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Abstract

Dirhodium(I1,IT) paddlewheels, Rh(II), complexes are versatile carbene transfer catalysts
that are broadly applied in insertion reactions, cycloadditions, and ylide transformations.
The effects of axial coordination in Rh(II)-catalyzed carbene transfer reactions are still poorly
understood due to compounding factors that are difficult to isolate. Traditionally, researchers
study axial coordination by addition of Lewis base additives. To ensure interaction between
the Lewis base and catalyst, high molar equivalents are often used. This can also have the
undesired effect of hampering the activity of the catalyst and suppressing the yield of the
reaction. We have developed ligands with a tethered thioether to overcome these issues. We
found that the ligands with tethered thioethers can be selectively exchanged onto RhyOAcy to
provide heteroleptic complexes with a thioether as the Lewis base. These compounds were
then characterized by NMR, UV-vis, X-ray crystallography and cyclic voltammetry. The
complexes were studied in cyclopropanation of olefins and silyl-hydrogen insertion reactions
of donor/acceptor and donor diazo compounds. These results were compared to control
catalysts to isolate the effects of the axially coordinating thioether. In cyclopropanations
with ethyl diazoacetate, it was demonstrated that reactivity was affected by tether length
and the substituent on the thioether. It was also found that complexes with the thioether
tether afforded higher yields than the control catalysts. In silyl-hydrogen insertion reactions
with methyl phenyl diazoacetate, it was found that the catalyst was selective toward diazo
compounds with donating substituents and provided comparable yields otherwise. This
result led us to study the catalyst in silyl-hydrogen insertions with hydrazone protected
donor diazo compounds. It was found that the control catalyst outperformed the catalysts

with thioether tethers. We proposed the catalyst is influenced by the axial coordination of
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the dioxane solvent. Density functional theory calculations and geometry optimizations were
performed to supplement the theoretical understanding of the role the tether has in reactivity.
The calculations indicate donation of the axial ligand destabilizes the highest occupied

molecular orbital of the catalysts and the resulting rhodium(IT)-carbene intermediates.
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Chapter 1

Introduction

1.1 Silylation Reactions and the Significance of Organosi-
lanes

Silicon is one of the most abundant atoms in the earth’s crust, commonly cited as 24.6% of
its measured mass. Organosilanes are important reagents in organic chemistry and have been
sought after due to their prevalence in industrial products. The lack of naturally occurring
organosilanes has presented an opportunity for the synthetic chemist to fill this void. The
original methods to form silanes involved utilizing Grignard reagents, organozinc reagents,
and organolithium reagents with electrophilic silanes, greatly limiting its functional group
tolerance with potential electrophiles, such as esters, aldehydes, and halides. With these
methods, formation of inorganic salts, poor atom economy, and toxicity of byproducts are
also drawbacks. The diversification of methodology has been of interest since the first C-Si
bond formation reported by Friedel and Craft in 1863.! Metal-catalyzed carbene transfer
reactions have greatly diversified the scope of organosilanes that can be achieved, although
it is not the only newly developed methodology. This section aims to introduce organosilanes
as reagents, their uses in bioactive molecules and other industrial applications, and modern

methodologies developed to achieve these compounds.



The reactivity of organosilanes is driven by their ability to stabilize a-carbanions and
[B-carbocations, activate m-bonds S to the silicon, selectively form carbanions faster than
corresponding C-H deprotonation, and replace more toxic, highly reactive transmetalation
reagents for transition metal mediated cross-coupling reactions. Organosilanes also can act
as a protecting group for a hydroxyl groups and reduce carbonyl groups.? Neither of these
processes utilize tetra-carbo-substituted silanes and will be excluded from this discussion.

The stabilization of a-carbanions is a result of donation from the electron density in
the empty a-Cp orbital into the Si-C o* antibonding orbital (Fig. 1.1a). This delocalizes
the electron density from the Cp orbital of the o carbons and decreases its nucleophilicity.?
Stabilization of § carbocations by silanes is also known as the [ silicon effect. This is a
result of the C-Si o bond donating electron density into the empty § Cp orbital (Fig 1.1a).
The third effect the favorable orbital geometry of C—Si bonds is the activation of 7 systems
B to the silicon atom. Much like the § silicon effect, the C-Si ¢ orbital is aligned with
the filled C-C 7 orbital and can donate electron density into the 7 system, making it more
nucleophilic.? This effect is also driven by the stabilization of the resulting 3-carbocation by
the (-silicon effect described above.

A classic example of the selectivity that can be imparted by silane-directed carbanion
formation, as opposed to traditional acid/base chemistry, was presented by Pearce and
Fleming.® When the acetal with a silane carbanion directing group was treated with a Lewis
acid, only one product was formed (Fig. 1.1b). A corresponding acetal without the silane
to direct carbanion formation was treated with a Lewis acid and resulted in a mixture of 4
products (Fig. 1.1c). The concept of silane directed carbanion formation was then utilized
by Johnson et al.to form a tetracyclic intermediate of progesterone in high yield (Fig. 1.1d).

The ability of tetracoordinate organosilanes to participate in Pd-catalyzed cross-coupling
was disclosed by Hiyama et al.* The benefit of a silane cross-coupling reagent to replace
the more traditional boron reagents are increased stability and decreased toxicity. The
formation of a highly coordinated silicate is deemed necessary for transmetalation to occur.
In Hiyama’s disclosure, vinyl- and alkynyl-(trimethyl)silanes were coupled with aryl iodides

in the presence of catalytic amounts of palladium, or Pd, in high yield (Fig. 1.2).* The
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proposed mechanism of the cross-coupling reaction begins with the oxidative addition of
R%-X to the Pd(0). Then, transmetalation is of the hypervalent silicon species with the
R%-Pd(IT)-X forms R*Pd(II)-R!. This is followed by reductive elimination resulting in
the R2-R! product and Pd(0) catalyst. There are two proposed transition states for the
transmetalation step of the Pd-catalyzed cross coupling reaction, TS-1 and TS-II. TS-I
is a more traditional transmetalation transition state and is supported by experimental
evidence.? TS-II was proposed due to theoretical and electrochemical studies performed
more recently.®% Since this disclosure, many examples of organosilanes as coupling reagents
in C-C bond forming cross-coupling reactions have been reported.?

The interest in organosilanes is also due to their ability to increase bioactivity and
their application in other industrial products. The substitution of X = C with X = Si
in the muscarinic receptor agonist resulted in increased activity at the receptor(Fig. 1.3).7
Increased activity was also seen when the histamine antagonist Sila-terenadine, an isostere
of Terfenadine, was tested.” Organosilanes have also been found to exhibit insecticidal
and antifungal properties, as seen with Silafluofen and Flusilazoze respectively. Silane
groups can also increase lipophilicity of molecules as seen with Camphothecin derivative
Karenitecin. Organosilanes are also prevalent in material science. They can be incorporated
into materials to increase temperature resistance, hydrophobicity, flame-retardance, and anti-
aging properties. This allows them to be implemented broadly across materials in everyday
use, such as, electronic devices, personal care, green energy, biomedical, construction, and
aerospace industries. !

With the interest and utility of organosilanes high, many methods to form organosilanes
have been developed (Fig. 1.4). There are five major classes of reactions to form
organosilanes: transition metal mediated carbene Si-H insertion reactions, transition metal-
catalyzed cross-coupling reactions, transition metal-catalyzed C-H silylation, transition
metal-catalyzed hydrosilylations, and radical reactions. In transition metal-mediated
carbene transfer reactions, a carbene precursor, most commonly a diazo compound, is
thermally decomposed or decomposed by the metal center (Fig 1.4a).® This produces

an electrophilic carbenoid intermediate that will electrophilically activate the Si-H bond,
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resulting in carbene insertion also known as Si-H insertion, followed by regeneration of
the catalyst. Rh(II) paddlewheel complexes are considered a privileged class of catalysts
in transition metal-mediated carbene transfer reactions due to the high turnover numbers,
diverse reactivity of Rh(II) carbenoids, and diverse selectivity that can be achieved. The
Rh(II)-mediated carbene Si-H insertion reaction proceeds through a similar mechanism as
other transition metal mediated carbene Si-H insertion reactions (Fig 1.5). The first step of
the mechanism is coordination of the diazo compound to a Rh axial site (Fig. 1.5, step I).
This is followed by the extrusion of nitrogen (Fig 1.5, step II). Introduction of the silane (Fig.
1.5, step III) is followed by concerted asynchronous insertion into the Si-H bond (Fig. 1.5,
TS) resulting in the desired organosilanes and regeneration of the catalyst (Fig 1.5, step IV).
A potential competing reaction is homocoupling between the Rh(II) carbenoid and another
equivalent of the initial diazo compound (Fig. 1.5, step V). Homocoupling, or dimerization,
can be avoided by slow addition of the diazo compound to limit its concentration, or by
adding excess silane reagent. An introduction to the general Rh(IT) paddlewheel structure,
the electronic structure of the Rh(II) paddlewheel complex and carbenoid, synthesis of Rh(II)
paddlewheel complexes, and leveraging axial coordination in Rh(II) catalysis are presented
in the Chapter 2.

