.5 (dd, ZJcp = 32.0 Hz, 3Jcp = 12.9 Hz, 3,4-pyrrole CH), 68.1 (s, OCH2CH>),
34.0 (s, CH(CHB3)z2), 26.1 (s, OCH2CH?2), 25.0 (s, CH(CH3)z2). 3'P{*H} NMR (benzene-ds,
121.49 MHz): 8.8 (s, 2P, P=N). Anal. Calcd. (%) for CsoHs2N3sNaOP2: C: 75.45; H: 6.59;

N: 5.28. Found C: 75.75; H: 6.94; N: 5.33.
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Chemical warning — Caution! The handling of organic azides should be conducted in a
fume hood behind a blast shield. Under no circumstances should reactions involving azides
be conducted in a closed system. Addition of organic azides to phosphines results in the

rapid evolution of N2 gas.

Synthesis of P'NNN:

iPr, In a 250 mL round bottom flask, 2,5-

er, PWP\\N—QJPF bis(diisopropylphosphino)-N-H-pyrrole (0.990 g, 3.29

N mmol) was dissolved in toluene (100 mL) to give a

¢ bright orange solution. 4- isopropylphenyl azide (1.06 g,
Pr

6.58 mmol) was added dropwise via syringe over 15 min
at ambient temperature. Upon addition of the azide, the solution immediately began
evolving N2 gas. The reaction mixture was stirred for 18 h, after which, all volatiles were
removed in vacuo and revealed an amber-coloured oil. Following pentane washes (3 x 15
mL), a waxy, bright yellow solid was produced. Yield: 1.68 g (90.2%). *H NMR (benzene-
ds): 8 10.4 (br s, 1H, N-H), 7.10 (ov m, 8H, 4-'PrCeHa), 6.40 (s, 2H, pyrrole-H), 2.82 (sp,
3Jun=7.0 Hz, 2H, CH(CHz3)2), 2.08 (sp, 3JuH = 7.0 Hz, 4H, CH(CH?3)2), 1.26 (d, 3Jvn=7.0
Hz, 12H, CH(CH3)2), 1.01 (dd, 3Jnp = 13.4 Hz, 3Jun = 7.0 Hz, 12H, CH(CH3)2), 0.99 (dd,
3Jnp = 13.4 Hz, 3Jnn = 7.0 Hz, 12H, CH(CHa)2). 13C{*H} NMR (benzene-de): 5 149.5 (s,
aromatic ipso-C), 138.2 (s, aromatic ipso-C), 127.4 (s, aromatic CH), 124.4 (dd, ‘Jcp =
108.2 Hz, 3Jcp = 5.7 Hz, 2,5-pyrrole C), 124.0 (d, 3Jcp = 14.2 Hz, aromatic CH), 117.5 (dd,
2Jcp = 17.4 Hz, 3Jcp = 11.6 Hz, 3,4-pyrrole CH), 34.2 (s, CH(CH3)2), 27.1 (d, YJcr = 62.7

Hz, CH(CHs)2), 25.0 (s, CH(CHs3)2), 16.9 (s, CH(CHs3)2), 16.3 (s, CH(CH3)2). 3P{*H}
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NMR (benzene-ds): & 13.5. Anal. Calcd. (%) for CaaHssNsP2: C, 72.18; H, 9.44; N, 7.43.

Found: C, 71.86; H, 9.93; N, 7.88.

Synthesis of Na-P"NNN

A round bottom flask was charged with P"NNN (1.08 g,

iPr2
=—P. .
\ N\ \\N—C_\}—'Pr 1.91 mmol) and sodium hydride (0.0564 g, 2.20 mmol)
iPI’z P\
A and dissolved in THF (25 mL) at =78 °C. The bright
Q yellow solution bubbled as gas evolved while becoming
Pr

opaque and bright orange. The solution was allowed to
warm to ambient temperature with stirring, and after 12 hours was clear and orange. THF
was removed under reduced pressure providing a dark yellow solid. Yield: 1.04 g (82.6%)
'H NMR (benzene-ds): & 7.14 (d, 3JuH = 8.2 Hz, 4H, 4-PrCeHa), 7.02 (d, 3JuH = 8.2 Hz,
4H, 4-'PrCeHa), 6.80 (s, 2H, 3,4-pyrrole), 2.77 (sp, JnH = 7.0 Hz, 2H, CH(CHs)2), 2.19 (br
sp, 4H, CH(CHBa)z2), 1.23 (d, 3JnH = 7.0 Hz, 12H, CH(CHa)2), 1.00 (ov m, 24H, CH(CH3)2).
BC{'*H} NMR (benzene-ds): § 152.7 (s, aromatic ipso-C), 138.7 (s, aromatic ipso-C), 127.7
(s, aromatic CH), 125.2 (d, 3Jcp = 10.9 Hz, aromatic CH), 116.8 (dd, 2Jcp = 26.9 Hz, 3Jcp
= 9.8 Hz, 3,4-pyrrole CH), 34.0 (s, CH(CHa)z2), 27.2 (d, Y3Jcr = 60.8 Hz, CH(CHs)2), 25.0
(s, CH(CHz3)2), 17.6 (s, CH(CH?3)2), 16.6 (s, CH(CH?3)2). One aromatic carbon (2,5-pyrrole
C) was not observed. 3'P{*H} NMR (benzene-ds): 5 28.0. Anal. Calcd. (%) C3sHs2N3NaP2:
C, 69.48; H, 8.92; N, 7.15. Found: C, 69.01; H, 8.95; N, 7.26.
Rhodium dicarbonyl chloride [Rh(CI)COz2]2 was prepared by following a report by
Wilkinson.® B(CsFs)3 was purchased from Boulder Scientific and dried by stirring a

dichloromethane solution with Me2SiHCI for no more than 20 minutes.r” This was
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followed by sublimation under dynamic vacuum at 80 °C for 18 hours.
Bis(phosphinimine)pyrrole derivatives were synthesized according to prior reports.®> All

other reagents were purchased from Sigma Aldrich and used as received.

7.1.8. Catalytic hydrogenation reactions

In an argon filled glove box, 2-COE (0.041 g, 0.045 mmol) was dissolved in 1.5
mL of benzene-ds, giving a 0.03 M pre-catalyst stock solution. For a typical catalytic run,
0.15 mL of the stock solution was taken and mixed with 0.3 mL of benzene-ds and 30 equiv
of substrate in a J. Young NMR tube. For COE hydrogenation, this equates to 0.01 M of
2-COE and 0.3 M of substrate. The J. Young NMR tube was attached to a double manifold
vacuum line and the solution was degassed by three freeze—pump-thaw cycles. A hydrogen
atmosphere (1 atm) was applied to the tube at ambient temperature, or at —196 °C (to
provide approximately 4 atm of H2 upon warming to ambient temperature). The J. Young
NMR tube was continually inverted at 30 turns min~! to ensure adequate mass transfer. The
tube was refilled to 4 atm of hydrogen every 2 hours to maintain the desired pressure. All
catalytic runs were monitored periodically using *H NMR spectroscopy. All reactions
resulted in quantitative conversion of substrate into product (>95 %) at ambient
temperature. Between 30 and 60 equiv of substrate were used in catalytic experiments.
7.1.9. NMR tube reactions

Unless otherwise noted NMR tube reactions were carried out by charging an NMR
tube with the initial reagents and solvents in the glove box. Subsequent reagents were
introduced by syringe to the septa sealed NMR tubes submerged in the appropriate cold

bath. The tube was shaken once to ensure proper mixing prior to insertion into the NMR

153



probe. This mixing was performed very quickly (~ 2 seconds) to avoid warming and
premature reaction. In situations where gases or low boiling liquids were to be introduced
aJ. Young NMR tube and vacuum line adaptor were used. Once attached to the vacuum
line the J. Young NMR tube was evacuated and solution degassed using a freeze-pump-
thaw routine. The solution was carefully frozen with the appropriate cooling bath for the
solvent in use followed by evacuation for several minutes. The frozen solution was thawed
whereby dissolved gases were released into the headspace. The solution was frozen again,
and the tube evacuated for several minutes. This process was repeated thrice more to ensure

full degassing.

7.2. Experimental Procedures Pertaining to Chapter 2

7.2.1. Synthetic Procedures
Synthesis of 2-COE:
_ FF’QQ In an argon filled glove box, [RhCI(COE),], (0.179 g,
N\ >N_®_ 0.249 mmol) and Na-""NNN (0.417 g, 0.524 mmol)
\ were added to a 50 mL round-bottomed flask and
@ dissolved in toluene (15 mL). The reaction vessel was
attached to a double manifold vacuum line and the
mixture heated at 50 °C for 1.5 h under an argon atmosphere. VVolatiles were removed under
reduced pressure, resulting in a brown solid. The flask was taken into a glove box and the
solid redissolved in toluene (5 mL). The solution was filtered to remove sodium chloride
and the remaining solid was washed with benzene (5 x 2 mL) and toluene (1 x 2 mL). All

volatiles were removed in vacuo to afford pure 2-COE as an orange-red powder. Yield:
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0.416 g (91.3%). *H NMR (benzene-ds, 300.13 MHz): § 7.76 (dd, Jup = 12.0 Hz, Juy = 8.1
Hz, 8H, Ph CH), 7.12 (dd, Jun = 8.2 Hz, Jup = 2.4 Hz, 4H, Pipp CH), 6.97-6.88 33 (ov m,
12H, Ph CH), 6.74 (d, Jun = 8.2 Hz, 4H, Pipp CH), 6.72 (d, Jup =2.1 Hz, 2H, 3,4-pyrrole
CH), 3.52 (d, Jurn = 7.8 Hz, 2H, COE CH), 2.59 (br s, 2H, COE CH,), 2.54 (sp, Jun = 6.8
Hz, 2H, CH(CHa)2), 1.73-1.51 (ov m, 8H, COE CH,), 1.28 (br s, 2H, COE CH,), 1.02 (d,
12H, Jun = 6.8 Hz, CH(CHs)2. ¥C{*H} NMR (benzene-ds, 75.47 MHz): § 147.3 (s, Ar C),
143.1 (d, Jep = 3.8 Hz, Ar C), 133.5 (d, Jcp = 10.4 Hz, Ar CH), 132.4 (s, Ar C), 131.9 (ov
d, Jep = 7.2 Hz, Ar CH), 131.9 (s, Ar CH), 131.1 (s, 2,5-pyrrole C), 128.6 (d, Jcp = 12.7
Hz, Ar CH), 126.1 (s, Ar CH), 116.7 (dd, Jcp = 26.9 Hz, Jcp = 8.8 Hz, 3,4-pyrrole CH),
66.4 (d, Jcrn = 14.9 Hz, COE CH), 34.1 (s, CH(CHs)2), 31.5 (s, COE CH,), 30.3 (s, COE
CHy), 27.6 (s, COE CHy), 24.6 (s, CH(CHs)2). 3'P{*H} NMR (benzene-ds, 121.49 MHz):
0 33.8 (d, 2P, Jprn = 6.0, P=N). Anal. Calcd. (%) for Cs4HsgN3P,Rh: C, 70.97; H, 6.40; N,

4.60. Found: C, 70.73; H, 6.59; N, 4.81.

Synthesis of 2-C2Ha:
_ FF’)*lz In an argon filled glove box, 2-COE (0.051 g, 0.056
N :'N_@_ipr mmol) was added to a two-neck 25 mL round-bottomed
/ flask and dissolved in toluene (5 mL). The reaction
vessel was attached to a double manifold vacuum line
and C;H,4 gas was bubbled into solution (3 x 3 min).
Between each addition of C,H,, the contents of the round-bottomed flask were evaporated
to remove volatiles, including COE. The reaction mixture was stirred for a total of 1.5 h,

and volatiles removed in vacuo to afford 2-C2H4 as an orange powder. The product was
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recrystallized from a benzene/toluene/pentane (2:1:1) mixture at —35 °C. Yield: 0.043 g
(92%). 'H NMR (benzene-dg, 300.13 MHz): § 7.75 (dd, Jun = 7.2 Hz, Jue = 11.7 Hz, 8H,
Ph CH), 7.03-6.88 (ov m, 16H, Ph CH + Pipp CH), 6.73 (ov m, 4H, Ph CH + Pipp CH),
6.68 (d, Jup = 1.8 Hz, 2H, 3,4-pyrrole CH), 3.14 (br s, 4H, C2H4), 2.54 (sp, Jun = 6.9 Hz,
2H, CH(CHs3)2), 0.97 (d, 12H, Jun = 6.9 Hz, CH(CHs)2). 3C{*H} NMR (benzene-ds, 75.47
MHz): & 145.7 (s, Ar C), 142.6 (d, Jcp = 3.3 Hz, Ar C), 133.4 (d, Jcp = 9.9 Hz, Ar CH),
132.3 (s, Ar C), 132.0 (s, Ar CH), 131.1 (s, 2,5-pyrrole C), 130.6 (d, Jcp = 6.6 Hz, Ar CH),
128.8 (d, Jcp = 12.1 Hz, Ar CH), 126.5 (s, Ar CH), 116.8 (dd, Jcp = 28.6 Hz, Jcp = 8.8 Hz,
3,4-pyrrole CH), 51.8 (d, Jcrn = 15.4 Hz, C2Ha), 34.0 (s, CH(CHs3)z2), 24.4 (s, CH(CH3)2)).
31p{*H} NMR (benzene-dg, 121.49 MHz): § 33.9 (d, Jprn = 4.7 Hz, 2P, P=N). Anal. Calcd.

(%) for CagHagNsP2Rh: C, 69.31; H, 5.82; N, 5.05. Found: C, 69.21; H, 5.81; N, 5.41.