Transition metal-catalyzed cross-coupling is another method to form organosilanes (Fig
1.4b).° However, these transformations suffer from unstable and toxic reagents, poor atom
economy, and the need for pre-activation of substrates. The transition metal catalyzed C—H
silylation is normally performed at stoichiometric amounts of reagent and have good atom
economy, but suffer in terms of selectivity(Fig. 1.4c).” Transition metal hydrosilylations
are atom economical, but the substrates must have an unsaturation to add across (Fig.
1.4d).% Multiple unsaturations can result in the formation of over-silylated products. Radical
reactions are a broad set of transformation that can proceed by one of two pathways. The
first pathway applies to most radical reactions!® toward organosilanes (Fig 1.4e). First,
the silane reagent is treated with an initiator, usually peroxides, light, or a combination of
hypervalent iodide or metal, and a peroxide. The second pathway is an alkyl radical initiated

silylation of a R3SiBpin reagent.
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1.2 Cyclopropanation Reactions and the Significance
of Cyclopropanes

The interest in cyclopropanation reactions stem from their prevalence in pharmaceutical
products and natural products. Their ability to impart structural rigidity, increase hy-
drophilicity, and potential to form a compact asymmetric scaffold allows for pharmaceutical
therapies to be intelligently designed around this moiety. An example of this prevalence
in pharmaceutical therapies is that 8.5 % of all new drugs approved by the Federal Drug
Administration between 2012 and 2018 featured a cyclopropane moiety.! Cyclopropanes are
featured in many pharmaceutical therapies with diverse bioactivities as well as other bioactive
compounds (Fig. 1.6). Some notable examples are cancer inhibitor and anti-depressant,
Lenvatinib and Tranylcypromine respectively.'? The cyclopropane moiety also features in
steroidal hormone therapeutic Drospirenone and fibromyalgia therapeutic Milnacipran.'?
Not all compounds featuring the cyclopropane moiety are pharmaceutical therapeutics. The
insecticide trans-chrysanthemic acid is an example of the potential of these compounds in
other industrial industries. 2

There are multiple synthetic strategies to form cyclopropanes (Fig. 1.7a) The Simmons-
Smith reaction utilizes alkyl zinc reagents formed from zinc metal and diiodomethane.!?
The IZnCHsI intermediate then cyclizes with retention of the cis and trans isomers.
Cyclopropanation can also occur from cyclization between an olefin and a free carbene. Free
carbenes are highly reactive species that lack selectivity in cyclopropanation reactions.!*
The Johnson-Corey-Chaykovsky reaction involves an addition of a sulfur ylide to an enone
followed by subsequent cyclization to form a cyclopropane.'® The product of this reaction
favors trans substitution no matter the initial stereochemistry. The Kulinkovich reaction
is another method to form cyclopropanes. The draw back to this reaction is the resulting
cyclopropane has a hydroxyl substituent.'® The most diverse method to form asymmetric

cyclopropanes is the transition metal-catalyzed cyclopropanation reaction through a diazo-

derived carbenoid intermediate. "
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Rhodium and copper have become the most used transition metals for diazo-derived
carbenoid cyclopropanation reactions, although the transformation can be mediated by
other group 9 and 11 transition metals.'® Copper complexes benefit from low cost, a large
ligand library, and highly enantioselective reactions. The downsides of copper complexes
are any excess olefin in solution can to coordinate to the catalyst and the limited diazo
compounds it can form carbenoids with.!® This constrains potential diversity with both
substrates. Rh(II) paddlewheel complexes are efficient at decomposing all diazo compounds
and are only limited due to the carbenoid formed being stable with some donor-type diazo
compounds. The general mechanism for the Rh(II)-catalyzed cyclopropanation reaction is
similar to other diazo-derived carbenoid cyclopropanations (Fig. 1.7b). The first step is
the coordination of the diazo compound followed by extrusion of Ns (Fig. 1.7b, steps I
and II respectively). The next step is nucleophilic attack on the carbenoid by the incoming
olefin substate immediately followed electrophilic cyclization. This is considered to be a
concerted asynchronous transition state (Fig 1.7b, TS) that is followed by product formation
and regeneration of the catalyst. Dimerization of the diazo compound is also a competing
reaction and can be limited with slow addition and/or excess olefin reagent as mentioned
above.

Asymmetric cyclopropanation reactions have predominantly been controlled by the
development of bulky chiral ligands that form a ”chiral crown” at one or both of the
axial position. Highly efficient asymmetric Rh(II) paddlewheel complexes are thought to
be symmetric at both axial sites or the bridging ligands create a chiral crown at one axial
site while sterically crowding the other axial site to inhibit diazo compound coordination

and decomposition.

1.3 Introduction to Computational Methods Utilized

The calculations presented herein were calculated with density functional theory using the
MO06-2x1? functional developed by Zhao and Truhlar in 2008 and the valence triple-¢ def2-

TZVPP? bases set, or def2-TZVP?° due to resource constraints, with built in electronic
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core potential. Density functional theory was developed by Kahn and Sham?! on the basis
of the Hohenberg-Kohn theorems.?? All geometry optimizations were run on an ultrafine
gradient with strict conversion criteria. The initial calculation performed were all geometry
optimizations to inspect how axial coordination effects the frontier orbitals of our catalyst.
It is also useful as a 3D modeling tool to inspect whether a ligand will have the required
geometry to coordinate at the axial site and if that is a minima on the potential energy
surface. My final computational project was to model the Ny extrusion step and inspect how
the electron density is modulated through the atoms and bonding framework. To calculate
transition states of the complexes, a scan of the potential energy surface was performed.
This was completed by systematically decreasing the Rh—C bond length and optimizing the
structures utilizing a smaller basis set, def2-SVP.?" The scan of the potential energy surface
would identify a local maxima. This indicates the position of a saddle point on the potential
energy surface indicating it was a transition state. I utilized the Wiberg Bond Indices identify
the bond order.?3 Wiberg bond order is calculated by taking the summation of the atomic
orbitals on two atoms and a corresponding density matrix. For population analysis, NBO3?*
Natural Population Analysis calculations were performed. Natural population analysis was
developed by Weinhold and Reed.?® Natural population analysis was developed to calculate
atomic and orbital populations of molecular wave functions in general atomic orbital sets.

This results in the natural charge of the atom.

1.4 Research Question and Dissertation Organization

1.4.1 Research Question

The hypothesis studied herein is, axial coordination can be leveraged to impart an increase
in activity and selectivity. It is our intent to probe the role of axial coordination in Rh(II)-
catalyzed carbene transfer reactions by designing tethered axial coordinating ligands, or
TACLs. The tether keeps the LB in proximity of the axial site allowing us to study the

effects of this interaction on activity and selectivity. The ability to adjust the activity and
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selectivity of the Rh(II) paddlewheel catalyst is traditionally accomplished through exchange
of the bridging ligands, with interactions at the axial site often being overlooked as a mode
to tune the electronics of the catalyst. Coordination at the axial site can hinder the activity
of the catalyst, or completely shut it down, by coordinating to both axial sites where the
coordination must be out competed by the diazo substrate, although this is not always the
case. Leveraging a tether to mitigate this potential poisoning of the catalyst allows us to form
mono- and bis-complexes without having to overcome the equilibrium between mono-, bis-
and free complex that occurs when exogenous additives are used as a control mode. It also
keeps the LB in proximity to the axial site allowing us to remove the adjustment of dielectric
constant that comes with polar additives in high concentrations. Adding a tether to one or
two of the ligands on the Rh paddlewheel structure inherently forms a heteroleptic complex.
This allows us to selectively change one or two ligands, as described above, resulting in an

added tuning method of this class of catalyst when other hetero atoms are used.

1.4.2 Dissertation Organization

Chapter two is an adaptation of our manuscript “Heteroleptic Dirhodium(II,1T) Paddlewheel
Complexes as Carbene Transfer Catalysts” and introduces the structure and syntheses of the
Rh(II) paddlewheel as well as provides comprehensive review at the past use of heteroleptic
complexes, axial coordination, and the combination of both as a control mode in carbene
transfer reactions. Chapter three is an adaptation of our manuscript “Effect of Tethered,
Axial Thioether Coordination on Rhodium(II)-catalyzed Silyl-hydrogen Insertion.” This
chapter introduces the silyl-hydrogen insertion reaction and describes our testing of the TOX
series of catalyst in the reaction. Chapter four provides a comprehensive review of donor
diazos in silyl-hydrogen insertion reactions and the work completed toward a manuscript in
progress. Chapter four descibes our efforts to implement Rh(II) catalyst in Si—H insertion
reactions with hydrazone protected donor diazo precursors. Chapter five is an adaptation
of our manuscript “Tuning Rh(II)-catalyzed Cyclopropanation with Tethered Thioether
Ligands” and introduces the cyclopropanation reaction, ethyl diazoacetate as a substrate,

and describes our efforts toward testing our oxazolidinone mixed ligand catalyst with tethered
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thioether moieties and computational analysis to aid in our understanding of the system.
Chapter 6 is a manuscript in progress on Rh(II)-catalyzed asymmetric cyclopropanation.
Included are our efforts to design chiral tethered axially coordinating ligands (TACLs), form
heteroleptic complexes with the ligands, and test their activity and selectivity in asymmetric

cyclopropanations. Chapter 7 presents a summation of the conclusions drawn from Chapters

3-6.
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Chapter 2

Heterolepticity and Axial
Coordination as a Control Element in

Rh(II)-Catalyzed Carbene Transfer

Reactions

2.1 Disclosure

The following chapter is an adaptation of the journal article A. Abshire, D. Moore, J.
Courtney, and A. Darko. Heteroleptic dirhodium(II,IT) paddlewheel complexes as carbene
transfer catalysts. Org. Biomol. Chem., 19(41):8886-8905, 2021. Dr. Ampofo Darko wrote
the introductory sections, compiled and edited the document, and helped make figures. I
performed an exhaustive literature search, wrote the excerpts on Ball, Charette, Davies, Fox,
and Laureta’s work, made figures, and helped complete the final edits. Desiree Moore wrote
excerpts on Corey, Doyle, Bera and Ward’s work. Jobe Courtney wrote excerpts on Lewis,

Corey, and Darko’ works. Desiree Moore and Jobe Courtney also helped edit their sections.
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2.2 Abstract

This chapter highlights the applications of dirhodium(II,IT), Rh(II), paddlewheel complexes
with a heteroleptic scaffold. Rh(IT) paddlewheel complexes are well-known as highly efficient
and selective carbene transfer catalysts. While the majority of described complexes are
homoleptic, comparatively fewer studies have concerned heteroleptic complexes. Here,
we emphasise the use of heteroleptic complexes in order to highlight their benefits as
carbene transfer catalysts and spur future research. Methods to synthesize heteroleptic
Rh(II) paddlewheel complexes are discussed as well as a categorical review of their types of

heteroleptic complexes and the carbene reactions in which they have been used.

2.3 Introduction

Rh(II) paddlewheel complexes (Fig. 2.1) are well known for mediating effective, highly
enantioselective carbene transfer reactions in synthetic organic chemistry through the in
situ generation of rhodium carbenoids from a-diazocarbonyl precursors.?%?° The rhodium

carbenoids that form then undergo a variety of transformations such as cyclopropana-

14,30-32 33-37 Si— 38-40

tion, C-H insertion, H insertion, and ylide formation.*4? Modifying
bridging ligands around the Rh(II) core and changing the carbene structure are key to
developing selective transformations.?”** 45 Carboxylates and carboxamidates make up
a significant portion of bridging ligands and their design has been largely focused on
homoleptic complexes, in which all four bridging ligands are the same.*® The most successful
ligands have equivalent environments on each Rh atom in the bimetallic core and their
spatial arrangements around the rhodium axial sites allow for selective, diazo-mediated
transformations.*>* While homoleptic complexes dominate reported Rh(II) paddlewheel
complexes, there are relatively few reports that feature heteroleptic Rh(II) paddlewheel
complexes. Here, we highlight the reports that show that there are opportunities associated

with heteroleptic Rh(II) paddlewheel complexes that can be leveraged in rhodium carbenoid
chemistry. These include the ability to fine-tune properties of catalysts, the opportunity for
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interesting ligand interactions that lead to catalytic improvements, and ways to heterogenize
complexes.“® Heteroleptic scaffolds have also allowed a gateway to the design of artificial
rhodium metalloenzymes.*” There are very few examples of asymmetric transformations
with heteroleptic Rh(IT) complexes, making this an untapped strategy for more diversity in

catalyst design.

2.3.1 Structural Features and Reactivity of Rh(II) Complexes

Several reviews have been written on the subject of Rh(IT) complexes, 26134850 with the most
comprehensive review on their structural aspects and applications appearing in the book by
Cotton et al. in 2005°' in chapters by Chifotides et al.’® and by Doyle et al.’* In this
review, we will provide a brief overview of the most relevant concepts with an emphasis on
heteroleptic Rh(IT) complexes. The Rh—Rh bond is formally a single bond, with a simplified
molecular orbital description involving 14 electrons in a o?7%§2§**7** configuration.® Rh(II)
paddlewheel complexes are surrounded by four bridging ligands that donate varying degrees
of charge to the Rhj" core (Fig. 2.1). The possibilities of combinations for bridging
atoms include oxygen, phosphorus, carbon, nitrogen, and sulphur atoms and the nature
of bridging ligands allows the control of the catalytic performance of the complex.? As
a demonstration, perfluorobutyrate ligands render the rhodium center more electrophilic,
while ligands such as amidates result in more electron rich Rh(II) complexes.®® As a result,
amidate ligands are generally less reactive in reactions involving carbene transfer, but are
often more selective.?*>

The two axial sites of the Rh(II) catalysts are the electrophilic reaction sites and are
often occupied by labile axial ligands (L, Fig. 2.1) that establish weaker bonds compared
to the bridging ligands.®® The identity of the axial ligand impacts the electronic spectra
of Rh(II) complexes due to the perturbation of the Rh-Rh 7* to ¢* HOMO-LUMO
transition.®® Axial ligands can also impact catalytic activity of Rh(IT) catalysts. For example,
coordinating solvents like acetonitrile (CH3CN) and tetrahydrofuran (THF) can completely

inhibit formation of the metallocarbenoid in carbene transfer reactions.®” Lately, efforts to
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tune properties of Rh(II) catalysts have also included modification of axial coordinating

groups. >® 6!

2.3.2 Ligand Environment

Rh(IT) paddlewheel complexes are unmatched in their enantioselectivity and the ligand
environment about the rhodium faces play an important role in stereoinduction. In classic
models, the possible arrangements of the ligands can lead to four possible symmetries (Fig.
2.2),% but their methods of selectivity and ligand environment are still an area of intense
research. The models for asymmetric induction of chiral dirhodium complexes are based on
analysing x-ray structures, however, it was found that catalyst conformations can be flexible
in solution. %2 Thus, it is not always clear that a Rh(IT) paddlewheel complex will be a selective
catalyst solely based on solid-state models. Models explaining asymmetric induction have
become more nuanced as a result of a better understanding of the dirhodium paddlewheel
ligand environment. Initially it was suggested that only catalysts possessing Cs or Do
symmetry are likely = be the most enantioselective complexes since they will have equivalent
rhodium faces.*® However, with adequate blocking of one Rh site, highly enantioselective
rhodium(IL,IT) complexes now include those with C4 symmetry. %4 Heteroleptic complexes
(Fig. 2.3) introduce C'; complexes as possible sources of asymmetric induction,® thereby
adding to the possibilities of asymmetric Rh(II) paddlewheel complexes to those of lower

symmetry.

2.4 Synthesis of Heteroleptic Rh(II) Complexes

The main method of synthesizing Rh(II) complexes involves ligand exchange with dirhodium
(ILII) tetraacetate (Rha(OAc)y), dirhodium (IL,IT) tetrakis(trifluoroacetate) (Rha(tfa)y), or
dirhodium (II,IT) carbonate under refluxing conditions.® The conditions for ligand exchange
typically involve an excess of the new ligand (at least 4 molar equivalents) in high boiling
solvents such as chlorobenzene. Exchange reactions of Rh(II) carboxylates (Rhy(O2CR)4)
proceed by stepwise replacement of the RCO; ligand by the new ligand, retaining the Rh—Rh
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bond in the process. The process begins with coordination of the incoming ligand to the
axial site, which facilitates displacement of the incumbent ligand (Fig. 2.4). The process
repeats until all four RCO; ligands are replaced with the new ligand. The ratio of the
partial substitution products can differ depending on the nature of the incoming ligand.
The ligand exchange reaction of Rhy(OAc), with trifluoroacetic acid was monitored by
NMR spectroscopy and the relative rates of the sequential substitution was found to be
approximately 1 : 2 : 0.1 : 0.025 for the first, second, third, and fourth substitution.®
Heating Rhy(OAc), in molten acetamide resulted in a distribution of 1: 3 : 1 : 1, while the
same reaction with molten N-phenylacetamide provided ratios of 1 : 2 : 2 : 2 of sequential
acetamide substitution.®” If complete substitution is desired, then removal of the released
ligand from the reaction mixture will drive the equilibrium towards complete ligand exchange.
In ligand substitutions with Rhy(OAc)y, tetra-substituted complexes may be maximized by
using a Soxhlet extractor in which the thimble is filled with an inorganic base to trap released
acetic acid.%®

Because of the complex mixture of substitution products in Rh(II) ligand exchange
reactions, the synthesis of heteroleptic complexes is difficult to control, and this has
undoubtedly limited their use. The mixture of products is further complicated when
bridging atoms are not the same. In ligand exchanges with achiral amidate bridging ligands
for example, up to 14 different isomers of mixed-substitution products are possible due
to geometric isomers when bridging ligands contain two or more amidate ligands (Fig.
2.5).57.6970 The difference in connectivity also affects reactivity, as it renders each Rh atom
non-equivalent. There are, however, some methods to efficiently access heteroleptic Rh(II)
complexes.