Synthesis of 2-Rha:

In an argon filled glove box, 2-COE (0.047 g, 0.052

iPr
Q@Q ipr - mmol) was added to a 25 mL round-bottomed flask
N
H

R=N
\ \N Q and dissolved in toluene (5 mL). The reaction vessel
PhaP \Rﬁh th‘@’ N was attached to a double manifold vacuum line and
N l\{ u” \~ PPhs

,@ p _<\N/\,r the solution was degassed by three freeze—pump—thaw
Ph,
'Pr

cycles. A hydrogen atmosphere was applied to the
flask and the solution was stirred at ambient temperature for 24 h. All volatiles were
removed in vacuo to afford 2-Rhz as a dark brown powder. The product was recrystallized
from a benzene/pentane (10:1) mixture at ambient temperature. Yield: 0.022 g (55%). 'H

NMR (benzene-ds, 700.39 MHz): & 11.4 (d, 1H, 2Jnp = 2.5 Hz, NH), 9.21 (dd, 2H, 3Jnp =
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11.3 Hz,3Jun = 7.5 Hz, Ph CH), 8.07 (ddd, 2H, 3Jup = 11.6 Hz, 3Jnn = 8.1 Hz, 4Jnn = 1.2
Hz, Ph CH), 8.01 (m, 2H, Ph CH), 7.97 (ddd, 2H, 3Jnp = 11.7 Hz, 3Jnn = 8.4 Hz, 4Jui = 1.3
Hz, Ph CH), 7.95 (dd, 2H, 3Jxn = 8.3 Hz, “Jrp = 1.9 Hz, Pipp CH), 7.82 (m, 2H, Pipp CH),
7.59 (m, 2H, Ph CH), 7.33 (ddd, 2H, 3Jrp = 10.2 Hz, 3JuH = 8.2 Hz, “Jnn = 1.2 Hz, Ph CH),
7.29 (dd, 2H, Jun = 7.8 Hz, Jne = 3.3 Hz, Ph CH), 7.25-7.11 (ov m, 9H, Ar CH), 7.07 (t,
2H, Jun = 8.4 Hz, Ph CH), 7.06 (dd, 2H, Jun = 7.5 Hz, Jup = 2.0 Hz, Ph CH), 7.04 (dd, 2H,
Jhn = 7.5 Hz, Jnp = 1.2 Hz, Ph CH), 7.01 (d, 2H, Jnn = 8.4 Hz, Ph CH), 6.98 (m, 2H, Pipp
CH), 6.97 (m, 3H, Ph CH), 6.91 (m, 5H, Ph CH), 6.86 (td, 2H, Jux = 7.8 Hz, Jup = 2.7 Hz,
Ph CH), 6.81 (d, 2H, 3Ju+ = 8.1 Hz, Pipp CH), 6.68 (dd, 1H, 3Jnp = 3.15 Hz, 33 = 3.15
Hz, 3,4-pyrrole CH), 6.50 (dd, 1H, 3Jup = 2.3 Hz,3JnH = 1.6 Hz, 3,4-pyrrole CH), 6.49 (dd,
1H, 3Jnp = 3.3 Hz, 3Jun = 3.3 Hz, 3,4-pyrrole CH), 6.34 (d, 2H, 3Jxn = 8.0 Hz, Pipp CH),
6.30 (dd, 1H, 3Jnp = 3.8 Hz, 3Jnn = 3.8 Hz, 3,4-pyrrole CH), 6.23 (dd, 1H, Jun = 8.8 Hz,
3Jun = 5.9 Hz, Pipp CH), 5.65 (ddd, 1H, 3Jur= 9.2 Hz, #Jun = 5.2 Hz, 4Jup = 5.2 Hz, Pipp
CH), 4.85 (dd, 1H, Jnp = 10.1 Hz, Jnn = 7.0 Hz, Pipp CH), 3.28 (ddd, 1H, JuH = 6.4 Hz,
JHH = 6.2 Hz, Jun = 4.1 Hz, Pipp CH), 2.78 (sp, 2H, 3JuH = 6.9 Hz, 'Pr CH), 2.53 (sp, 1H,
3Jun = 6.9 Hz, Pr CH), 2.47 (sp, 1H, 3Jun = 6.9 Hz, Pr CH), 2.34 (dd, 1H, Jne = 12.6 Hz,
JnH = 5.9 Hz, Ph CH), 1.25 (d, 3H, 3Jun = 6.9 Hz, 'Pr CHa), 1.24 (d, 3H, 3Jum = 6.9 Hz, Pr
CH3), 1.19 (d, 3H, 3Jun = 6.9 Hz, 'Pr CHa), 1.18 (d, 3H, 3Jnn = 6.9 Hz, iPr CHa), 1.03 (d,
3H, 3Jun = 6.9 Hz, IPr CH3), 1.01 (d, 3H, 3Jnn = 6.9 Hz, Pr CHa), 0.97 (d, 3H, 3Ju+ = 6.9
Hz, iPr CH3), 0.95 (d, 3H, 33w+ = 6.9 Hz, iPr CHs), —35.8 (dd, 1H, LJurn = 19.8 Hz, LJnrh =
19.8 Hz, Rh—H-Rh). *C{*H} NMR (benzene-ds, 176.05 MHz): § 151.6 (d, 2Jcp = 1.8 Hz,
Pipp ipso-C), 149.2 (d, 2Jcp = 4.2 Hz, Pipp ipso-C), 144.0 (d, 2Jcp = 2.0 Hz, Pipp ipso-C),

143.4 (d, 2Jcp = 3.6 Hz, Pipp ipso-C), 141.7 (s, Pipp C), 141.4 (d, YJcp = 14.0 Hz, 2,5-
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pyrrole C), 141.1 (s, Pipp C), 141.1 (s, Pipp C), 141.1 (d, Jcp = 18.5 Hz, 2,5-pyrrole C),
140.7 (d, 3Jcp = 14.2 Hz, 2,5-pyrrole C), 140.6 (s, Pipp C), 140.1 (d, 2,5-pyrrole), 135.9 (d,
1Jep = 90.2 Hz, Ph ipso-C), 135.7 (d, Jer = 9.6 Hz, Ph CH), 134.5 (d, Jcp = 8.2 Hz, Ph CH),
133.9 (d, Jep = 10.4 Hz; Ph CH), 133.8 (dd, Jcp = 10.2 Hz, Jcrn = 4.6 Hz, Ph CH), 133.8
(d, YJcp = 80.6 Hz, Ph ipso-C), 133.5 (d, Jcr = 9.0 Hz, Ph CH), 132.7 (d, 3Jcp = 2.2 Hz,
Pipp CH), 132.6 (d, Jcp = 10.5 Hz, Ph CH), 132.2 (d, 3Jcp = 1.9 Hz, Pipp CH), 132.2 (d,
LJcp = 91.3 Hz, Pipp CH), 132.1 (s, Pipp CH), 131.8 (d, 3Jcp = 2.4 Hz, Pipp CH), 131.6 (s,
Pipp CH), 131.1 (d, Jcr = 12.4 Hz, Ph CH), 131.0 (dd, Jcrn = 10.3 Hz, Jcp = 1.8 Hz, Ph
CH), 130.6 (d, Jcp = 7.6 Hz, Ph CH), 129.5 (d, Jcr = 11.7 Hz, Ph CH), 129.0 (d, Jcr = 11.9
Hz, Ph CH), 128.9 (s, Pipp CH), 128.9 (d, Jcr = 11.6 Hz, Ph CH), 127.8 (d, Jcp = 10.9 Hz,
Ph CH), 126.8 (s, Pipp CH), 125.9 (d, 3Jcp = 1.7 Hz, Pipp CH), 125.2 (d, Jcp = 83.8 Hz,
Ph ipso-C), 125.2 (dd, 2Jcp = 21.3 Hz, 3Jcp = 11.4 Hz, 3,4-pyrrole CH), 124.5 (dd, 2Jcp =
31.1 Hz, 3Jcp = 12.1 Hz, 3,4-pyrrole CH), 119.7 (dd, 2Jcp = 28.2 Hz, 3Jcp = 12.0 Hz, 3,4-
pyrrole CH), 119.3 (d, Jcp = 8.4 Hz, Ph CH), 115.9 (dd, 2Jcp = 28.5 Hz, 3Jcp = 10.0 Hz,
3,4-pyrrole), 57.6 (br m, Ph CH), 54.6 (br m, Ph CH), 48.3 (br m, Ph CH), 47.6 (br ddd,
Jcp = 113.28 Hz, Lcrn = 8.8 Hz, Lcrn = 1.8 Hz, Ph CH), 34.2 (s, Pr CH), 34.1 (s, Pr CH),
34.1 (s, 'Pr CH), 34.0 (s, 'Pr CH), 25.3 (s, 'Pr CHs3), 25.0 (s, 'Pr CH3), 24.9 (s, 'Pr CH3), 24.7
(s, 'Pr CHs), 24.7 (s, 'Pr CHa), 24.6 (s, 'Pr CHz3), 24.1 (s, 'Pr CH3). 31P{*H} NMR (benzene-
ds, 176.1 MHz): & 31.1 (s, 1P, PhoP=NPipp), 23.5 (s, 1P, Ph2P=NPipp), 11.8 (d, 1P, 2Jrrn
= 6.2 Hz, Ph2P=NHPipp), —1.9 (s, 1P, Ph2P=NPipp). Anal. Calcd. (%) for Co2HooNsP4Rh2:

C, 68.66; H, 5.64; N, 5.22. Found: C, 68.71; H, 5.08; N, 5.93.
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Synthesis of 2-Rh2-d2:

In an argon filled glove box, 2-COE (0.088 g, 0.096

; g mmol) was added to a 25 mL round-bottomed flask

Q equipped with a stir-bar and dissolved in toluene (7

mL). The reaction vessel was attached to a double

Q/ *Ehﬂ manifold vacuum line and the solution was degassed by
Pr 2 three freeze—pump-thaw cycles. A deuterium
atmosphere was applied to the flask and the solution was stirred at ambient temperature for
18 h. All volatiles were removed in vacuo to afford 2-Rhz-dz as a dark brown powder.
Yield: 0.046 g (60%). 'H NMR (benzene-ds, 300.13 MHz): 5 9.21 (dd, 2H, 3Jnp = 11.9 Hz,
3Jun = 7.9 Hz, Ph CH), 8.46 (ddd, 2H, 3Jrp = 10.9 Hz, 3Jun = 8.2 Hz, “Jun = 1.7 Hz, Ph
CH), 8.11 (m, 2H, Ph CH), 8.01 (m, 2H, Ph CH), 7.96 (dd, 2H, 3Jnn = 7.3 Hz, “Jnp = 1.8
Hz, Pipp CH), 7.86 (m, 2H, Pipp CH), 7.69 (m, 2H, Ph CH), 7.35 (ddd, 2H, 3Jxp = 11.3
Hz, 3Jun = 7.6 Hz, 4Jun = 1.7 Hz, Ph CH), 7.21 (dd, 2H, JuH = 7.8 Hz, Jup = 3.3 Hz, Ph
CH), 7.19-7.11 (ov m, 9H, Ar CH), 7.06 (t, 2H, Jun = 8.4 Hz, Ph CH), 7.01 (dd, 2H, Ju
= 7.5 Hz, Jup = 2.0 Hz, Ph CH), 6.98 (dd, 2H, Jun = 7.5 Hz, Jue = 1.2 Hz, Ph CH), 6.96 (d,
2H, Jun = 8.4 Hz, Ph CH), 6.94 (m, 10 H, Ph CH), 6.90 (td, 2H, Jun = 7.8 Hz, Jup = 2.7
Hz, Ph CH), 6.81 (d, 2H, 3Jun = 8.1 Hz, Pipp CH), 6.68 (dd, 1H, 3Jnp = 4.6 Hz, 3Jun = 3.2
Hz, 3,4-pyrrole CH), 6.50 (dd, 1H, 3Jup = 2.3 Hz, 3JnH = 1.6 Hz, 3,4-pyrrole CH), 6.45 (dd,
1H, 3Jnp = 3.3 Hz, 3Jnn = 3.3 Hz, 3,4-pyrrole CH), 6.35 (d, 2H, 3Jun = 8.0 Hz, Pipp CH),
6.30 (dd, 1H, 3Jup = 3.5 Hz, 3Jun = 3.5 Hz, 3,4-pyrrole CH), 6.23 (dd, 1H, Jun = 8.4 Hz,

33un = 5.9 Hz, Pipp CH), 5.67 (ddd, 1H, 3Jnn= 8.5 Hz, “Jnn = 5.4 Hz, “Jue = 5.0 Hz, Pipp
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CH), 4.84 (dd, 1H, Jup = 10.4 Hz, Jun = 6.1 Hz, Pipp CH), 3.27 (ddd, 1H, Jun = 7.4 Hz,
JuH = 5.8 Hz, Jun = 4.1 Hz, Pipp CH), 2.83 (sp, 2H, 3JuH = 6.4 Hz, 'Pr CH), 2.58 (sp, 1H,
3Jun = 7.0 Hz, 1Pr CH), 2.47 (sp, 1H, 3Jun = 7.2 Hz, iPr CH), 2.37 (dd, 1H, Jup = 12.6 Hz,
Jnn = 5.9 Hz, Ph CH), 1.26 (d, 3H, 3Jum = 7.4 Hz, iPr CH3), 1.20 (d, 3H, 3Jum = 6.4 Hz, 'Pr
CHs), 1.19 (d, 3H, 3Jun = 6.4 Hz, iPr CHs), 1.18 (d, 3H, 3Jnn = 6.4 Hz, iPr CHs), 1.03 (d,
3H, 3Jun = 6.4 Hz, 'Pr CHs), 1.01 (d, 3H, 3Jnn = 7.0 Hz, iPr CH3), 0.97 (d, 3H, 3Jun = 6.4
Hz, 'Pr CHz3), 0.95 (d, 3H, 3JuH = 6.4 Hz, 'Pr CHa3). 3P{*H} NMR (benzene-ds, 121.49
MHz): & 31.2 (s, 1P, Ph2P=NPipp), 23.5 (s, 1P, Ph2P=NPipp), 11.8 (d, 1P, 2Jern = 7.3 Hz,
Ph2P=NHPipp), 1.8 (s, 1P, Ph2P=NPipp). 3C{*H} NMR spectra were consistent with that
of 2-Rh2. 2H{*H} NMR (benzene-ds, 46.07 MHz): 6 11.2 (br s, 1D, ND), -35.3 (br s, 1D,
Rh—-D-Rh), coupling constants could not be ascertained due to the broadness of the

observed resonances.

7.3. Experimental Procedures Pertaining to Chapter 3

7.3.1. Synthetic Procedures

Chemical warning — Caution! CO gas is deadly when inhaled. Experiments using CO gas
were conducted in a double-manifold vacuum line equipped with inert gas (argon) inside a
fume hood. CO and argon are condensable gases; caution should be taken when employing

liquid nitrogen (—196 °C) cooling baths.
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Synthesis of 2-COE:

‘Pr2 In a glove box, a 20 mL scintillation vial equipped with
= \
> N\ / Pr a magnetic stir bar was charged with 0.143 g (0.243
'PrzF’\\\, / \
N mmol) of Na-P"NNN dissolved in 8 mL of toluene. A
separate toluene solution of [RhCI(COE):]. (0.087 g,
Pr 0.12 mmol, 0.5 equiv) was added to the rapidly stirring

solution of Na-""NNN. The reaction mixture became a deep red-orange colour after 5
minutes and was allowed to stir for 18 hours. The mixture was concentrated in vacuo and
passed through a pad of Celite to remove sodium chloride. VVolatiles were removed in vacuo
to afford an oily residue that was washed with pentane (3 x 3 mL) followed by trituration
with pentane (3 x 3 mL) affording 2-COE as a bright orange powder. Yield: 0.164 g, 0.210
mmol, 86.7%. *H NMR (benzene-ds, 300.13 MHz): & 7.21 (d, 3Jun = 7.5 Hz, 4H, N(4-
'PrCeHa)), 6.93 (d, 3Jun= 7.5 Hz, 4H, N(4-'PrCsHa)), 6.60 (d, 3Jnp = 1.59 Hz, 2H, pyrrole-
H), 3.05 (3JuH = 9.1 Hz, 2H, (HC=CH)CH>), 2.68 (sp, 3Jun = 6.7 Hz, 2H, CH(CH3)), 2.39
(dd, 3Jurn = 13.4 Hz, 3Jnn = 2.4 Hz, 2H, (HC=CH), 1.97 (spd, 3Jun = 7.1 Hz, 2Jnp = 1.8 Hz,
CH(CHa)), 1.69-1.22 (ov m, 10H, COE CHy), 1.14 (d, 3Ju1= 6.7 Hz, 12H CH(CHs)2), 1.04
(dd, 3Jnp = 15.5 Hz, 3Jun = 7.2 Hz, 24H, CH(CHa)2). 3P{*H} NMR (benzene-ds, 121.49
MHz): & 56.8 (d, 2Jprh = 3.2 Hz, 2P). ¥)C{*H} NMR (benzene-ds, 75.47 MHz): & 147.9 (s,
Ar C), 142.5 (s, Ar C), 130.9 (d, 2Jcr = 6.4 Hz, Ar C), 125.5 (s, Ar C), 113.8 (dd, 2Jcp =

24.5 Hz, 3Jcp = 8.3 Hz, 3,4-pyrrole CH), 62.7 (d, Y{Jcrn = 15.1 Hz, COE CH), 33.7 (s, C),
30.9 (s, C), 29.4 (s, C), 27.0 (d, Wcp = 14.5 Hz, CH(CHa)2), 26.4 (s, C), 24.1 (s, C), 16.1
(d, YJcp = 17.1 Hz, CH(CH3)2). Anal. Calcd. (%) Ca2HesN3P2Rh1: C, 64.85; H, 8.55; N,

5.40. Found: C, 64.59; H, 8.58; N, 5.46.
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Synthesis of 3-(CO)2:

iPr, A 20 mL scintillation vial was charged with 0.067 g
‘PrZPQ:RF;::N—@_ Pr(0.171 mmol, 0.5 equiv) of [RhCI(CO)z]2, 0.201 g (1
l\‘l 0,//0/ \CSO equiv, 0.342 mmol) of Na-""NNN, and a magnetic stir
Q bar. The mixture was dissolved in 5 mL of toluene and

Pr stirred at ambient temperature for 18 hours. The

reaction mixture was filtered through a thin pad of Celite to remove sodium chloride.
Volatiles were removed under reduced pressure affording a yellow powder. The solid was
washed with pentane (3 x 5 mL), giving a red filtrate, and then recrystallized from a mixture
of pentane and toluene (3:1) at —35 °C. Yield: 0.235 g (94.9%). Note: In solution, 3-(CO)2
slowly converts to 3-CO as indicated by *H and 3P NMR spectroscopy. Thus, although
analytically pure samples of 3-(CO)2can be isolated in the solid state by washing a mixture
of the two compounds with cold pentane, solution NMR spectra of 3-(CO)2 were
sometimes contaminated with a small quantity of 3-CO. 'H NMR (benzene-ds, 300.13
MHz): & 7.54-7.04 (m, 6H, aryl), 7.01-6.97 (m, 2H, aryl), 6.66 (d, 3JuH = 3.3 Hz, 1H,
pyrrole-H), 6.45 (d, 3JuH = 3.3 Hz, 1H, pyrrole-H), 2.95 (sp, 3JxH = 6.9 Hz, 1H, CH(CH3)2),
2.72 (sp, 3Jnn = 7.2 Hz, 1H, CH(CHa)2), 2.44 (sp, 3Jun = 7.2 Hz, 2H, CH(CHa)2), 1.94 (sp,
3Jun = 6.9 Hz, 2H, CH(CHs)2), 1.36 (d, 3Jun = 6.9 Hz, 12H, CH(CHs)2), 1.16 (d, 3Jnn = 6.9
Hz, 12H, CH(CHBa)z2), 0.88 (d, 3JnH = 6.9 Hz, 12H, CH(CHs3)2). 3P{*H} NMR (benzene-ds,
121.49 MHz) 58.7 (s, 1P), 13.4 (s, 1P). ¥C{1H} NMR (benzene-ds, 75.47 MHz): & 186.3
(dd, YJcrn = 68.5 Hz, 3Jcc = 9.5 Hz, 1C, Rh—CO), 184.6 (dd, *Jcrh = 69.3 Hz, 3Jcc = 9.5
Hz, 1C, Rh—CO0), 152.0 (d, Jcp = 3.9 Hz, 1C), 150.0 (d, Wcp = 1.5 Hz, 1C), 144.3 (XJcp =

1.9 Hz, 1C), 136.5 (s, 1C), 128.3 (s, 1C), 127.4 (d, YJcp = 6.6 Hz, 1C), 127.1 (d, Jcp = 31.0
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Hz 1C), 125.5 (d, Ycp = 15.8 Hz, 1C), 119.3 (dd, *Jcp = 17.0 Hz, Ycp = 11.4 Hz, 1C), 116.7
(dd, Wcp = 24.9 Hz, Wcp = 7.9 Hz, 1C), 34.1 (d, Ycp = 17.9 Hz, 1C), 29.6 (d, 1Jcp = 73.6
Hz 1C), 26.9 (d, Wcp = 53.1 Hz, 1C), 24.9 (d, XJcp = 49.0 Hz, 1C), 18.4 (d, YJcp = 3.17 Hz,
1C), 17.0 (s, 1C), 16.4 (d, Xcp = 2.87 Hz, 1C), 16.1 (d, Hcp = 1.7 Hz, 1C). Anal. Calcd.
(%) for CasHs2N302P2Rh: C, 59.75; H, 7.24; N, 5.81. Found: C, 59.35; H, 7.14; N, 6.14.

IR veo (cmL): 2071, 1994.

Synthesis of 3-CO:

iPr, In an argon-filled glove box, a 20 mL scintillation vial
P
~ > N_ /N—Q_'Pr equipped with a Teflon micro stir bar was charged with
lPrzp\} /Rh\
N C\\}o 3-(C0O)2 (0.193 g, 0.267 mmol) and 1 equiv of 2-COE

(0.207 g, 0.267 mmol) and dissolved in 4 mL of toluene.

Pr The mixture was stirred for 1 hour at ambient
temperature at which point volatiles were removed under reduced pressure. The resulting
red powder was recrystallized in minimal pentane at —35 °C producing large red crystals.
Yield: 0.352 g (94.8%). All spectra were consistent with samples of 3-CO prepared by a
previous method which involved subjecting a toluene solution of 3-(CO)2 to prolonged
periods of reduced pressure. *H NMR (benzene-ds, 300.13 MHz): § 7.52 (d, 3JnH = 8.2 Hz,
4H, aryl), 6.99 (d, 3JuH = 8.2 Hz, 4H, aryl), 6.49 (d, 3Jur = 1.8 Hz, 2H, pyrrole-H), 2.69
(sp, 3JnH= 6.9 Hz, 2H, CH(CHB3)2), 2.06 (spd, 3JnH= 6.9 Hz, 3Jnp = 1.8 Hz 4H, CH(CH3)2),
1.12 (d, 3JuH = 6.9 Hz, 12H, CH(CHs3)2), 0.99 (dd, 2Jup = 19.4 Hz, 3Jun = 6.9 Hz, 24H,
CH(CHz3)2). 3'P{*H} NMR (benzene-ds, 121.49 MHz) & 60.9 (d, 2Jrrh = 5.6 Hz, 2P).

13C{1H} NMR (benzene-ds, 75.47 MHz): § 195.7 (d, YJcrn = 76.9 Hz, 1C), 152.3 (s, 1C),
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142.2 (s, 1C), 128.6 (s, 1C), 128.2 (s, 1C), 126.6 (s, 1C), 115.7 (dd, Jcp = 24.0 Hz, YJcp =
8.7 Hz, 2C), 34.0 (s, 1C), 27.9 (d, {Jcp = 52.9 Hz, 1C), 24.7 (s, 1C), 16.7 (s, 1C), 16.6 (ov
m, 1C). Anal. Calcd. (%) for C3sHs2N301P2Rh: C, 60.43; H, 7.53; N, 6.04. Found: C, 60.26;

H, 7.76; N, 6.00. IR vco (cm™): 1930.

Synthesis of 3-(CO)2-BCF:

Ina 20 mL scintillation vial, 0.058 g (0.08 mmol) of 3-(CO):

Pr
'Pr, P‘}N/@ was dissolved in 5 mL of toluene. A toluene solution (5 mL)
: N—_Fl{]_CEO of B(CsFs)3 (0.041 g, 0.08 mmol) was added dropwise at
Pr P:-"N/ SO0—B(CgFs); Foom temperature. The mixture was stirred for 15 minutes
Q during which time a colour change from bright yellow to
ipr gold was observed. Volatiles were removed under reduced

pressure giving a dark golden powder which was crystallized in a mixture of toluene and
pentane (1:1) at —35° C. Yield: 0.088 g (89%). 'H NMR (benzene-ds, 300.13 MHz): 7.14—
6.87 (ov m, 8H, N(4-'PrCsHas), 6.45 (dd, 3Jun = 3Jnp = 3.5 Hz, 1H, pyrrole-H), 6.34 (dd,
8Jun = 3Jwp = 3.3 Hz, 1H, pyrrole-H), 2.69 (spd, %Jun = 6.9 Hz, 3Jwe = 1.8, 2H,
P(CH(CH3)2)2, 1.84 (br sp, 2H, P(CH(CH3)2)2, 1.23 (br sp, 2H, —-N(4-'PrCsHa4), 1.12 (d,
3Jnn = 6.9 Hz, 6H, CH(CHBa)z2), 1.01 (d, 3JnH = 6.9 Hz, 6H, CH(CH3)2), 0.89-0.78 (ov m,
12H, CH(CHBa)z2), 0.72 (br d, 6H), 0.47 (br d, 6H). Some ligand **C resonances are obscured.
31pLIH} NMR (benzene-ds, 121.49 MHz) 58.8 (s, 1P), 54.2 (s, 1P). ¥*C{!H} NMR
(benzene-ds, 75.47 MHz): & 227.1 (dd, YJcrn = 57.1 Hz, 3Jcp = 17.2 Hz, 1C, Rh—CO-
B(CeFs)3), 190.4 (dd, *Jcrn = 79.9 Hz, 3Jcp = 4.8 Hz, 1C, Rh—CO). 1'B{*H} NMR (benzene-

ds): —3.08 (br s, 1B). ®F{*H} NMR (toluene-ds, 243 K): 8 ~126.1 (br s, 1F, 0-CsFs), —
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128.8 (br s, 1F, 0-CsFs), — 129.5 (br s, 1F, 0-CeFs), — 130.9 (br s, 1F, 0-CsFs), —134.2 (t,
3Jrr = 17.2 Hz, 1F, 0-CeFs), —135.4 (br s, 1F, 0-CsFs), —158.5 (t, 3Jrr = 19.3 Hz, 1F, p-
CsFs), —158.8 (t, 2Jrr = 21.5 Hz, 1F, p-CeFs), —159.4 (t, 3Jrr = 21.5 Hz, 1F, p-CeFs), —161.8
(brs, 1F, m-CsFs), —163.3 (t, 3Jrr = 19.3 Hz, 1F, m-CsFs), —164.3 (t, 3Jrr = 21.5 Hz, 1F, m-
CeFs), —164.9 (ov m, 1F, m-CeFs), —165.2 (ov m, 1F, m-CeFs), —166.1 (t, Jrr = 19.3 Hz,
1F, m-CeFs). Anal. Calcd. (%) CsaHs2BF15sN3O2P2Rh-C7Hs: C, 55.18; H, 4.55; N, 3.18.

Found: C, 54.70; H, 4.91; N, 3.18. IR vco (cm™): 1993.