In the pursuit of isolating heteroleptic Rh(II) carboxylate complexes, Charette et al.
mitigated the separation of complex mixtures of partial ligand exchange products by using

765 The presence of the

chloro-substituted bridging ligands as “polarity-control groups.
chloride groups on the ligands dramatically affected the R; of the compounds such that
the number of chloro-substituted bridging ligands were the defining factor for retention on

silica. Well-defined chromatographic separation could then be achieved in order to isolate
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Figure 2.5: Possible products in the synthesis of heteroleptic complexes by ligand exchange.
Shown with mixed carboxylate/carboxamidate ligands as an example.
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1.9 They further increased yields of 1 by separating

heteroleptic complexes such as complex
and resubmitting any undesired complexes and unreacted exchange ligand to the reaction
conditions in multi-sequence reactions (Fig. 2.6). Hashimoto also utilized such a recycling
procedure to maximize yields of heteroleptic complex 2 with a functionalizable bridging
ligand. ™

There are ligands that have a propensity to be selective for certain bridging lig-
and substitution.  Aryl phosphines can be substituted as bridging ligands through
orthometalation onto Rh(II) carboxylates, which preferentially produces complexes with
the formula Rhy(OyCCR3)2(PC)y (PC = orthometalated aryl phosphine).”™ ™ The first
example was the reaction with triphenylphosphine (PPhs) and Rhy(OAc), in refluxing acetic
acid, which produced complex 4 (Fig. 2.7).7™ Using similar conditions, a number of
orthometalated phosphine Rh(II) complexes have been prepared with different variations
of arylphosphine and carboxylate ligands with different variations of arylphosphine and
carboxylate ligands.”™ ™ The complexes preferentially form with cisoid carboxylate and
phosphine bridging ligands with one phosphorus atom coordinated to each rhodium center,
which can be classified as a cis-anti or head-to-tail arrangement.®*% Head-to-head, or cis-
syn, arrangements are also known and can synthesized using an excess of arylphosphine in
refluxing toluene such as for the synthesis of complex 5 (Fig. 2.7).7%0

Using chelated carboxylate bridging ligands is another way to control substitution. Taber
et al. were the first to try this with a dicarboxylic acid specifically designed to fill the gap
between carboxylate ligand positions on the paddlewheel scaffold.®! With Rhy(tfa), 6 as
the precursor with the benzenedipropanoic acid ligand in 1,2-dichloroethane at 105 °C, 7
was obtained as the only product along with unreacted Rhy(tfa), (Fig. 2.8). In another
example, Bonar-Law et al. used dicarboxylates derived from 1,3-benzenediols to synthesize
molecular architectures.®?®* The ligands preferentially substituted two bridging ligands of
the Rh(II) carboxylate precursors in N,N-dimethylaniline at 140 °C to produce complexes
like 8 (Fig. 2.8). The remaining two bridging ligands could be further exchanged without
loss of the bis-chelated bridging ligand and this modularity allowed for the linking of the

remaining carboxylate ligands in an intermolecular fashion to synthesize of a variety of square
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Figure 2.7: Ligand exchange with triphenylphosphine and Rhy(OAc), to produce
orthometalated phosphine Rh(II) complexes. Two-fold exchange is preferred and the cis-anti
isomer 4 or cis-syn isomer 5 can synthesized depending on conditions.
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macrocycles.®® Very recently, Fiirstner and Cal6 found that the synthesis of trisubstituted
heteroleptic complexes Rhy((R)-TPCP)3(A) (TPCP = triphenylcyclopropane carboxylate,
A = tfa or OAc) was straightforward and high yielding when starting from Rhy(tfa), or
Rhy(OAc)s as the parent complex in high boiling solvents (Fig. 2.9).%> Presumably, the
steric bulk associated with TPCP helped to control the exchange process.

Recently, our group has shown that the incorporation of axial coordination can prevent
further ligand exchange to tri- and tetra-complexes.® When thioether ligands were tethered
to carboxylate or carboxamidate bridging ligands, the only products were those of mono- and
di-substitution when Rhy(OAc), was used as the starting material, with mono-substitution
being favoured. Although, the mixture of products was somewhat complicated by cis and
trans isomers of the di-substituted complexes (Fig. 2.10).

One can also start with a complex with ligands of differing lability in which the more
labile ligand can be preferentially exchanged. Mixed acetate/trifluoroacetate complexes
[Rhy(OAc), (tfa)s—n)] have been used as the starting material in this strategy. Conveniently,
cis and trans isomers of [Rha(OAc)s(tfa)s] 11 can be selectively synthesized depending on
the reaction conditions (Fig. 2.11) and Corey et al. used this method to control for the
synthesis of the isomers of [Rhy(DPTI);(OAc),] complexes.® Ball has also used cis-11 and
[Rhy(OAc)3(tfa)] to synthesize a variety of heteroleptic Rh(IT) peptide complexes. "8

Garner, Clegg, et al. found that treatment of Rh(II) paddlewheel compounds with
trimethyloxonium tetrafluoroborate in acetonitrile (CH3CN) produced complex 12 (Fig.
2.12).8% These partial paddlewheel compounds possessed two bridging acetates and six
CH;3CN ligands at the remaining equatorial and axial coordination sites. The acetonitrile
ligands can be easily displaced by new ligands, resulting in di-substituted heteroleptic

complexes Rhy(OAc)y(L)o. This strategy is particularly useful for incorporating neutral

89-91 92,93

complexes and for studying the anti-tumour activity of Rh(IT) complexes.
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Figure 2.9: Synthesis of heteroleptic complexes 8 and 9 via three-fold ligand exchange with
R-TPCP ligand.
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Figure 2.10: Ligand exchange reaction with pendant thioethers.
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2.5 Rhodium(II) Paddlewheel Electronic Structure

The physical structure of the Rh(II) paddlewheel complex is characterized by four bridging
ligands, two Rh centers connected by a single bond, and two axial positions which can be
occupied by labile coordinating ligands. The physical structure of the Rh(II) complex is
often perturbed to enact differing enantioselectivity by way of bridging ligand modifications.
The equatorial bridging ligands are kinetically inert and usually require harsh conditions to
substitute. However, the axial ligands are kinetically labile, a property that is proposed to
be due to the trans effect. The trans effect and trans influence are commonly regarded as
the same phenomena. The difference between the trans effect and trans influence is the trans
influence is a thermodynamic effect. The impact of a ligand on the bond length of an atom
trans is considered the trans influence. When an atom effects the rate of substitution this is
considered the trans effect. The two are often confused because historically they have both
been referred to as the trans effect but the trans effect was referred to as the kinetic trans
effect and the trans influence was referred to as the thermodynamic trans effect. The axial
sites on the Rh(II) paddlewheel complex have been established to be the site of catalysis
for carbene and nitrate transfer reactions through rigorous computational and experimental
efforts. 94719 Therefore, the efficient catalytic properties of the Rh(II) paddlewheel complex
are also proposed to be due to the trans effect, or the ability of the trans rhodium atom to
the carbene to increase the rate at which the carbene reacts.

The indication that the trans effect is responsible for the efficient catalytic activity of
the Rh(II) paddlewheel complex makes the understanding of the Rh—Rh bond’s electronic
structure integral to understanding its reactivity. Cotton developed a convention to describe
these metal-metal bonding events with the x and y axes pointing toward the equatorial
bridging ligands and the z axis along the Rh—Rh bond.®! A single Rh in a square planar
geometry, or Dy, symmetry, consists of five valence d atomic orbitals, or AOs. These AOs
have their own symmetry notation: a;q, big, bayg, and ey for the d,2, d,2_,2, dgy, and the
energetically degenerate d,. and d,., respectively. The combining of two of these AOs of

the RhLy Dy, square planar complex to form the Rh(II) paddlewheel complex also with
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Dy symmetry. The resulting molecular orbital, or MO, diagram consists of combinations of
the AOs of the individual RhL, to form MOs that describe the electronic structure of the
Rh-Rh bond (Fig. 2.13). The d.2 orbitals combine to give a filled o bonding orbital, of
a1, symmetry, and an unfilled o* antibonding orbital, of asu symmetry, combinations. The
degenerate d,, and d,, orbitals overlap with themselves to form a degenerate set of 7 bonding
orbitals, of e, symmetry, and a set of 7* antibonding orbitals, of e, symmetry. A é-type
overlap is the result of the combination of the d,y and d,2_,2 orbitals. The MOs formed from
these combinations are two § bonding orbitals, of bog and b;g symmetry respectively, and
two 0* antibonding orbitals, of by, and by, symmetry respectively. The byg and byu orbitals

resulting from the combination of the d,2_,2 orbitals are too high in energy to be filled so

-y
they are not relevant to the discussion as it relates to the reactivity of the system. Some
consequences that result from these combinations are the Rh—Rh bond order is one and the
7% and 0* are similar in energy. Extensive computational modeling has been conducted to
answer the question of whether the HOMO consist of either the 7* or §* orbitals since the
result is not apparent from experimental evidence (vide infra).

An L, may not be purely a ¢ donor but may also have m-accepting properties. If it has
an empty p or d orbital, or antibonding orbitals with matching symmetry to the Rh-—Rh 7*
orbital, m-backbonding can occur. This is a plausible explanation for the exceptional rate that
Rh(II) complexes decompose diazo compounds. Not only does the diazo compounds have
o-donation from the negatively polarized C atom into the Rh—Rh o* orbital, a filled Rh-Rh
7* orbital is capable of w-backbonding with the C-N antibonding orbital. This interaction
would further weaken the C-N bond and increase the rate of nitrogen extrusion to for the
metal carbene. The increased rate of the reactivity of the group trans to the rhodium is
the it is classified as a kinetic trans effect. A demonstration of its superelectrophilicity is
that the carbenoid can activate C—H bonds. This “superelectrophilic” phenomena has been
eloquently described by Berry in his three-center/four-electron (3c/4e) bonding model. "
Berry took inspiration from the three-center bonding description of the Rh(II) carbenoid
intermediate proposed by Nakamura et al. as a result of a comprehensive density functional

theory (DFT) study of the Rh(II)-catalyzed C-H functionalization mechanism.'"! In its
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Figure 2.13: A qualitative molecular orbital diagram derived from the combination of the
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the resulting energies by 2 axial ligands, L.
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simplest form, the 3c/4e model can be implemented to describe the H; system and explain
the divergence from the two-center/two-electron system of molecular hydrogen (Hs, Fig.
2.14a). As described in DFT studies, the donation of the lone pair of the H™ into the
H-H antibonding orbital increases the original bond length of H, from 0.74 to 1.08 A,
which is a 40% increase (Fig. 2.14b).'%? The interaction between the H lone pair and the
H-H antibonding orbital are greatest when the geometry is linear (180°). Not only are
there physical differences between the 2c¢/2e Hy and the 3c¢/4e H; anion, there are energetic
differences as well. Berry demonstrates that the H; anion has nine electronic states while
Hs only has four. The lowest singlet to singlet excited state of the H; takes roughly two-fold
less energy to access as the lowest Hy excited state. This transition is the promotion an
electron from the HOMO to the LUMO. The Pearson model states that chemical reactivity
of a molecule is related to the lowest energy excitation of a molecule, '*® so the 3c/4e molecule
should be more reactive. Also, the increased number of excited states should mean the 3c/4e
system will be more diverse in reactivity.

Berry also demonstrates how the 3c/4e model is applicable to the Rh(II) carbenoid
intermediate. It is important to define the electronic structure of the Rh(II) carbenoid to
understand the implications of the 3c¢/4e bonding model on reactivity. The Rh(II) carbenoid
is a Rhy" dimer with a singlet carbene axially coordinated. The orbitals that appear in
the bonding framework are one set of three-centered o orbitals, one set of three-centered
orbitals, and two-center Rhym and ¢ orbitals (Fig. 2.15a). The bonding framework consists of
16 valence electrons; 14 electrons from the Rh—Rh framework and the two electrons donated
into a Rh from the carbene. The molecular orbitals have been qualitatively ordered by energy
as 0 < 7 < Rho-m < 0 < opp ~ mppy < 0% ~ Rhy-7* < 7% < ¢ and filling these with the 16
electrons produce an electronic configuration of o?m?Rhy-126%02, w2, 0*?Rhy-m**(Fig 1.15b). %6
This indicates the HOMO of the carbenoid intermediate is non-bonding regarding the Rh-C
bond and the LUMO is the three-centered 7* orbital that predominantly features the empty
C p orbital. The presence of occupied 0?02, and 7272, indicate both a 3c/4e o and 3c/4e
7w bond are present in the electronic structure of the Rh—Rh—C bonding framework of the

carbenoid intermediate. Also, the Rh—Rh and Rh—C bonds having both ¢ and m components
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would indicate they both have double bond character. Although both the Rh—Rh and Rh—C
bonds have double bond character, neither contain true double bonds. The consequence
of the 3c/4e o and m bonds are a weakening of the interaction between the Rh—-Rh and
Rh—-C bonds. This can be seen in the calculated Mayer bond orders for the Rhy(formate),
carbenoid from decomposed from diazomethane, which have Rh—Rh and Rh—C bonds of 0.79
and 1.35 respectively.®S

As mentioned above, the symmetry of the HOMO has been of much discussion in
the literature. Groups have probed the valence structure with multiple spectroscopic and
computational methods to provide a clearer picture of the electronic structure of the Rh—Rh
bond. Dubick and Marten performed the earliest calculations to address this this problem.
They utilized Hiickel calculations in their initial disclosure on model complex Rhy(O2CH)y

104 Tn a subsequent disclosure,

to determine the electronic configuration to be o?w4525*27*,
Norman and Kolari utilized SCF-« calculations to determine the electronic configuration of
Rhy(0O,CH), to be o?r1§2r*45%2.105:106 The first experimental indication of the symmetry
of the HOMO was an EPR study of the cationic [Rhy(O2CHjs)s-(H20)s]™ complex in
which the HOMO was determined to be the degenerate 7* orbitals.'?"1% Mougnet et
al. disclosed an ab initio SCF/CI computational study that supported the result of the
EPR study.'® Interestingly, ab initio calculations of the Rhy(OoCHj)y-(PHs)s complex
by Nakatsuji et al. determined the HOMO to be the o2 orbital while the Rhy(O;CHs)y,
Rhy(O2CH3)4-(H20)2, and Rhy(O2CHg)y-(NH3)s complexes were all calculated to be the
6*2 orbital. 1'% A subsequent ab initio SCF-Xa-SW study of the Rhy(O,CCF3), complex
agreed with the previously mentioned SCF-Xa calculations that o?7*§27*45*2 represents
the electron configuration. A difference in energy was calculated between the 7** and §*?
orbitals and their ionization potentials to be 0.48 eV and ~0.75 eV, respectively. !*
Lichtenberger et al. reported He I and He II gas-phase photoelectron spectra that
determined the electron configuration of Rhy(O,CCF3), it be o?7526*2n*4 agreeing with
DFT calculations they performed.!'? The energy separation between the calculated 7**
and 0*? ionization energies was only 0.14 eV. In a later computational study, Sizova

and Ivanova used the DFT functional B3LYP with multiple basis sets and found the
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Rhy(O2CH)4 , Rhao(O2CCHg)4, Rhy(O2CCgHs)y, and Rhy(O2CCF3)y electron configurations
to be o?nt5%7*40*2 regardless of basis set used. It is noteworthy that all orbital energies
calculated for Rhy(O2CCF3)4 were much lower than the rest of the series. Elucidation of the
orbitals that truly make up the HOMO of the Rh(II) paddlewheel complex will need more
refined tools that can separate the degeneracy. It does seem to be agreed upon in recent
literature that it consist of either the 7* or the §*.

The Rh(II) carbenoid’s electronic structure has been investigated computationally and
experimentally. Computational studies of the Rh(II) carbenoid are essential due to their
transient nature. Spectroscopic data and x-ray crystal structures have only recently been
obtained. '® Most computational studies of the Rh(IT) carbenoid complex focus less on the
electronic structure and more on the potential energy surface, Natural Bond Order, or NBO,
calculations and Natural Population Analysis, or NPA, calculations coupled with structural
elements to inform on the system. Since there are few examples of Rh(II) carbenoids isolated
or ways to broadly probe this fleeting intermediate, the discussion on the Rh(II) carbenoid
will be narrowed to a discussion of how axial coordination is to affects the Rh(II) carbenoid
structure and how this relates to reactivity of the metal carbene.

Davies et al., the experimentally and computationally investigated the Bi-Rh pad-
dlewheel complex and its performance in relation to Rhy(formate),.'” In their compu-
tational studies they calculated the reaction potential energy surface at the B3LYP/6-
311G(2d,2p)[Rh-RSC+4f][Bi-RLC]//B3LYP/631G*[Rh-RSC+4f][Bi-RLC] level or theory
for both catalyst in the cyclopropanation of styrene with methyl phenyldiazoacetate. The
rate calculated rate of the reaction, 19 kcal/mol versus 11.3 kcal /mol with the Bi-Rh complex
and Rhy(formate), respectively, did not agree with the observed rates of reaction. This led
Davies and coworkers to investigate the axially coordinating species effect on the cyclization
reaction. They reasoned the choice of acetone as an axial coordinating group due to the
carbonyl functional groups prevalence in the products of these reactions. Axial coordination
of acetone on the Rhy(formate), during the cyclopropanation reaction was found to have a
large impact on the on the barrier for Ny extrusion in the rate determining step, an increase of

4.7 keal /mol.'* This phenomenon was much less pronounced on this barrier when acetone
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was axially coordinated to the Bi-Rh complex and the resulting calculated rates agreed
with experimental results. A charge distribution analysis, utilizing Mulliken charges, was
performed throughout the reaction pathway. It was concluded that both the Rh and Bi could
act as a redox pool, but the event happened at different points in the reaction. The distal
Rh was oxidized upon coordination of the diazo compound while the Bi was not oxidized
until the carbenoid formation event.