Synthesis of 3-(CO)2PO-BCF:

iPr, In an argon filled glove box, a 20 mL scintillation vial

o » ‘EI\RF:?:N—Q_ Pr equipped with a magnetic stir bar was charged with
zg O//’C/ \C{\\O 0.065 g of 3-(C0O)2-BCF (0.053 mmol) and dissolved
B(CgFs)s in 8 mL of toluene. The solution was stirred rapidly at

50 °C for 18 hours to ensure complete conversion to the product mixture. NMR
experiments using isotopically labeled material established quantitative conversion to
complexes 3-CO, 3-(CO):PO-BCF, and (CsFs)sB«—:C=N(4-IPrCeHas) in a 1:1:1 ratio.
Single crystals suitable for X-ray diffraction were grown from a layered 1:1 solution of
toluene and pentane. Yellow needles of complex 3-(CO)2PO-BCF were manually
separated from the mixture. Analytically pure samples of 3-(CO)2PO-BCF could not be
obtained from the complex mixture as both 3-CO and (CsFs)3B«—:C=N(4-PrCsH4) share
similar solubility profiles and their crystals cannot be reliably distinguished by visual
inspection. *H NMR (benzene-ds, 300.13 MHz): & 6.98 (ov m, 4H, 4-'PrCsH4), 6.43 (dd,

JnH = Jnp = 3.8 Hz, 1H, pyrrole-H), 5.94 (dd, Jun = Jup = 3.8 Hz, 1H, pyrrole-H), 3.16 (dsp,
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Jup = 10.9 Hz, Jun = 7.2 Hz, 2H, CH(CHa3)z2), 2.69 (sp, Jux = 6.9 Hz, 1H, CH(CH3)2), 1.75
(dsp, Jup = 11.2 Hz, Jun = 7.2 Hz, 2H, CH(CHs)2), 1.12 (d, Jun = 6.9 Hz, 6H, CH(CHa)2),
1.09 (dd, Jup = 11.7 Hz, Jun = 7.2 Hz, 6H, CH(CH?3)2), (dd, Jup = 11.7 Hz, Jun = 7.2Hz,
6H, CH(CHs)2), 0.73 (dd, Jue = 16.5 Hz, Jnn = 7.2 Hz, 6H, CH(CHa)2), 0.67 (Jnp = 16.7
Hz, Jun = 7.2 Hz, 6H, CH(CHa)2). 3'P{*H} NMR (benzene-ds, 121.49 MHz): & 61.0 (s,
1P), 59.9 (s, 1P). 13C NMR (benzene-ds, 75.47 MHz): & 184.5 (dd, Jcrn = 69.7 Hz, Jcc =
9.2, Rh—CO), 183.6 (dd, Jcrn = 66.5 Hz, Jcc = 9.2, Rh—CO), 147.9 (s, aromatic C), 144.8
(s, aromatic C), 127.0 (s, aromatic C), 126.2 (d, Jcr = 5.8 Hz, aromatic C), 33.5 (s,
CH(CHs3)z2), 25.8 (d, Jcp = 52.0 Hz, CH(CH3)z2), 25.2 (d, Jcp = 48.9 Hz, CH(CH3)2), 23.9
(s, CH(CHz3)2), 17.5 (s, CH(CH3)2), 16.2 (s, CH(CHas)2), 15.5 (s, CH(CHzs)2), 15.1 (s,
CH(CHs)2). Pyrrole carbon resonances were not observed; CeFs resonances are not
reported. 1B NMR (benzene-ds): 6 —21.3 (br s). °®F{*H} NMR (benzene-ds): —131.7 (br s,
2F, 0-CeFs, —133.8 (d, 3Jrr = 22.3 Hz, 2F, 0-CeFs), —157.6 (t, 3Jrr = 20.6 Hz, 1F, p-CsFs),
~160.7 (t, 3Jrr = 20.6 Hz, 1F, p-CeFs), —163.6 (t, 3Jrr = 19.2 Hz, 2F, m-CesFs), —164.5 (t,

3JFFr=19.2 Hz, 2F, m-CsFs). IR vco (cm1): 2074, 1990.
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7.3.2. Crystallographic Details

Table 7.3.1. Crystallographic details for complexes discussed in Chapter 3.

3-(CO)2 3-CO
CCDC Entry 1822710 1822709
Crystal Size 0.20 x 0.10 x 0.05 0.25 x 0.25 x 0.25
(mm)
Moiety Formula CssHs52N302P2Rh CssHs2N3OP2Rh
Formula weight (g/mol) 723.65 695.64
A (nm) 1.54178 1.54184
T (K) 100(2) 100(2)
Crystal System Triclinic Tetragonal
Space group (2) P-1(2) P 41212 (92)
a(A) 8.05860(10) 10.84772(10)
b (A) 10.1052(2) 10.84772(10)
c(A) 23.1513(5) 29.6565(6)
a (deg) 80.188(2) 90
b (deg) 84.702(2) 90
g (deg) 75.303(2) 90
Volume (A3) 1794.55(6) 3489.76(9)
Calc.r (g cm™) 1.339 1.324
p (mmt) 4.955 5.051
Reflections 7405 3572
Completeness
(tF()) 20 0.970 0.995
C-C Bond Precision (A) 0.0047 0.0049
R1, wR2
0] 0.0362, 0.0835 0.0256, 0.0657
GoF on F? 1.063 1.064

Ri= Z”Fol — |Fc||/Z|Fo|. WR2 = [E[W(Fo2 — Fcz)z]/ZW(Fo4)]1/2.
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Table 7.3.2. Crystallographic details for complexes discussed in Chapter 3.

3-(C0O)2-BCF 3-(C0O)2PO-BCF
CCDC Entry 1822711 1822715
Crﬁar'n?'ze 0.15 x 0.20 x 0.32 0.25 x 0.20 x 0.05
Moiety Formula Cs4H52BF15N302P2Rh CssH41BF15N203P2Rh
Formula weight (g/mol) 1419.91 1118.46
A (nm) 1.54184 1.54184
T (K) 100(2) 100(2)
Crystal System Monoclinic Triclinic
Space group (2) P 21/n (14) P-1(2)
a(A) 12.49908(8) 13.7064(3)
b (A) 20.14166(13) 14.1333(3)
c (A) 26.09610(18) 14.2821(3)
o (deg) 90 77.234(2)
B (deg) 97.4055(6) 80.940(2)
v (deg) 90 77.958(2)
Volume (A3) 6514.95(7) 2620.86(10)
Calc. p(g cm™) 1.448 1.417
i (mm-Y) 3.368 4.037
Reflections 11593 11335
Completeness
(t'i’) 20 0.998 0.989
C—C Bond Precision (A) 0.0042 0.0038
R1, WR2
[ > 20(1)] 0.0759, 0.2131 0.0354, 0.0906
GoF on F? 1.043 1.130

R1=X||Fo| — |F¢||[/Z|Fo|. WR2= [E[W(Fo2 - Fcz)z]/ZW(Fo4)]1/2.

7.4. Experimental Procedures Pertaining to Chapter 4

7.4.1. Synthetic Procedures
Synthesis of Ph2SiD2. To a stirring diethylether solution (10 mL) of Ph2SiCl2 (1.00 g, 4.59
mmol), LiAID4 (0.39 g, 9.3 mmol; 9.6 mL of a 1M Et20 solution) was added. The reaction

mixture was stirred under argon for 16 hours and then added to a 1M aqueous solution (10
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mL) of HCI. The organic phase was washed with a saturated NaCl solution (3 x 10 mL)
and dried over Na2SOa. Residual solvent was removed in vacuo giving a clear, colourless
liquid. Yield: 0.579 g (78%).
Synthesis of 4-SiH2Ph:

P, In an argon-filled glove box, a 20 mL scintillation vial

_ N, /N @ Pr equipped with a Teflon micro stir bar was charged with
ProPx Rh—H
2V 3 N — \

SiH,Ph 2-COE (0.250 g, 0.321 mmol) and dissolved in 4 mL of

toluene. In a separate 5 mL vial, 1 equiv of PhSiHs
Pr (0.059 g, 0.32 mmol) was dissolved in 1 mL of toluene
and added to the stirring solution of 2-COE. The mixture was stirred for 1 hour at ambient
temperature at which point volatiles were removed under reduced pressure. The resulting
red powder was recrystallized in heptane at —35 °C affording bright red needle-like crystals.
Yield: 0.24 g (96%). *H NMR (benzene-ds): § 7.58 (ov m, 2H, Si-CeHs), 7.34 (d, 3JnH =
7.6 Hz, 4H, 4-PrCeHa), 7.11-6.99 (ov m, 3H, Si-CeHs), 6.87 (d, 3Jun = 7.6 Hz, 4H, 4-
'PrCeHa), 6.54 (d, 3JHp = 1.8 Hz, 2H, pyrrole-H), 5.49 (s, 2H, #Si satellites (2.3%) *Jnsi =
183 Hz), 2.70 (sp, 3JuH = 7.3 Hz, 2H, CH(CHs3)2), 2.06 (dsp, 2Jxp = 6.9 Hz, 3Jnn = 7.3 Hz,
2H, CH(CHs3)2), 1.90 (dsp, 2Jxp = 7.5 Hz, 3JuH = 7.3 Hz, 2H, CH(CH3)2), 1.28 (dd, 3Jxp =
15.2 Hz, 3Jum = 7.3 Hz, 6H, CH(CHa)2), 1.17 (d, 3Jun = 7.3 Hz, 12H, CH(CHs)2), 0.99—
0.90 (ov m,12H, CH(CHs3)2), 0.62 (dd, 3Jnp = 15.2 Hz, 3Jun = 7.3 Hz, 6H), —14.2 (d, 1Jurn
= 25.6 Hz, 1H, Rh-H). BC{*H} NMR (benzene-ds): & 150.8 (s, aromatic C), 142.9 (s,
aromatic C), 142.3 (s, aromatic C), 135.8 (s, aromatic C), 132.1 (s, aromatic C), 130.6 (s,

aromatic C), 130.3 (dd, 1Jcp = 147 Hz, “Jcp = 2.7 Hz, 2,5-pyrrole C), 127.2 (s, aromatic C),

126.2 (s, aromatic C), 115.9 (dd, 2Jcp = 24.7 Hz, 3Jcp = 8.7 Hz, 3,4-pyrrole C), 34.1 (s,

169



CH(CHs)2), 29.4 (d, YJcp=52.2 Hz, CH(CH3)z2), 26.7 (Xcp = 53.3 Hz, CH(CH3)2), 24.8 (s,
CH(CHz3)2), 16.9 (s, CH(CHz3)2), 16.6-16.3 (ov m, CH(CHs3)2). 3'P{*H} NMR (benzene-
de): 8 64.1 (d, 2Jprn = 4.2 Hz, 2P). °Si NMR (benzene-ds): & —7.65. Anal. Calcd. (%) for

Ca0HeoN3OP2RNSI: C, 61.92; H, 7.80; N, 5.42. Found: C, 61.92; H, 7.92; N, 5.42.

Synthesis of 4-SiHPh:2:
iPr, In an argon-filled glove box, a 20 mL scintillation vial

N, /N_Q_Ipr equipped with a Teflon micro stir bar was charged with

N\

SiHPh, 2-COE (0.250 g, 0.321 mmol) and dissolved in 4 mL of

toluene. In a separate 5 mL vial, 1 equiv of Ph2SiH2
Pr (0.321 mmol, 0.059 g) was dissolved in 1 mL of toluene
and added to the stirring solution of 2-COE. The mixture was stirred for 1 hour at ambient
temperature at which point volatiles were removed under reduced pressure. The resulting
bright orange powder was recrystallized in pentane at —35 °C. Yield: 0.251 g (92%). *H
NMR (benzene-de): & 7.69-7.66 (ov m, 4H, Si—CeHs), 7.21 (d, 3JuH = 7.8 Hz, 4H, 4-
iPrCsHa), 7.05-6.94 (ov m, 6H, Si-CsHs), 6.76 (d, 3Jun = 7.8 Hz, 4H, 4-PrCeHa), 6.55 (d,
3Jwp=1.7 Hz, 2H, 3,4-pyrrole H), 6.39 (dd, 2Jnrn = 3Jnn = 4.1 Hz, 1H, Si-H), 2.71 (sp, 3JxH
= 6.9 Hz, 2H, CH(CHs)2), 1.98-1.82 (ov sp, 4H, CH(CH3)2), 1.22 (d, 3Jun= 6.9 Hz, 12 H,
CH(CH3)2), 1.19 (dd, 3Jne = 15.9 Hz, 3Jun = 7.1 Hz, 6H, CH(CHa)2), 1.00 (dd, 3Jnp = 16.7
Hz, 3J4H= 6.9 Hz, 6H, CH(CH3)2), 0.89 (dd, 3Jnp = 15.9 Hz, 3JuH = 6.9 Hz, 6H, CH(CH?3)2),
0.58 (dd, 3Jup = 15.9 Hz, 3Jnn = 7.1 Hz, 6H, CH(CH3)2), —13.6 (2Jrrn = 26.1 Hz, 1H, Rh-

H). 3C{*H} NMR: § 150.5 (s, aromatic C), 144.5 (s, aromatic C), 141.9 (s, aromatic C),

135.4 (s, aromatic C), 130.5 (dd, YJcp = 141 Hz, *Jcp = 9.9 Hz, 2,5-pyrrole C), 127.2 (s,

170



aromatic C), 126.9 (s, aromatic C), 125.9 (s, aromatic C), 116.1 (dd, 2Jcp = 24.1 Hz, 3Jcp =
8.2 Hz, 3,4-pyrrole C), 34.1 (s, CH(CHs3)2), 29.6 (d, YJcr = 54.3 Hz, CH(CHa)2), 26.6 (d,
1Jep = 53.1 Hz, CH(CHs3)2), 24.9 (s, CH(CHBa)z2), 24.8 (s, CH(CHs3)2), 17.0 (s, CH(CHz)z2),
16.7 (s, CH(CHs)2), 16.4 (s, CH(CH3)2), 16.2 (s, CH(CHa)2). 31P{*H}: & 64.5 (d, 2Jnrn =
4.4 Hz, 2P). 2°Si NMR: & 21.8 (d, Nsirh = 31.2 Hz). Anal. Calcd. (%) for C4sHssN3P2RhSi:

C, 64.85; H, 7.57; N, 4.93. Found: C, 63.79; H, 7.77; N, 4.78.