In 2015, Kisan and Sunoj studied the effects of axial coordination by a chiral spinol
phosphoric acid used in a cooperative catalyst system in their pursuit of enantiopure amino
esters. ''* The uncertainty of the dynamical system led them to investigate other additives as
well. They calculated the potential energy surface at the SMD(CHCl3)-M06/LANL2DZ|6-
31G(d,p)]//B3LYP/ LANL2DZ[6-31G(d)] level of theory) in which axial solvent (CHClj)
level of theory along the reaction coordinate diagram and found the axial coordination of
the additives did not have a profound effect on the energy barrier for any transformation
other than the cooperative catalysis step where the chiral spinol phosphoric acid’s axial
coordination stabilized the desired transition state.

The most thorough computational study of the effect axial coordination has on the
Rh(IT) catalyst, Rh(II) carbenoid, and its relationship to reactivity was conducted by
Tanillo et al. in 2021.'° They systematically investigated the effects of axial coordination
of solvents with varying degrees of ¢ donation on the decomposition of acceptor-acceptor,
donor-acceptor, and donor-donor diazo compounds with Rhy(formate), at the M06/SDD[6-
114G(d,p)]//B3LYP/LANL2DZ[631G(d)] level of theory. They sought to answer whether
axial coordination had a notable impact on reactivity and selectivity in C-H insertion
reactions. They also sought to reveal if it was possible to rationally tune reactivity with
solvent. The results of their study on the perturbation of frontier molecular orbital agreed
with Berry’s demonstration of the o donation increasing the energy of the LUMO, resulting
in an increased HOMO-LUMO gap. The effect of axial coordination on the Rh(II) carbenoid
frontier orbitals was found to have a greater destabilization effect on the HOMQO.?%!1% They
then turned their attention toward the Ns extrusion step. They found that increasing

the o donation of the axial coordinating solvent would not only reduce the exothermic
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nature of the diazo coordination step but could create an energetic barrier. This increased
barrier was also present in the nitrogen extrusion step. When Tantillo et al. studied
effects of axial coordination on regioselectivity in the C—H insertion of propane they found
isopropanol had the greatest effect with donor/donor and donor/acceptor diazo compound.
The increased o donation had a negative impact on regioselectivity with acceptor/acceptor
diazo compounds. When studying axial coordination’s impact on structural characteristics,
it was found that the bond distance resisted dramatic increase in Rh—Rh bond distance
throughout the catalytic cycle. This resistance happened regardless of the calculated bond
order as described by the Wiberg Bond Indices. The conclusion of their study is iteratively

the impacts seem quite small but could have a profound effect in the flask.

2.6 Catalysts and Applications

2.6.1 Mixed Carboxylate Complexes

In 2012, Charette et al. disclosed a method for incorporating a tetrachlorophthaloyl group on
the bridging ligand scaffold to control the polarity of heteroleptic complexes.® The markedly
different polarity when chlorinated ligands were incorporated eased the chromatographic
purification of the product mixtures, which contained a statistical mixture of four to six
products (Fig. 2.16a). The introduction of the halogens increased structural rigidity in the
complexes via intramolecular halogen bonds between ligands. Charette et al. al. produced
10 examples of the ligand substitution resulting in overall yields ranging from 58% to 87%.
In most cases, the Rhy(A)3(B); (A = chlorinated phthalolyamino ligand, B = non-chlorinated
carboxylate ligand), cis and trans Rha(A)a(B)2, and Rhy(A);(B); were all isolable by flash
chromatography. In a few cases, cis and trans isomers of the Rha(A)2(B)y could not be
separated. The method was further applied to the production of a phosphate-carboxylate

complex that was also separable by column chromatography.
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Complexes with Rhy(A)3(B); substitution were chosen as interesting candidates to inves-
tigate the effects of halogen bond rigidification in the cyclopropanation of styrene with a-
nitro diazoacetophenone. In particular, when the achiral PTAiB (PTAiB = N-phtalimido-2-
aminoisobutyric acid) ligand was substituted as the non-chlorinated ligand, enantioselectivity
was increased (Fig. 2.16b). This was reasoned by the 60-75° conformational twist in the
ligand from the “all up” crown conformation because of the gem-dimethyl groups (Fig.
2.16¢). Interestingly, a C—H- - - O hydrogen bond between the achiral ligand and an adjacent
TCPTTL (TCPTTL = N-tetrachlorophthaloyl-tert-leucinate) ligand provided another mode
of stabilization not typically seen on rhodium paddlewheel complexes (Fig. 2.16¢). Thus,
Rhy(S-TCPTTL)3(PtAiB) complex 1 provided an entry into the viability of the «,a,a,3
conformation as effective Rh(II) paddlewheel platforms for asymmetric rhodium carbenoid
reactions.

Just before Charette’s findings with Rhy(S-TCPTTL)3PtAiB, Fox et al. disclosed the
heteroleptic Rh(II) complex, Rhy(S-PTTL)3sTPA 17 (PTTL = N-phthaloyl-tert-leucinate,
TPA = triphenylacetate).''® Catalyst 17 was synthesized in 40% yield by direct ligand
exchange with Rhy(OAc), using 3 equivalents of N-phthaloyl-(S)-tert-leucinate and one
equivalent of triphenylacetic acid in refluxing chlorobenzene in a Soxhlet-type apparatus.
The product mixture also contained 40% yield of the homoleptic complex Rhy(S-PTTL),
and 20% yield of the disubstituted complex Rho(S-PTTL)o(TPA),. Like Rhy(S-PTTL)y,
the N-phthalimide groups on 17 were on the same face of the molecule, conserving the “chiral
crown” conformation that was hypothesized to be the source of high enantioinduction.

The heteroleptic catalyst 17 was particularly useful for selectivity over side products
from f-hydride migration that plague carbene reactions involving a-alkyl diazoacetates.!'”
In the cyclopropanation of styrene by ethyl-a-diazobutanoate 15, catalyst 17 gave the best
enantioselectivity when compared with the parent catalyst Rhy(S-PTTL),. The heteroleptic
complex compared favourably to the homoleptic variant, providing similar or increased
enantioselectivity across the substrate scope. The diastereoselectivity and yields were

comparable to Rhy(S-PTTL), for all substrates tested other than the 3-methoxystrene, in
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which diastereoslectivity was better with 17 as catalyst (83:17 with Rhy(S-PTTL), compared
to 99:1 with 17, Fig. 2.17).

Catalyst 17 was also successful in the cyclopropenation of a-n-alkyl-a-diazoesters with
trimethylsilyl acetylene and 1-hexyne. Silylacetylenes, in particular, have failed to be an
effective substrate in cyclopropenation reactions. Despite this difficult substrate, Rhy(S-
PTTL)3TPA 17 outperformed all the chiral homoleptic catalysts surveyed, improving both
yields and enantioselectivity of the silylcyclopropene product (Fig. 2.18). [-Hydride
migration products were the major products with Rhy(S-PTTL), and other homoleptic
catalysts tested in this system.

Fox et al. also used catalyst 17 in the C-H insertion of 4-substituted indoles.''® At the
time, the highest enantioselectivity achieved for 4-substituted indoles was with Hashimoto’s
Rhy(S-PTTEA), catalyst (PTTEA = N-phthaloyltriethylalaninate), which provided up to
86% ee of a-methyl-3-indolylacetates.'® Complex 17 gave improved results in both yield
and enantioselectivity, giving 80% yield and 81% ee of the C-H insertion of 4-methyl-N-
phenylindole with a-diazobutanoate (Fig. 2.19).

Fox followed up his group’s work on Rhy(S-PTTL);TPA 17 with a report that
featured heteroleptic complex Rhy(S-NTTL)3dCPA (NTTL = N-naphthaloyl-tert-leucinate,
dCPA = dicyclohexylphenylacetate) 21 in an elegant synthesis of piperarborenine B, a
cyclobutene-containing compound that has shown anti-cancer activity.'!® The 3 S-NTTL
ligands are oriented on the top face creating a chiral crown while the bulky dCPA
ligand serves to reinforce rigidification. Complex 21 was the optimal catalyst in the key
bicyclobutanation/homoconjugate step for the synthesis of piperarborenine B. Synthesis of
the cyclobutane 23 was achieved via a one-pot procedure with reaction of the diazoester 20
with 0.1 mol% of 21 to produce bicyclobutane intermediate 22, followed by cuprate addition
and kinetic protonation to afford the trisubstituted cyclobutane 23 in 69% yield, 92% ee and
4:1 d.r. This was a significant improvement when compared to enantioselectivity obtained

with homoleptic complexes (Fig. 2.20).
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Figure 2.17: C—H insertion of 4-methyl-N-phenylindole with 17.
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Figure 2.18: Cyclopropenation of trimethylsilylacetylene with 17.
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2.6.2 Ortho-metalated Phosphine Derived Complexes

Between 1995-2005, Lahuerta et al. intensively studied many derivatives of heteroleptic
Rh(IT) complexes with orthometalated phosphine and carboxylate bridging ligands (Fig.
2.21). 7475771207126 The complexes were prepared by normal ligand exchange conditions, but
the orthometalated phosphine ligands had the added convenience of preferentially exchanging
two acetate ligands in a cis fashion and a head-to-tail arrangement when 2 equivalents of
arylphosphine was used.”>™ Initially, the complexes were used as racemic mixtures, though
enantioenriched P and M isomers could be isolated by chiral resolution (vide infra).??

In competitive intramolecular reactions, the racemic complexes were highly selective
for cyclopropanation products over competing C-H insertion or aromatic substitution
reactions, outperforming Rhy(OAc), in selectivity and the electron rich Rhy(cap)s (cap =
caprolactamate)'?” in yield (Fig. 2.22, shown with 24a). "™ Complexes with orthometalated
phosphines and fluorinated carboxylate bridging ligands like 24b were the only derivatives to
be selective for C—H insertion product 30 over aromatic substitution compared to common
homoleptic Rh(II) complexes (Fig. 2.22). It was postulated that the m-backbonding ability
of the metalated ring stabilizes the carbene for improved selectivity, while ligand field effects
of the fluorinated carboxylate ligands stabilize the ¢ bond to result in a more electrophilic
carbene. ™

Methyl-2-diazoundecanoate 34 was chosen as the substrate to study the ability of
the orthometalated phosphine catalysts to discern between intramolecular C—H insertion
vs B-hydride migration of a-alkyl diazoesters.”” At the time, previous studies of Rh(II)
tetracarboxylates showed that S-hydride migration products were highly competitive to their
1,5-insertion counterparts at room temperature. Initially, upon extension to orthometalated
phosphine complexes, doubly metallated complexes led only to migration product 36 in high
yield. Ultimately, monometalated complex 37 with fluorinated aryl groups were much more
selective for C—H insertion than doubly metalated complexes despite the expected increase
in Rh-carbenoid electrophilicity due to the fluorinated phosphine (Fig. 2.23). Preference for

product 35 versus migration product 36 was partly explained by an intermediate in which
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Figure 2.21: Notable orthometalated phosphine Rh(II) catalysts.
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Figure 2.22: Intramolecular selectivity studies with orthometalated phosphine complexes
24a and 24b compared to common homoleptic dirhodium (ILII) catalysts.
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complex 37.
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the fluorine stabilizes the Rh-carbenoid, making the migration process slower and favouring

cyclization.””

Pure enantiomers of the complexes were separated by chiral resolution strategies. !2%12
The racemic mixture of the P and M enantiomers were separated by exchanging the
acetate groups with the chiral auxiliary, protosH (protosH = N-((4-methylphenyl)sulfonyl)-
L-proline), followed by chromatographic separation of the resulting diastereomers. Ex-
change of the protos ligands with trifluoroacetic acid provided enantiomerically enriched
heteroleptic Rh(IT) complexes that gave products with up to 90% ee in the intramolecular
cyclopropanation of a-diazo ketones such as 38. The results compared favourably with
Rhy(55-MEPY),'# (MEPY = methyl pyrrolidone-5-carboxylate) which produced 39 in 6%
ee (Fig. 2.24, shown with results from (M)-24c.'®® Notably, the chiral complexes provided
excellent diastereoselectivity and enantioselectivity for the cyclopropanation of styrene with
ethyl diazoacetate (40, Fig. 2.24). The presence of bulky trimethylsilyl substituents on the
phenyl rings of the metalated phosphine ligands in catalyst (M)-24e was a key difference
that further improved diastereocontrol between products 41 and 42.7%'2 These results are
particularly notable as few Rh(II) catalysts are capable of diastereo- and enantiocontrol in
cyclopropanation reactions with ethyl diazoacetate.!2%130

In orthometalated phosphine catalysts, sterics and ligand basicity were found to be a
large factor in predicting the behaviour of the complexes. In general, the less electrophilic
complexes naturally had decreased catalytic activity but were associated with enhanced
selectivity. More bulky substrates and catalysts also forced greater selectivity by limiting
the possible orientations of the metal carbenoid. Of late, structural and kinetic studies have

characterized research related to this series of complexes.78:126:131

2.6.3 Mixed Phosphate Complexes

One of the first Rh(II) paddlewheel complexes containing phosphate equatorial groups
was prepared by McCann, McKervey, et al. as a heteroleptic system.!3>!33 Complex

Rhy(HCO3)o((+)-Phos)s 43 was synthesized in 15% yield via ligand exchange of sodium
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Figure 2.24: Cyclopropanation with chiral orthometalated phosphine Rh(II) catalysts.
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Rh(II) carbonate hydrate (NayRhy(COj3)4-2.5H50) with an excess of the ligand (5)-(+)-
PhosH (PhosH = 1,1’-bi-2-naphthyl-2,2’-diyl hydrogen phosphate) (Fig. 2.25). The
complex was then tested for its ability to facilitate 2,3 sigmatropic arrangement, aromatic
cycloaddition, and C—H insertion reactions. The catalyst was able to perform all the reactions

in good yields (80-93%) with enantiomeric ratios ranging from 9% to 60% ee.!'3?

In pursuit
of homoleptic dirhodium (II,IT) phosphate complexes, Lacour et al. discovered conditions
that resulted in improved yields of disubstituted heteroleptic phosphate complexes. '** Using
Rhy(tfa), 6 as a precursor, the exchange reaction with (R)-3,3’-dibromo-1,1’-binaphthyl
hydrogen phosphate 44 in refluxing toluene provided complex 45 in 78% yield. 4

Hodgson et al. aimed to access hyperolactone C, which has shown anti-HIV activity,
through a key tandem oxonium ylide—[2,3]-sigmatropic rearrangement. To address the
improvement of diastereoselectivity from previous studies of the reaction,'*® ylide precursor
compound 46 was used as a model substrate to produce spirolactones 47 and 48. It was shown
that Rhy(OAc), 3 in CH5Cly allowed for a highly endo-diastereoselective rearrangement (Fig.
2.26). A variety of chiral catalysts were then screened to explore the potential for a catalytic
enantioselective path to norphenyl hyperolactone C. In particular, the binaphtholphosphate-
derived catalyst Rhy(R-BNP), (BNP = binaphtholphosphate) had promising enantiomeric
ratios (69:31 er) for the desired diastereomer 47 but with a loss of diastereoselectivity (84:41
dr) compared to 3. It was hypothesized that the bulky BNP ligands were contributing to
the decrease in dr which warranted the exploration of the heteroleptic catalyst cis-Rha(R-
BNP)y(OAc)s 49. Complex 49 subsequently led to a recovery of the dr (92:8) and only
a slight loss in er (61:39), highlighting the potential for heteroleptic dirhodium (II, II)

binaphtholphosphate catalysts.

2.6.4 Mixed Carboxylate/Carboxamidate Complexes

Corey et al. explored the use of Rh(II) heteroleptic complexes of carboxylates and
R, R-diphenyl- N-triflylimidazolidinone (DPTI) ligands for enantioselective cycloaddition
reactions. The heteroleptic complex Rhy(DPTI)3(OAc) 50 led to highly efficient and
enantioselective synthesis of cyclopropenes and cyclopropanes and was more effective than
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61



its homoleptic counterpart, Rhy(DPTI), (Fig. 2.27).992% They tested the ability of
Rhs(OAc)(DPTI); to catalyse the addition of ethyl diazoacetate (40) to a series of terminal
alkynes in which the complex provided high yields (62-90%) and enantioselectivity (92-
95% ee) of cyclopropenes. Additionally, it was shown that the reaction is acetylinically
selective, reacting only with the terminal alkyne in substrates containing an alkene. The
synthetic ability of the formed cyclopropenes was showcased by the first enantioselective
synthesis of the naturally occurring fatty acid (9R,105)-dihydrosterculic acid, a common
cyclopropyl fatty acid of microorganisms and subtropical plants. Catalyst 50 was notable in
that it provided evidence that Rh(II) paddlewheel complexes with C'; symmetry were viable
candidates for asymmetric carbenoid reactions.

Doyle et al. explored the use of the glycoluril derivative 1,6-bis-(N-benzyl)-diphenyl-
glycoluril (1,6-BPGlyc) as a ligand for Rh(II) paddlewheel complexes in cyclopropanation
reactions of styrene with ethyl diazoacetate and methyl phenyldiazoacetate.®¢ Glycoluril
compounds had been explored as moieties in phosphine and amine-based ligands, but this
research was among the few examples that studied the structural advantages of glycoluril
derivatives as a ligand.'*" 139 Single crystal X-ray analysis of Rhy(OAc)y(1,6-BPGlyc)y 51
showed that the glycoluril ligand had potentially beneficial features such as a hydrogen-
bond donor/acceptor group and possible interactions near the axial site through the aryl
group (Fig. 2.28). However, their catalytic activity in cyclopropanation reactions of styrene
and diazoacetates proved to be only comparable with other homoleptic Rh(II) paddlewheel
complexes. Nevertheless, their added structural features increased the diversity of Rh(II)
paddlewheel complexes.