Synthesis of 4-SiPhs:

ipr, In an argon-filled glove box, a 20 mL scintillation vial
-~ st

>N, /N_Q_Ipr equipped with a Teflon micro stir bar was charged with

Przpi\ /Rh_H
\SiPh 2-COE (0.069 g, 0.089 mmol), 4 mL of toluene and 1

3
equivalent of PhsSiH (0.023 g, 0.089 mmol). The

Pr

reaction mixture was stirred for 18 hours at 60 °C.
Volatiles were removed under reduced pressure to give a bright red powder. The product
was recrystallized from pentane at —35 °C. Yield: 0.066 g (79%). *H NMR (benzene-ds): &
7.72 (d, Jnn = 6.6 Hz, 6H, CeHs), 7.28 (d, Jun = 8.2 Hz, 4H, 4-PrCeHa), 7.04 (ov m, 9H,
CeéHs), 6.75 (d, JuH = 8.2 Hz, 4H, 4-'PrCeHa), 6.63 (d, Jup = 1.6 Hz, 2H, 3,4-pyrrole H),
2.72 (sp, Jun = 6.9 Hz, 2H, CH(CH3)2), 1.94-1.83 (ov m, 4H, CH(CHs)2), 1.23 (d, Jnn =
6.9 Hz, 12H, CH(CHs)2), 0.95 (dd, Jnp = 16.0 Hz, Jun = 7.0 Hz, 12H, CH(CH3)2), 0.89 (d,
Jun = 7.0 Hz, 6H, CH(CH3)2), 0.56 (dd, Jun = 15.3 Hz, Jun = 7.0 Hz, 6H, CH(CH3)2), —
13.5 (d, Jhrn = 25.9 Hz, 1H, Rh—H). *C{*H} (benzene-de): & 150.4 (s, aromatic CH), 143.9
(s, aromatic CH), 141.9 (s, aromatic CH), 137.5 (s, aromatic CH), 130.4 (dd, Jcp = 140 Hz,

Jer = 13.0 Hz, 2,5-pyrrole C), 128.9 (s, aromatic CH), 126.9 (s, aromatic CH), 126.8 (s,
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aromatic CH), 125.9 (s, aromatic CH), 117.3 (dd, Jcp = 24.2 Hz, Jcp = 8.1 Hz, 3,4-pyrrole
CH), 34.2 (s, CH(CH3)2), 28.8 (d, Jcr = 54.9 Hz, CH(CHa)2), 27.8 (d, Jcr = 52.5 Hz,
CH(CHa)2), 25.0 (5, CH(CHa)2), 24.9 (s, CH(CHs)2), 17.4 (s, CH(CHs)2), 17.3 (s,
CH(CH3)2), 16.4 (s, CH(CH3)2), 16.1 (5, CH(CHs)2). 3'P{*H} NMR: & 65.2 (d, Jprn = 4.2
Hz, 2P). 2°Si{*H} NMR (benzene-ds): & 20.2 (d, Jsirh = 32.9 Hz), 20.1 (d, Jsirh = 32.9 Hz).
Anal. Calcd. (%) for C4a7Hs2N3OP2RNSI: C, 67.30; H, 7.39; N, 4.53. Found: C, 67.38; H,

7.31; N, 4.58.

Synthesis of 4-SiHPh:
ipr In an argon-filled glove box, a 50 mL high-pressure vessel
iF’sz:;:N/@’ equipped with a Teflon micro stir bar was charged with 3-CO
: N-—-F\{‘P—-CEO (0.151 g, 0.216 mmol) and dissolved in 8 mL of toluene. In a
Pr, P__:N/Si'\";@ separate 5 mL vial, an excess of PhsSiH (0.116 g, 1.07 mmol) was
dissolved in 1 mL of toluene and combined with 3-CO. The
iPr vessel was sealed with a Teflon tap and stirred for 2 hours at 363
K at which point the red-orange solution became bright yellow. Volatiles were removed
under reduced pressure. The resulting yellow powder was recrystallized in pentane at —35
°C. Yield: 0.161 g (93%). *H NMR (benzene-ds): & 7.78 (d, 2Jun = 7.9 Hz, 2H, 4-'PrCeHa),
7.58 (d, 3JnH = 7.9 Hz, 2H, 4-PrCeHa), 7.24-6.83 (ov m, 5H, Si-CeHs), 7.21 (d, 3Jnn = 7.7
Hz, 2H, 4-PrCeHa), 7.12 (d, 3JnH = 7.7 Hz, 2H, 4-PrCsH4), 6.55 (dd, 3Jxp = 3JnH = 3.6 Hz,
1H, pyrrole-H), 6.47 (dd, (dd, 3Jnp = 3JuH = 3.6 Hz, 1H, pyrrole-H), 5.90 (dd, 2JHrh = 5.4
Hz, 3Jup = 5.8 Hz, 1H, Si-H), 2.78 (sp, 3JnH = 6.9 Hz, 1H, CH(CH3)2), 2.62 (sp, 3JnH= 6.9

Hz, 1H, CH(CHa)2), 2.31 (dsp, 2Jkp = 11.7 Hz, 3Jum = 6.9 Hz, 1H, CH(CHa)2), 2.24-2.11
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(ov sp, 3H, CH(CH3)2), 1.45 (dd, 3Jnp = 16.1 Hz, 3JhH= 6.9 Hz, 3H, CH(CH3)2), 1.21-1.17
(ov m, 9H, CH(CHa)2), 1.10-0.93 (ov m, 18H, CH(CHs)2), 0.58 (dd, 2Jup = 17.6 Hz, 3Jum
= 6.9 Hz, 3H, CH(CHBa)z2), 0.38 (dd, 2Jvp = 15.3 Hz, 3JuH = 7.3 Hz, 3H, CH(CHa)2). 13C
(benzene-ds): & 194.6 (d, YJcrn = 77.5 Hz, 1C, Rh—CO), 151.6 (s, aromatic C), 147.7 (s,
aromatic C), 147.1 (d, Jcrn = 2.3 Hz, aromatic C), 142.6 (s, aromatic C), 140.9 (d, Jcrnh =
2.1 Hz, aromatic C), 139.5 (d, 3Jcp = 16.3 Hz, 2,5-pyrrole C), 137.6 (d, *Jcp = 15.5 Hz, 2,5-
pyrrole C), 136.4 (s, aromatic C), 127.8 (s, aromatic C), 127.6 (s, aromatic C), 126.9 (s,
aromatic C), 126.8 (s, aromatic C), 120.3 (dd, 2Jcrnh= 25.7 Hz, 3Jcrn = 10.3 Hz, 3,4-pyrrole
CH), 115. (dd, 2Jcrn = 24.1 Hz, 3Jcrn = 11.3 Hz, 3,4-pyrrole CH), 34.1 (d, J = 11.1 Hz,
CH(CHs)2), 18.1 (d, J = 3.4 Hz), 17.1 (d, J = 2.4 Hz), 17.0 (d, J = 2.0 Hz), 16.9 (s,
CH(CHa)2), 16.8 (d, J= 2.5 Hz), 16.6 (d, J= 2.3 Hz), 16.4 (J= 2.9 Hz), 15.5 (d, J= 3.1
Hz). 3'P{*H} NMR: § 53.0 (s, 1P), 43.5 (s, 1P). ?°Si NMR: & 54.6 (ddd, Jsirn= 55 Hz, 2Jsip
=10 Hz, 3Jsip= 2.6 Hz, Rh-Si). Anal. Calcd. (%) for C41HssN3OP2RhSi: C, 61.41; H, 7.29;

N, 5.24. Found: C, 62.01; H, 7.15; N, 5.52. IR vco (cm™): 1962.

Synthesis of 4-SiPhz:
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ipr In an argon-filled glove box, a 25 mL high-pressure vessel

'PryP~ /@ equipped with Teflon micro stir bar was charged with 3-CO
: N—-R’F—-CEO (0.095 g, 0.138 mmol) and dissolved in 4 mL of toluene. In a
Pr, ____N/Si""'® separate 5 mL vial, an excess of Ph2SiH2 (0.150 g, 0.824 mmol)
was dissolved in 1 mL of toluene and combined with 3-CO. The

iPr vessel was sealed with a Teflon tap and stirred for 6 hours at 80

°C at which point the red-orange solution became bright yellow. Volatiles were removed
under reduced pressure. The residue was triturated with cold pentane (3 x 5 mL) and
recrystallized in pentane at —35 °C. Yield: 0.102 g (88%). 'H NMR (benzene-ds): & 7.89
(d, 3JnH = 6.7 Hz, 4H, 4-PrCeHa), 7.53 (d, 331 = 8.0 Hz, 3H, Si—CeHs), 7.14-7.10 (m, 6H,
Si—CsHs), 6.64 (d, 3Jun = 8.1 Hz, 2H, 4-'PrCeHa), 6.60 (d, 3JnH = 3.5 Hz, 1H, 3,4-pyrrole
H), 6.52 (d, 3Jum = 8.1 Hz, 2H, 4-PrCeHa), 6.45 (d, J = 3.5 Hz, 1H, 1H, 3,4-pyrrole H),
2.77 (sp, 3Jun = 6.7 Hz, 1H, CH(CHs3)2), 2.50 (sp, 3JHH = 6.7 Hz, 1H, CH(CHBa)z2), 2.26 (dsp,
3Jun = 7.3 Hz, 2H, CH(CHBa)z2), 2.14 (dsp, Jnn = 7.1 Hz, 2H, CH(CHs)2), 1.19 (d, 3JhH =
6.7 Hz, 6H, CH(CHa)2), 1.02-0.92 (ov m, 24H, CH(CHa)2). 13C (benzene-ds): § 194.6 (d,
Jern = 76.9 Hz, 1C, Rh—CO), 151.5 (s, aromatic CH), 147.7 (s, aromatic CH), 147.1
(aromatic CH), 142.6 (s, aromatic CH), 141.0 (s, aromatic CH), 136.4 (s, aromatic CH).
SIPLIH} NMR: § 53.1 (s, 1P), 43.1 (s, 1P). 2°Si NMR: & 51.4 (ddd, YJsirh = 60 Hz, 2Jsip =
11 Hz, 3Jsip coupling was not resolved). Anal. Calcd. (%) for C47Hs2N30P2RhSi: C, 64.30;

H, 7.12; N, 4.79. Found: C, 65.04; H, 7.16; N, 4.62. IR vco (cm™): 1912.

7.4.2. Crystallographic Details
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Table 7.4.1. Crystallographic details for complexes discussed in Chapter 4.

4-SiH2Ph 4-SiHPh2
CCDC Entry 1901815 1901816
Crystal Size 0.41 x 0.23 x 0.19 0.31 x 0.28 x 0.23
(mm)
Moiety Formula Ca0Hs9N30OP2RhSI CasHeaN3P2RNSI
Formula weight (g/mol) 774.88 851.98
A (nm) 1.54178 0.71073
T (K) 100(2) 100(2)
Crystal System Monoclinic Monoclinic
Space group (2) P 21/n (14) P 2/c (13)
a(A) 11.7973(2) 16.3088(6)
b (A) 29.6490(5) 13.3859(6)
¢ (A) 12.8736(2) 20.6448(9)
a (deg) 90 90
B (deg) 100.662(2) 91.889(4)
v (deg) 90 90
Volume (A3) 4425.16(13) 4504.5(3)
Calc. p (g cm™) 1.163 1.256
p(mm) 4.265 0.510
Reflections 9662 9145
Completeness
(th)) 20 0.996 0.991
C-C Bond Precision (A) 0.0047 0.0041
R1, wR2
0 0.0359, 0.0956 0.0397, 0.0923
GoF on F? 1.031 1.031

Ri= 2||Fo| — |Fc||/2||:o|. WR2 = [Z[W(Fo2 — FCZ)Z]/ZW(F04)]1/2.

Table 7.4.2. Crystallographic details for complexes discussed in Chapter 4.

4-SiHPh

4-SiPh2
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CCDC Entry 1901814 1901817
Cry(s;;ar'n?'ze 0.10 x 0.05 x 0.04 0.45 x 0.36 x 0.28
Moiety Formula Ca1HssN3OP2RhSi Ca7H62N3OP2RNSI
Formula weight (g/mol) 801.84 877.93
A (nm) 1.54178 1.54184
T (K) 100(2) 100(2)
Crystal System Triclinic Monoclinic
Space group (2) P-1(2) P 21/n
a(A) 10.85145(14) 11.7021(2)
b (A) 12.3015(2) 20.8295(3)
¢ (A) 17.1913(2) 18.8923(4)
a (deg) 69.6255(15) 90
B (deg) 71.8839(13) 104.1354(17)
v (deg) 83.0832(13) 90
Volume (A3) 2044.46(6) 4465.54(15)
Calc. p(g cm™) 1.303 1.303
w (mm) 4.654 4.310
Reflections 8911 9228
Completeness
(t'?) 20 0.988 0.939
C—C Bond Precision (A) 0.0055 0.0056
R1, WR2
1> 26(1)] 0.0392, 0.1014 0.0429, 0.1159
GoFon F? 1.113 1.112

Ri= Z”Fol - |Fc||/Z|F0| WR2 = [E[W(Fo2 — Fcz)z]/ZW(Fo4)]1/2.
7.4.3. Computational Details Relevant to Chapter 4
Sample Geometry Optimization and XYZ Coordinates and Details for 4 SiHPh and

4-SiPhz

4-SiHPh
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Energy (SCF) = -2919.8338929 Ha
Zero-Point Energy = 0.879954 Ha
Lowest Frequency =9 cm!

Coordinates:

Y
>

TOOIOIOIOIOITIOOOIOIOIOIOOIZTOOOOIOONZZZ0ITIL U

-0.80418100
-3.06133800
2.40185300
1.31114400
1.97286400
-1.29269200
-0.35790200
2.66630200
-2.89975200
0.81545100
-0.85299200
-1.41333700
4.01081400
-1.37023800
6.63697900
5.89856100
6.34052000
-4.01964400
-5.06400600
-5.00664200
1.18400900
0.68700600
-3.92138100
-4.94901900
-3.98964800
-3.09471500
1.59931800
-1.10554000
0.54403900
1.26453300
4.73210200
4.25839500
4.60205100
4.03308900
6.02198500
6.55605200
2.20176900
2.53303700
-6.21515700
8.04250900
8.28501600

0.30403700
-1.80334200
-1.84198400

1.12507900

1.97886600

2.74626700

-1.58192000
-0.19585400
-0.34497400
-2.25107100
-3.49666000
-4.26420700

0.27770900
-2.34485800

1.29383400

0.67951100

0.59724800

0.52096000

2.69960700

3.69768100

1.68412600

0.70837000
-3.12732000

-2.73379800

1.81531100

2.11272800

2.15639500

1.81003700
-3.44257300
-4.17488400

0.91486400

1.03595300

0.18947000
-0.24120800

1.40975700

1.90017300

3.43485100

3.82930000

2.34242700

1.83228900

1.61739100

-0.53945100
0.55522400
-0.16570100
-0.33625700
-1.39473800
-2.19751100
0.28611600
-0.22821600
-0.16485200
0.56576900
1.46051200
1.99439700
-0.48219100
0.83001900
-0.94831100
-1.97855800
-2.97889000
-0.33281400
0.07413800
0.52622900
2.51954100
2.58959200
-0.47123400
-0.59561600
0.23800400
0.79472800
1.25051900
-1.50258500
1.28910800
1.65268800
0.55128600
1.52932300
-1.75969900
-2.58939400
0.31703800
1.13910500
1.19323400
0.22480700
-0.65756600
-1.20258900
-2.26171500
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2.38446300
2.84768800
-3.91556400
-3.67968900
-5.16308500
-5.19493700
3.66361600
3.25144000
1.97730300
2.12037800
-3.27640000
-2.18270500
-3.69285400
-3.48662700
1.37710200
1.04852000
2.48663100
3.51565000
-3.24877000
-3.17313900
-3.82734100
-2.22803500
5.07672900
5.07312800
5.70068800
5.55954700
1.48249400
0.44516200
1.58438800
1.64182600
3.68736600
4.10093900
4.32956900
2.68098200
2.27790800
3.06030700
2.30197500
1.29907500
-5.44676900
-5.72305300
-5.88128400
-5.92098800
-6.23708800
-7.10174900
9.09677300
8.91534200

4.21047100
5.20135300
-1.79830000
-2.79668000
0.16830600
-0.80190400
-2.72312500
-3.74929500
3.71453800
4.31577900
-0.71995900
-0.83911100
-0.78929200
0.28831400
2.44543500
2.05705500
-2.64097000
-2.43320700
-3.21406600
-2.22468600
-3.88319100
-3.62382900
-2.81431600
-3.25712600
-3.46017500
-1.82752500
-1.96760600
-2.11068400
-2.40637300
-0.88010700
-2.13646500
-1.11646000
-2.76289900
-2.10020200
-4.16612800
-4.67424600
-4.59097100
-4.40911400
-1.64024400
-0.67284900
-1.67981900
-2.43917500
1.05836100
0.74548300
1.11693100
1.30115700

2.35157200
2.27953700
2.22427700
2.64538400
-1.09078300
-1.59724600
0.90061300
0.94819100
3.60025300
4.50513000
3.12052700
3.18364500
4.14079800
2.72925900
3.68273600
4.65391900
-1.86281300
-2.21568100
-1.85431900
-2.33355900
-2.51511500
-1.76358500
0.28736300
-0.72200100
0.92978500
0.22829200
-2.81770100
-2.47384000
-3.82613100
-2.89068600
2.32577800
2.32270000
2.96905000
2.77105900
-1.78699600
-1.19844600
-2.80562200
-1.33992900
2.13394800
1.68520300
3.14858900
1.53971900
-1.23895400
-1.83686600
-0.32834300
0.74518800
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4-SiPh2

10.11169800
9.07871100
-7.37375800
-7.11957300
-8.69683000
-9.01168300
-9.50977400
-8.59398500
-3.99791900
-2.98949100
-4.55554300
-4.51240100
8.10995000
7.38377700
9.11894200
7.88619200
-7.54301400
-6.61267600
-8.35087300
-7.80166300

1.48284000
0.02588300
3.32103100
4.22868500
2.75935900
1.85416100
3.50162900
2.48691800

-4.50389600
-4.92386700
-5.20905600
-4.46753000
3.36396900
3.88154200
3.74283300
3.64468000
3.74799900
4.18702900
4.49400900
2.88268500

Energy (SCF) = -3150.8847437 Ha
Zero-Point Energy = 0.960342 Ha
Lowest Frequency = 3 cm!

Coordinates:

Y]
>

OITIO0OO0O0OOITO0OZZZ0»w V™D

1.00899000
3.37067200
-2.12857800
-1.13976700
1.58532200
0.64763300
-2.44549000
3.14408500
-0.48847200
1.26155300
1.87376700
-3.84208800
1.70927400
-6.58234400
-5.91006700
-6.44763700
4.22733000

-0.17275500
2.03743900
2.12843900

-0.88740200
-2.92617000
1.85359500

0.50553800
0.45137600
2.60399000
3.93637500
4.77003200
0.11071300
2.67030300

-0.69207700
-0.32412100
-0.35617700

-0.47185400

-0.56253300
-0.48928200
-0.83215700
-0.25029600
-0.26568900
-0.81466900
-0.35436800

0.79826500

0.21587100

0.36913900
-0.42579500

1.19075400
-1.00997700
-1.65839700
-1.24921000
0.03429600
-2.30802800
-2.70484200
-2.41260700
-2.94372900

-0.36389800
0.17365800
-0.22317300
-0.00972300
-1.38303900
0.09903600
0.04127400
-0.14748100
0.31887700
0.86148500
1.20572200
-0.00525600
0.42912700
-0.04923900
-1.23081100
-2.18601200
-0.11413000
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5.17185600
5.06409200
-1.43822900
-1.53943700
4.14801400
5.17687800
4.13394800
3.22094700
-1.30778900
1.33328300
-0.14392800
-0.82204900
-4.49761400
-3.93334700
-4.55988100
-4.04813400
-5.84325000
-6.32432300
-1.14709300
-1.02704200
6.34948400
-8.04945500
-8.38603600
-1.13489500
-1.01179600
4.34001300
4.09427500
5.39965700
5.48507700
-3.28139500
-2.81713700
-1.28154100
-1.27375600
3.79681800
2.70434900
4.26699100
4.02628300
-1.43162800
-1.53806500
-2.32054000
-3.38206700
3.39801300
3.31220900
3.92648900
2.37658500
-4.72899100

-2.55760800
-3.43680300
-0.80974300
0.27462500
3.05030600
2.64827500
-1.61825400
-1.75557900
-1.63468700
-1.85569900
3.89929700
4.70993000
-0.28565700
-0.30473300
0.05659100
0.27942700
-0.67762500
-0.97888900
-3.02417700
-3.69786700
-2.40440300
-1.11321600
-1.03547500
-3.56489000
-4.64525000
2.42541900
3.48808100
-0.32624300
0.51920200
3.24824300
4.23842900
-2.72617200
-3.14596800
1.56396000
1.66365900
1.87710400
0.49903200
-1.34208000
-0.67682200
2.62261700
2.40918000
2.76551400
1.68440300
3.23786000
3.18115400
3.31962500

0.75898700
1.40637900
2.89411800
2.76216700
-1.21138600
-1.28915600
0.71043700
1.29931600
1.75034700
-0.95383500
0.78856400
1.05378200
1.18094200
2.11755900
-1.21769000
-2.15818500
1.15319600
2.09100000
1.97169700
1.11516800
-0.00115000
-0.07916200
-1.13137000
3.26866900
3.40666500
1.73111900
1.93245900
-0.89632300
-1.58706700
0.74196900
0.57180200
4.38517300
5.39713800
2.88816000
2.99240400
3.83685400
2.72282000
4.19334600
5.05838200
-2.02509500
-2.25576500
-2.52651500
-2.72154300
-3.37311300
-2.48744800
0.21387700
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-4.77712700
-5.25920700
-5.27569900
-1.42626200
-0.36194700
-1.54861100
-1.68621800
-3.23260400
-3.70692300
-3.78775700
-2.19953900
-2.05289700
-2.76199000
-2.15474000
-1.03068600
5.86777500
6.15390000
6.35992600
6.27308800
6.43743100
7.32607500
-8.93393500
-8.65001700
-9.99628900
-8.84089600
7.46918000
7.14714500
8.78712800
9.16461300
9.57189900
8.64547800
4.22470100
3.21405600
4.72677600
4.79152900
-8.23096800
-7.62722900
-9.28925600
-7.92249900
7.68981000
6.75903800
8.46243000
8.02502100
-1.96939200
-3.01341800
-1.53646100

3.54786700
4.12841400
2.38169700
1.74422500
1.83921500
2.05173300
0.67689700
2.94197000
1.97281900
3.72235800
2.92149100
4.12574300
4.76829800
4.36438000
4.39647900
2.28889400
1.25673000
2.55171900
2.95887200
-1.26794400
-1.11759900
-0.16866200
-0.20437600
-0.46014600
0.87741100
-3.44026800
-4.21876900
-2.83269700
-2.04777900
-3.60522100
-2.37497900
4.55894400
4.98959900
5.08071500
4.78376300
-2.58288700
-3.26445000
-2.88677300
-2.72483600
-4.13064400
-4.59413200
-4.91635700
-3.40502700
-2.12954000
-3.00772000
-2.18117000

-0.86324000
0.74703900
0.39146000

-2.91976600

-2.64539300

-3.97354700

-2.83927900
2.25129700
2.47021100
2.80053300
2.63241200

-2.23945100

-1.69092100

-3.31250900

-1.92651100
1.57260100
1.31569400
2.52574300
0.79581300

-0.83051400

-1.45567500
0.76529400
1.83190300
0.69328300
0.42807500
0.06190200
0.78105400
0.59260800

-0.08679200
0.67756100
1.58619200

-0.91017700

-0.80878600

-1.74416900
0.00912000
0.36195500

-0.25961200
0.28056400
1.41260900

-1.30281200

-1.66961200

-1.22681800

-2.06505600

-1.21718200

-0.83779000

-2.56447400
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-3.59618200
-3.37538400
-2.12109600
-0.70640000
-3.15356500
-4.39646400
-1.75908100
-3.60524300

-3.89464700
-3.00117000
-3.05743500
-1.53594800
-3.91927800
-4.56974200
-3.07955100
-4.61319200

-1.75759100

0.19631700
-3.49365300
-2.87811500
-3.09031500
-1.43314000
-4.52790100
-3.80827000

7.5. Experimental Procedures Pertaining to Chapter 5

7.5.1. Synthetic Procedures

Synthesis of (OMe)2BMes. Adapting from a literature procedure,*® an oven-dried 250 mL
3-neck round-bottomed flask was charged with a stir bar, 2.803 g of magnesium turnings,
and a small crystal of iodine (I2). The flask was evacuated on a double-manifold vacuum
line and cooled to —78 °C. Approximately 15 mL of THF was transferred under reduced
pressure onto the magnesium turnings. A separate flask was charged with 18.2 g (91.3
mmol) of mesityl bromide which was degassed by three freeze—pump-thaw cycles. THF
(70 mL) was added under reduced pressure. The THF solution was transferred via cannula
into a 100 mL dropping funnel attached to the 250 mL flask containing the magnesium
turnings. The mesityl bromide solution was added dropwise over 45 minutes, resulting in
gentle bubbling and warming of the mixture. The dropping funnel was removed, and the
reaction mixture was heated to reflux for 18 hours, at which point the solution was grey
and opaque. The Grignard reagent was transferred via syringe to a 250 mL 2-neck round-
bottomed flask containing 3.1 equivalents (283 mmol, 0.035 L) of B(OMe)s dissolved in
15 mL of cold (15 °C) diethylether. The reaction mixture became cloudy with a dense
white precipitate that formed after several minutes. The mixture was warmed to ambient

temperature, stirred for 20 hours and then diluted with 150 mL of pentane. The supernatant
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was transferred via cannula into a 500 mL Teflon-sealed thick-walled flask. VVolatiles were
removed under reduced pressure to afford dimethoxymesitylborane as a colourless oil (10.5

g, 60% yield). NMR data (*H, 1'B) agreed well with literature data.'®

Synthesis H2BMes. A 100 mL round-bottomed flask was charged with a stir bar and 2.00
g (0.010 mol) of freshly distilled (OMe)2BMes dissolved in 60 mL of a 5:1 mixture of
diethylether and pentane. The mixture was then cooled to 0 °C. In a separate 50 mL round-
bottomed flask 1.05 equivalents of LiAIH4 (0.415 g) was suspended in diethylether (20
mL). The LiAlH4 slurry was added dropwise to the cold (0 °C) stirring (OMe)2BMes
solution over 2 minutes. The mixture was allowed to gradually warm to ambient
temperature whereupon it was stirred for 3 hours. The product was filtered through a pad
of Celite and washed with a 1:1 mixture of pentane and diethylether (3 x 5 mL). Volatiles
were removed under reduced pressure to afford Li[HsBMes] as a white solid (0.408 g, 28%
yield). NMR data (*H, 1'B) agreed well with literature data.'® One equivalent of MesSiCl
(0.232 g, 0.002 mol) was added to a diethylether solution of Li[HsBMes] (0.302 g, 0.002
mol) at ambient temperature. The reaction mixture was rapidly stirred for 3 hours during
which a white precipitate formed. The solvent was removed under vacuum and the residue
extracted with pentane (3 x 5 mL) to yield H2BMes as a crystalline white solid (0.358 g,
95% yield from Li[HsBMes]). NMR data (*H, 1'B) agreed well with literature data.'® Note:

It is not necessary to isolate Li[HsBMes]. It can be generated and used in situ.

Synthesis of H2BArF. Following a literature procedure,®® 150 mL Teflon-sealed thick-

walled flask was charged with 3,5-bis(trifluoromethyl)bromobenzene (1.07 g, 3.62 mmol)
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and 20 mL of diethylether. The solution was degassed by three freeze—pump-—thaw cycles
and cooled to —78 °C. Under an atmosphere of argon, 1.45 mL (1 equivalent, 3.62 mmol)
of n-butyl lithium (2.5 M in hexanes) was added dropwise via syringe over 10 minutes.
The solution turned from colourless to yellow during 15 minutes of stirring. The mixture
was quenched with 0.343 mL of BHs*SMe2 (1 equivalent, 3.62 mmol), added over 30
seconds via syringe. The reaction mixture was warmed to 23 °C, becoming a pale-yellow
colour. After 1 hour at 23 °C, MesSiCl (0.46 mL, 1 equivalent, 3.6 mmol) was added via
syringe over 10 seconds, yielding H2BAr" as a pale-orange solution. Since the product
decomposes upon removal of the solvent, H2BAr" was used as a diethylether solution of
known concentration (e.g. 0.287 mol L™1). 'H NMR (300.13 MHz, benzene-ds): & 8.01 (s,
2H, m-Ar H), 7.83 (s, 1H, 0-Ar H), 2.85 (br s, 2H, BH2). 1B NMR (96.29 MHz, benzene-
ds): 5 —9.6 (br s). °F NMR (282.23 MHz, benzene-de): 8 —62.3 (s, 6F). NMR data (*H, 1B,

19F) agreed well with literature data.*®

Synthesis of 5-BMes:

iPr, A 20 mL scintillation vial was charged with 3-CO
P
\ N
NQ ,N—®_ Pr (0.045 g, 0.065 mmol), 1 equivalent of mesitylborane
PraR\ Rh
/N
N—B C (9.1 mg, 0.066 mmol), and a Teflon-coated stir bar. The

\
o
solids were dissolved in a mixture of pentane and toluene

(5 mL, 5:1) giving a red-orange solution and the vial was
placed in a cold well cooled with liquid nitrogen. The reaction mixture was rapidly stirred
at low temperature for 1 h in the glove box with periodic sparging of the solution. The

reaction solution became light-orange and was allowed to stand in the cold well for 18 h
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producing a dark yellow crystalline solid. The solid was washed with cold pentane (3 x 5
mL) to yield 0.028 g (53% yield) of 5-BMes as a bright yellow powder. *H NMR (700.13
MHz, benzene-ds): & 7.51 (d, 3Jun = 7.7 Hz, 2H, 4-Pr-CeHa), 7.06 (d, 3JuH = 7.9 Hz, 2H,
4-Pr-CeHs), 6.93 (d, 3Jnn = 7.7 Hz, 2H, 4-Pr-CeHa), 6.67 (d, 3Jun = 7.9 Hz, 2H, 4-Pr-
CeHa4), 6.66 (app t, 3Jup = 3Jun = 3.9 Hz, 1H, 3,4-pyrrole), 6.61 (s, 2H, Mes Ar H), 6.51
(dd, 3Jnp = 3JnH = 3.9 Hz, 1H, 3,4-pyrrole), 3.26 (sp, 3JnH = 7.2 Hz, 2H, PCH(CHa)2), 2.73
(sp, 3JnH = 6.9 Hz, 1H, CH(CHs3)2), 2.72 (s, 6H, Mes CHs), 2.43 (sp, 3JuH = 6.9 Hz, 1H,
CH(CHs)2), 2.19 (ov m, 2H, PCH(CHs)2), 2.09 (s, 3H, Mes CHs), 1.16 (d, 3JuH = 6.9 Hz,
6H, CH(CHs)2), 1.11 (dd, 3Jnp = 15.4 Hz, Jnn = 7.2 Hz, 6H, PCH(CHs)2), 1.04 (dd, 3Jup =
15.7 Hz, Jun = 7.2 Hz, 6H, PCH(CH3)2), 0.97 (dd, 3Jwp = 16.7 Hz, Jun = 7.2 Hz, 6H,
PCH(CHs)2), 0.92 (d, 3Jnn = 6.9 Hz, 6H, CH(CHa)2), 0.85 (dd, 3Jup = 16.2 Hz, Jun = 7.2
Hz, 6H, PCH(CHs)2). B NMR (224.63 MHz, benzene-ds): & 32.6 (br s, 1B). *C{*H}
NMR (75.46 MHz, benzene-ds): & 196.6 (d, *Jcrn = 87.6 Hz, Rh—CO), 152.6 (br s, ipso-
Mes C) 151.3 (s, para-Pipp C), 147.1 (s, para-Pipp C), 140.2 (d, 2Jcrn = 2.4 Hz, ipso-Pipp
C), 140.1 (m, 2Jcrn = 3.4 Hz, ipso-Pipp C), 137.7 (dd, Ncp = 145 Hz, 3Jcp = 16.1 Hz, 2,5-
pyrrole C), 133.6 (s, ipso-Mes C), 133.2 (s, ipso-Mes C), 129.1 (s, Ar CH), 127.1 (s, Ar
CH), 126.6 (m, 3Jcrn = 8.9 Hz, Pipp CH), 126.5 (s, Ar CH), 125.9 (s, Ar CH), 120.7 (ddd,
LJep = 129 Hz, 3Jcp = 13.5 Hz, 3Jcrn = 3.4 Hz, 2,5-pyrrole C), 118.2 (dd, 2Jcp = 24.6 Hz,
3Jcp = 10.9 Hz, 3,4-pyrrole CH), 115.1 (dd, 2Jcp = 24.8 Hz, 3Jcp = 9.9 Hz, 3,4-pyrrole CH),
33.7 (s, CH(CHs3)2), 33.6 (s, CH(CHs3)2), 27.3 (s, CH(CH?3)2), 26.6 (s, CH(CH?3)2), 26.5 (s,
CH(CHa)2), 24.1 (d, Wcp = 54.9 Hz, PCH(CHa)2), 23.9 (s, 2,6-CHs Mes), 21.3 (s, 4-CHs
Mes), 16.7 (m, CH(CHa)2), 16.6 (m, CH(CHs)2), 16.5 (m, CH(CHa)2), 16.4 (m, CH(CHs)2).

3IP{1H} NMR (283.42 MHz, benzene-ds): 5 52.6 (d, 2Jprn = 7.3 Hz, 1P, P-N-Rh), 37.8 (s,
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1P, P-N-B). Anal. Calcd. for C4Hs3BN3OP2Rh: C, 64.01; H, 7.69; N, 5.09. Found: C,

63.83; H, 7.96; N, 4.65. IR vco (cm™): 1909.

Synthesis of 5-CO*H2BATrF:

iPr, In a 20 mL scintillation vial, crystalline 3-CO

P
P PQ\/ /N—®"Pr (0.025 g, 35.9 mmol) was dissolved in 5 mL of

)

H Rh
\}q I VAR Et2O and chilled to —30 °C. A solution of
P % H2B(3,5-(CF3)2CeH3) in Et2O (0.125 mL, 37

r
F5;C . .

3 CF, mmol) was added via syringe over 10 seconds.

The solution was stirred at —30 °C for 2 hours becoming dark yellow in colour. The
compound was dried under vacuum and washed with pentane (2 x 3 mL) giving 0.028 g of
5-CO*H2BAr* as a bright yellow powder (84% yield). *H NMR (700.13 MHz, benzene-
ds): 5 8.04 (s, 2H, 0-ArF H), 7.68 (s, 1H, p-ArF H), 7.29 (d, 3Jun = 7.9 Hz, 2H, 4-'Pr-CeHa),
7.21 (d, 3Jnn = 7.9 Hz, 2H, 4-Pr-CsHa), 7.05 (d, 3Jum = 8.2 Hz, 2H, 4-Pr-CeHa), 6.83 (d,
3JuH = 8.2 Hz, 2H, 4-Pr-CsH4), 6.47 (app t, 3Jvp = 3Jun = 3.3 Hz, 1H, 3,4-pyrrole), 6.39 (ov
dd, 3Jnp = 3Jun = 3.3 Hz, 1H, 3,4-pyrrole), 2.70 (sp, 3JxH = 6.9 Hz, 1H, CH(CHs3)2), 2.60
(sp, 3Jnn = 6.9 Hz, 1H, CH(CHa)2), 2.23 (m, 2H, PCH(CHa)2), 2.03 (m, 2H, PCH(CHa)2),
1.13 (d, 3Jun = 6.9 Hz, 6H, CH(CHz3)2), 1.06 (d, 3JnH = 6.9 Hz, 6H, CH(CHs)2), 0.99 (dd,
2Jnp = 15.5 Hz, 3Jnn = 7.1 Hz, 6H, PCH(CHa)2), 0.90 (ov m, 12H, PCH(CHz)2), 0.84 (dd,
2Jnp = 15.5 Hz, 3Jun = 7.1 Hz, 6H, PCH(CHs)2), -3.10 (br s, 2H, BH). 1B NMR (224.63
MHz, benzene-ds): 5 5.9 (s, 1B). 3C{*H} NMR (176 MHz, benzene-ds): 5 190.6 (d, Jcrn
=75.7 Hz, Rh—CO), 151.0 (s, Ar C), 146.9 (s, Ar C), 143.4 (s, Ar C), 142.9 (s, Ar C), 134.6

(br m, 2,5-pyrrole C), 129.9 (d, 3Jcr = 4.0 Hz, Ar CH), 129.6 (d, 2Jcr = 31.7 Hz, Ar C),
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127.7 (s, Ar CH), 127.5 (s, Ar CH), 127.2 (s, Ar CH), 127.1 (d, 3Jcr = 7.0 Hz, Ar CH),
126.6 (s, Ar CH), 124.6 (m, 2,5-pyrrole C), 118.4 (dd, 2Jcr = 23.0 Hz, 3Jcp = 10.4 Hz, 3,4-
pyrrole CH), 115.2 (dd, 2Jcr = 24.6 Hz, 3Jcp = 11.2 Hz, 3,4-pyrrole CH), 33.9 (s,
CH(CH3)2), 33.7 (s, CH(CHa)2), 26.8 (d, Wcp = 52.8 Hz, PCH(CHa)2), 26.3 (d, “Jcp = 62.0
Hz, PCH(CHs)2), 24.3 (s, CH(CHs)2), 24.1 (s, CH(CHz)2), 17.0 (d, 2Jcp = 2.7 Hz,
PCH(CHz)z2), 16.4 (d, 2Jcp = 2.4 Hz, PCH(CH3)2), 16.2 (d, ?Jcp = 2.7 Hz, PCH(CHa)z2), 16.1
(d, Z2Jcp = 1.9 Hz, PCH(CH3)2), ipso-ArF C and CFs signals could not be located. °F{*H}
NMR (282 MHz, benzene-ds): 5 —62.1 (s, 6F, CF3). 3'P{*H} NMR (283.42 MHz, benzene-
ds): 8 51.3 (s, 1P, P-N-Rh), 48.8 (s, 1P, P-N-B). Anal. Calcd. for CasHeoBFsN3OP2Rh: C,

56.04; H, 6.23; N, 4.56. Found: C, 56.16; H, 6.16; N, 4.33. IR vco (cm™): 1950.

Synthesis of 5-H2BAr*:

In a 20 mL scintillation vial, 5-CO-H2BArF (0.020

- 'Pr
2 I
P=pN g, 0.022 mmol) was dissolved in 4 mL of toluene and
=1 |
@(“RhHT stirred at 23 °C for 48 h. The solvent was removed
iPr., P B
Pra \\N H— @CF under vacuum and the product was extracted with 2
3
\©\ipr CF x 3 mL of pentane. The resulting solution was
3

filtered through Celite and dried under reduced pressure to afford 0.010 g (51% vyield) of
5-H2BArF as a dark brown solid. *H NMR (700.13 MHz, benzene-ds): 5 7.79 (s, 2H, o-ArF
H), 7.68 (s, 1H, p-ArF H), 7.33 (br m, 1H, 3,4-pyrrole CH), 7.13 (obsc m, 4H, 4-'Pr-CsHa),
6.89 (ov m, 4H, 4-'Pr-CeHa), 6.32 (br m, 1H, 3,4-pyrrole CH), 4.69 (br s, 2H, BH>), 2.83
(m, 1H, CH(CHs)2), 2.59 (m, 1H, CH(CHs)2), 2.37 (m, 1H, PCH(CHs)z), 1.81 (m, 1H,

PCH(CHa)2), 1.72 (m, 1H, PCH(CHs)2), 1.55 (br m, 1H, PCH(CHs)2), 1.40-0.40 (ov m,
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36H, CH(CHa)2). !B NMR (224.63 MHz, benzene-ds): § 1.7 (br s, 1B). *C{*H} NMR
(176 MHz, benzene-ds, 23 °C): 6 162.0 (s, Ar C), 145.1 (s, Ar C), 1435 (s, Ar C), 142.4
(s, Ar C), 133.7 (br m, 2,5-pyrrole C), 130.0 (s, Ar C), 129.4 (s, Ar CH) 127.7 (s, Ar CH),
127.5 (s, Ar CH), 126.7 (br m, Ar CH), 125.7 (br m, Ar CH), 124.7 (br m, 2,5-pyrrole C),
124.3 (s, Ar CH), 123.3 (dd, 2Jcp = 44.9 Hz, 3Jcp = 14.3 Hz, 3,4-pyrrole CH), 117.7 (dd,
2Jcp = 36.1 Hz, 3Jcp = 14.1 Hz, 3,4-pyrrole CH), 33.9 (s, CH(CHa)2), 33.7 (s, CH(CH3)2),
27.2 (d, Ycp = 53.6 Hz, PCH(CH2)2), 24.8 (br m, PCH(CHs3)2), 24.1 (s, CH(CHz3)2), 24.0
(s, CH(CHa)2), 16.4 (br s, PCH(CHa)2), 16.3 (br s, PCH(CHa)2), 15.9 (m, PCH(CH3)2), 15.3
(m, PCH(CHBg)z2), ipso-ArF and CFs signals could not be located. *°F{*H} NMR (282.40
MHz, benzene-ds): & —62.3 (s, 6F, CF3). 3'P{*H} NMR (283.42 MHz, benzene-de): & 51.7
(brs, 1P, P-N-Rh), 11.4 (br s, 1P, P-N). Anal. Calcd. for C42Hs7BFsNsP2Rh: C, 56.45; H,

6.43; N, 4.70. Found: C, 55.88; H, 6.21; N, 4.41. IR vco (cm™): not observed.
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7.5.2. Crystallographic Details

5-BMes. The unit cell contained two unique molecules oriented in a head-to-tail

arrangement. A short contact (2.193 A) was located between the carbonyl oxygen atom of

one molecule and the pyrrole C—H atom of another.

Table 7.5.1. Crystallographic details for complexes discussed in Chapter 5.

5-BMes 5-CO*H:BAr*
CCDC Entry 1985379 1985378
Crystal Size 0.20 x 0.10 x 0.05 0.25 x 0.25 x 0.25
(mm)

Moiety Formula
Formula weight (g/mol)
A (nm)

T (K)
Crystal System
Space group (2)
a(A)

b (A)
¢ (A)

a (deg)

B (deg)

Y (deg)
Volume (A3)
Calc. p(g cm™)
pu (mm-)
Reflections
Completeness
(to 20
C—C Bond Precision (A)
R1, WR2
[1>20(1)]
GoFon F?

Ca4H63BN3OP2Rh

825.63
1.54178
100(2)
Triclinic
P-1 (4)
14.5167(3)
18.5067(4)
19.7008(6)
65.627(2)
88.777(2)
77.349(2)
4689.8(2)
1.169
3.831
18596

0.960
0.0093

0.0759, 0.2131

1.080

Ca3Hs7BFsN3OP2Rh

999.68
0.71073
100(2)
Monoclinic
12/a (8)
28.3648(5)
12.2130(1)
32.5843(5)
90
111.394(2)
90
10510.0(3)
1.264
0.443
11658

0.995
0.0025

0.0261, 0.0657

1.035

Ri= Z”Fol - |Fc||/2|Fo| WR2= [Z[W(Fo2 - Fcz)z]/ZW(Fo4)]1/2.
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7.5.3. Computational Methods
Sample Geometry Optimization and NBO Calculation Input File

# B3LYP genecp guess=read pop=(full, nbo, savenbos) gfinput

5-BMes

o
-

h

OIOIITOWOIOIOITIOOOIOOIOITIOOIZOOZZZ0TUV T

0.79177806 0.14736201

-2.00976614
3.23365523
1.25883109
-2.29621916
0.59328604
3.00672121
-0.47404803
-0.11425501
-0.74773405
-3.69491326
-1.98429014
-3.00140122
-3.29404824
-2.80969420
1.64013612
-4.43092032
-3.94133928
-1.80525413
-2.16567515
-5.76897342
-6.30553147
1.24466709
1.86294414
-4.33433431
-3.77445927
-1.88205714
-1.20590609
-3.41328325
-2.43039517
-3.98394529
-3.95206829
-5.68044641
-6.15285442
4.49774933

-2.17552716
-1.84708013
3.05659622
-0.53269104
-1.90410414
-0.42268603
-2.74148419
-4.06180529
-4.94559135
-0.13873801
-2.46844418
-2.20735216
-3.32957724
-4.30054731
-2.66735919
0.14061901
0.07285101
1.90742314
2.91720821
0.52398204
0.74274405
-4.00801629
-4.84088035
-0.00436300
-0.17318801
2.21306316
0.49889804
-3.17247423
-3.15507023
-4.02280229
-2.25229116
0.37084103
0.46816003
-2.99510821

-0.11382101
-0.60185805
0.82912706
-0.58938804
-0.23770302
0.21987502
0.05699600
0.10623201
0.45904503
0.45848003
-0.32263802
-2.45260318
-2.78646520
0.11680901
-0.08403901
0.65103905
0.83817806
1.80845913
0.44309103
-0.47890803
0.75807705
1.68427712
0.81430006
1.14174608
-1.56090411
-2.48098718
1.82870313
-0.00980600
1.64054512
2.13154115
2.04692715
1.90375714
-1.63307412
-2.61442719
0.05654800
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OIOIITOIIIOIIIOIOIOIOIIIIOIIIOIOOOOOIIIOIOIIIOI

4.26746531
-4.66664133
-5.23898738
-5.24488338
-4.59313733

4.14990430

3.39692425
-1.42989710
-2.03670015
-1.48170411
-0.39231003
-6.42698945
4.06822629

1.03817107

6.12816544

5.15289037

5.17634837
4.25761230

3.21733123

4.91780835

4.47693832
-0.97611907
-1.16113108
-1.04093307

0.05354000
-2.61411619
-2.87689021
3.63838826

4.65040534
6.04171942

6.76492951
-1.71639312
-0.73447805
-1.71383112
-2.48207818
3.67363726

3.94337629

4.41223632

2.68704519
-2.05708015
-2.01672015
-2.92131521
-1.15038508
5.03455436

4.98487936
-2.71873520

-3.97894528
-3.34798224
-2.43299217
-4.20081630
-3.47456025
0.96184207
0.64373005
1.20527409
0.28291002
1.62117712
0.88827406
0.64091105
0.45429503
1.93168414
2.29486216
1.85856813
2.23202216
-3.07558522
-3.34476924
-3.84052328
-2.11228915
-1.54019411
-0.48104003
-1.68639412
-1.75836213
4.16596930
4.93420535
-1.76108213
-1.32441210
1.79931113
2.12218815
-3.94354228
-4.26639531
-4.06812229
-4.62249633
-3.14017722
-3.02608122
-3.81841828
-3.62788426
2.68325819
3.63462426
2.11700315
2.10878015
0.90940707
0.58406504
4.46157932

0.50312904
-0.57235104
-0.37199703
-0.18115601
-1.66244312
-1.57660512
-2.30030416
2.86320421

2.84997120
3.88075828

2.66152219
-0.47920903

-0.26435302
-0.39983303
-1.03523108
-1.94542214
-2.97371621
-1.45823710
-1.69270012
-1.89832913
-1.94250814
-3.14400023

-2.92090021
-4.23436330
-2.82385521
-0.02131600
-0.75588205
2.66418119
2.70125119
0.27477402
1.02884607
-2.78977320
-2.41147318
-3.88431628
-2.38485317
3.33864324
4.40143032
2.88409921
3.29798924
-1.96973014
-2.52164918
-2.35618417
-2.21903116
0.65715205
1.69775012
1.34010010
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5.95509141
6.22481845
6.62814349
6.15665545
-2.33891717
-2.38471917
-7.88682158
-8.14993956
2.66104919
1.63652012
2.63212219
2.96006421
-8.09976356
-9.14839765
-1.45472756
-7.86840055
-8.82288962
-8.62344361
-8.70144963
-9.87670674
-3.18769223
-2.37545517
-4.01278329
-3.54188425
7.21381353
7.05026950
7.10681151
6.11024142
7.86037859
7.27377852
8.62419965
8.86015766
9.38982668
8.71831461

ITITOIITITOIOIIIOIIIOIIIOIIIOIOIIOIZIIIO

CHO

cc-pvdz

PNOBO

aug-cc-pvdz

Rh 0

S101.00
2.289320E+02
1.990870E+01

-2.63418919
-1.64742812
-3.38003824
-2.62590619
3.46564925
3.67760227
1.06498808
1.06778308
-0.80787906
-1.21205709
0.17883001
-0.67514605
2.49355618
2.80610820
3.21577323
2.55945719
0.06540400
0.02101600
-0.95179407
0.36175003
5.81414341
6.36453744
5.72174239
6.43903845
3.27696824
3.49080525
4.61334833
5.06429037
5.33229239
4.47509132
2.67614719
2.44673018
3.38142124
1.74071813

5.680000E-04
-4.680300E-02

0.38309903
-0.02074200
-0.07093801
1.46496910
2.25125816
3.32494524
-0.57183904
-1.64423312
3.36530124
3.35031024
2.88163721
441779732
-0.03948600
-0.17512001
-0.56387204
1.03673907
0.13058401
1.21445409
-0.27512502
-0.00042600
1.82255713
2.32872617
2.54918718
0.98857007
-1.45595410
-2.52718018
-0.69942705
-0.82767406
-1.06328508

0.38228403
-1.31743310
-0.26434302
-1.68266812
-1.89205213
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1.244680E+01
7.778210E+00
4.580060E+00
1.290680E+00
5.934140E-01
1.491580E-01
7.195300E-02
3.175200E-02
S101.00
2.289320E+02
1.990870E+01
1.244680E+01
7.778210E+00
4.580060E+00
1.290680E+00
5.934140E-01
1.491580E-01
7.195300E-02
3.175200E-02
S101.00
2.289320E+02
1.990870E+01
1.244680E+01
7.778210E+00
4.580060E+00
1.290680E+00
5.934140E-01
1.491580E-01
7.195300E-02
3.175200E-02
S101.00
2.289320E+02
1.990870E+01
1.244680E+01
7.778210E+00
4.580060E+00
1.290680E+00
5.934140E-01
1.491580E-01
7.195300E-02
3.175200E-02
S$11.00
3.175200E-02
S11.00
1.400000E-02
P91.00

2.723670E-01
-2.301680E-01
-5.095540E-01

8.098500E-01
4.978760E-01
3.315400E-02

-1.151300E-02

4.206000E-03

-1.860000E-04
1.518000E-02
-9.113000E-02
9.119900E-02
1.503790E-01
-3.344630E-01

-3.074430E-01

2.695540E-01
6.048640E-01
3.070670E-01

-2.440000E-04
7.929000E-03
-9.389300E-02
7.936000E-03
5.418830E-01
-1.497488E+00
4.948550E-01
1.990527E+00
-1.226037E+00

-5.093060E-01

-7.250000E-04
5.993000E-02
-3.549510E-01
3.902970E-01
5.857430E-01
-3.302856E+00
3.625717E+00
-1.236749E+00
-1.007047E+00
1.352346E+00

1.000000E+00

1.000000E+00
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2.421170E+01
1.513310E+01
6.447200E+00
1.777760E+00
8.990200E-01
4.445220E-01
1.886740E-01
7.851400E-02
3.219500E-02
P91.00

2.421170E+01
1.513310E+01
6.447200E+00
1.777760E+00
8.990200E-01
4.445220E-01
1.886740E-01
7.851400E-02
3.219500E-02
P 91.00

2.421170E+01
1.513310E+01
6.447200E+00
1.777760E+00
8.990200E-01
4.445220E-01
1.886740E-01
7.851400E-02
3.219500E-02
P91.00

2.421170E+01
1.513310E+01
6.447200E+00
1.777760E+00
8.990200E-01
4.445220E-01
1.886740E-01
7.851400E-02
3.219500E-02
P11.00

3.219500E-02
P11.00

1.320000E-02
D 81.00

2.949980E+01
7.404370E+00

-1.579000E-03
2.719800E-02
-1.914630E-01
4.476580E-01
4.777240E-01
2.058190E-01
2.435200E-02
-5.800000E-05
3.330000E-04

-1.320000E-04
-6.532000E-03
5.644500E-02
-1.610630E-01
-1.842580E-01
-3.361000E-02
3.445440E-01
5.595730E-01
2.467510E-01

1.470000E-04
-1.335300E-02
1.094800E-01
-3.362590E-01
-3.686360E-01
2.138540E-01
6.803790E-01
3.077610E-01
1.258900E-02

2.304000E-03
-2.729700E-02
1.976470E-01
-8.063470E-01
-3.874520E-01
1.516827E+00
-1.135820E-01
-8.286130E-01
-2.446000E-02

1.000000E+00

1.000000E+00

1.677000E-03
-1.843900E-02
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3.059590E+00
1.582050E+00
7.748340E-01
3.630560E-01
1.610470E-01
6.562000E-02

D 81.00

2.949980E+01
7.404370E+00
3.059590E+00
1.582050E+00
7.748340E-01
3.630560E-01
1.610470E-01
6.562000E-02

D 81.00

2.949980E+01
7.404370E+00
3.059590E+00
1.582050E+00
7.748340E-01
3.630560E-01
1.610470E-01
6.562000E-02

D11.00

6.562000E-02

D11.00

2.670000E-02

F11.00

1.960600E+00

F11.00

5.553000E-01

F11.00

2.095000E-01

G11.00

1.190700E+00

G11.00

5.001000E-01

*hkk

Rh O

ECP28MDF 4 28

G-Komponente

1

1.050760E-01
2.937700E-01
3.641780E-01
2.972650E-01
1.599580E-01
3.867900E-02

-1.786000E-03
2.013000E-02
-1.279690E-01
-3.807800E-01
-2.708410E-01
2.651630E-01
5.378200E-01
2.758530E-01

3.029000E-03
-3.628200E-02
2.815510E-01
6.384210E-01
-3.871850E-01
-7.962390E-01
3.375180E-01
5.715430E-01
1.000000E+00
1.000000E+00
1.000000E+00
1.000000E+00
1.000000E+00
1.000000E+00

1.000000E+00

2 1.000000 0.000000
S-G
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2
2 12.194816 225.312054
2 5.405137 32.441582
P-G

4

2 11.280755 52.872826
2 10.927248 105.745526
25.090117 8.619344

2 4.851832 16.973459
D-G

4

2 9.136337 25.108501

2 8.964808 37.695731

2 3.643612 4.202584

2 3.636007 6.292790
F-G

2

2 8.616228 -9.673568

2 8.629435 -12.899847

$NBO bndidx $END
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