Very recently, Fiirstner and Cal6 investigated heteroleptic complexes for the enantios-
elective cyclopropanation using stannylated diazo esters. The authors sought to use the
stannyl portion for subsequent Stille coupling after cyclopropanation.® They used mixed
ligands with cyclopropyl acetate and either tfa, acetate, or acetamide. The best method
they found for making their complexes involved treating either 3 or 6 with 3 equivalents

of cyclopropyl ligand R-TPCP to furnish the trisubtituted complexes 9 and 20 in good
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Figure 2.27: Cyclopropenation of alkynes using Rhy(DPTT)3(OAc).
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Figure 2.28: Features of mixed-ligand glycoluril/carboxylate Rh(II) complex 51.
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yields. The complexes were then treated with acetamide ligand acam to obtain mixed
carboxylate/acetamidate complex 51, though this was in low yields (Fig. 2.29a).

In the cyclopropanation reaction of diazo 52 with 4-methoxystyrene, it was found that
the hetroleptic complex 51 outperformed it’s homoleptic complex variant (no reaction with
Rhy(R-TPCP),) and heteroleptic complexes 9 and 10 in activity and enantioselectivity
(Fig.  2.29b).%5 A broad scope of stannylated derivatives, germylated, and silylated
products, as well as standard donor/acceptor carbenoid precursors were provided in excellent
enantioselectivity (82-97% ee). Enantioselectivity was low when using ethyl diazoacetate
(40) as the diazo compound, suggesting that moderately bulky substituents are needed at the
carbenoid site. A critical importance was placed on the protic acetamide ligand as the source
of enantioinduction. The effects are not completely understood, but the authors propose that
reactivity selectively occurs on the Rh face with the N-H portion (Rh1, Fig. 2.29a), possibly
hydrogen-bonding with the carbonyl of the carbenoid. This locks the carbenoid in a chiral
pocket and also serves to bias the reactive site to one Rh center. When the N-H was replaced

with N-Me, enantioselectivity was much lower, lending credence to the proposal.

2.6.5 Immobilized Complexes

A way to heterogenize Rh(II) complexes is via covalent linkage to at least one of the bridging
ligands on the Rh(II) complex, creating a heteroleptic complex as a result. The goals here
were to immobilize catalysts to maximize catalyst recyclability without loss of reactivity
and selectivity. This is especially useful given the high cost of homogenous rhodium
catalysts. Of the platinum metals group—platinum, palladium, rhodium, ruthenium,
iridium, osmium—rhodium is currently the most expensive. Bergbreiter et al. were
the first to report on the reusability and activity of polymer bound Rh(II) carboxylate
catalysts, ' followed by a collaboration with Doyle et al. to apply the strategy to chiral
Rh(IT) catalysts.'™ Since these seminal reports, a number of groups have investigated
immobilized dirhodium(II, II) catalysts. These reports are covered in an excellent review
article on methods to recycle Rh(II) catalysts.*6 Many of the methods to immobilize

Rh(II) paddlewheel catalysts that are summarized in the review article involve immobilized
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46 50 only reports after the review was published will be discussed

heteroleptic complexes,
here.

Recently, the Davies and Jones groups have collaborated to develop immobilised
Rh(IT) catalysts for a variety of carbenoid transfer reactions. In 2013, they reported on
the immobilisation of Rhy(S-DOSP), (DOSP = N-(dodecylbenzenesulfonyl)prolinate) by
appending a silica support on one of the bridging ligands. '*> Rhy(S-DOSP), has historically
been a versatile catalyst that routinely furnishes products with high enantioselectivity in
transformations with donor/acceptor carbenoid intermediates across many diazo-mediated
transformations. #3147 Although the catalyst utility is widely demonstrated in literature,
a recovery method was still elusive. Davies and Jones et al. envisioned solving this issue
through immobilising the Rhy(S-DOSP), covalently to a solid support to avoid the leaching
and restriction of catalytic activity seen in previous attempts at recovery.

The solid supported catalyst, Rhy(S-DOSP)3(S-silicaSP) 55 (Fig. 2.30), was compared
to its homoleptic parent catalyst, Rhy(S-DOSP)y, in a series of diazo-mediated carbenoid
transfer reactions.'? The solid supported catalyst 55 improved on the yield of its
homogeneous counterpart in the cyclopropanation of styrene with styryl diazoacetate 58
(92% versus 69% yield), while maintaining comparable enantioselectivity (98% versus 96%
ee respectively, Fig. 2.31a). Other highlighted cycloaddition reactions saw only slightly
lower yields and enantioselectivity of desired products when immobilized catalyst 55 was
used. It was found that 55 could be used for 5 consecutive reactions of the cyclopropanation
of styrene with phenyl diazoacetate without significant variance in yield or enantioselectivity.

Immobilized Rh(II) complexes developed by Davies and Jones et al. were also adapted
for use as a C—H functionalization catalyst in continuous flow. 4849 Sustainability and safety
were maximized by combining the flow synthesis of diazo compounds from hydrazones, such
as 60 (Figure 1.31b), in cascade reactions with flow C—H functionalization. In these reports,
the immobilized complexes were embedded into hollow composite fibers in which reaction
components were passed through. The immobilized complexes in flow compared well to
batch processes in a number of cyclopropanation and C—H functionalization reactions. In

one particular example, the C-H functionalization of tert-butyl ether 62 in flow compared
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favourably with the batch method (Figure 1.31b). Of the catalysts tested, immobilized
complex 57 improved on yield and enantioselectivity compared to 56 and the batch reaction
using Rhy(S-p-PhTPCP),.'*° Further, the immobilized-rhodium hollow-fiber flow system
could be recycled 10 times without any appreciable loss in yield or enantioselectivity in a

benzylic C-H functionalization reaction. 4

2.6.6 Dirhodium Metallopeptide Complexes

Heteroleptic Rh(II) complexes have been instrumental in the development of artificial
metallopeptide scaffolds. The ability to synthesize different bridging ligands allows for
functional handles on which to append peptides of interest. Unique structures and reactivity
have resulted from this area of research.

Lewis et al. developed of a new class of artificial metalloenzymes (ArMs) based on a
prolyl oligopeptidase (POP) scaffold. !5 Using enzymes as an inspiration, the authors
sought to use a protein scaffold to improve the ability of a synthetic catalyst to the levels
of their biological counterparts in respect to yield and selectivity. Rh(II) complexes were a
good choice for the scaffold because of their ability to catalyse a multitude of reactions.
Lewis selected to use cyclopropanation reactions to identify active ArMs because of its
facile nature. Heteroleptic dirhodium cofactor 78 was synthesized with a functional handle
on its bridging ligands, which were then used to link to proteins containing cysteine or

151 The best approach of linking Rh(II) complex

p-azido- L-phenylalanine (AzF) residues.
to the protein was via strain-promoted azide-alkyne cycloaddition (SPAAC) in which the
Rh(IT) complex contained a bicyclo[6.1.0]nonyne substitution (Fig. 2.32a).'%® The resulting
ArMs were able to catalyze enantioselective cyclopropanation reactions and Si—H insertion
reactions. ®? Initially, racemic products were obtained in cyclopropanation reactions, but
improved interaction between the scaffold and cofactor was accomplished by linking the
cofactors to the POP family of enzymes, which contain a cavity large enough to fit the
cofactor. Targeted mutagenesis eventually resulted in the incorporation of histidine residues
into the scaffold. One variation called HFF was found to catalyze styrene cyclopropanation

with high enantioselectivity (92% ee) and high selectivity for product 65 over the competing
70



(a)

cofactor hioconjugation

)\ POP-ZA4-HFF-63
P

T o<
_ | 050
IC—@h = RhZ—Rh"~
o< Lo
[]
0. e 0
0 63
|1
H /f—'::.o
e kA0
f LW
{f ™
"_\\.:'\._ __;"J
(b) Ph"
N, POP-ZA,HFF-63  Me0:C " H  oH
3 r
(1 mol%) i ]
Ar CO,Me - oy Ar CO:Me
64 10% THF/buffer P 65 66
g Y, 74% vield, 92% ee, 65/66 = 2.4
r=
Vs
12% yield, 0% ee, 65/66 = 0.4 with 63
Me(

Figure 2.32: (a) Synthesis of artificial metalloenzymes that incorporate complex 63. (b)
Enantioselective cyclopropranation catalyzed by Rh(II) metalloenzyme POP-ZA4-HFF-63.
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O-H insertion product 66 (Fig. 2.32b).'*! The histidine mutations were proposed to improve
enantioselectivity by binding to the proximal rhodium center of the cofactor and create a
single active site at the distal center. It is important to note that high selectivity was
dependent on conducting the reaction in a > 0.5M solution of NaBr or NaCl. It was believed
that the halogen ions may interact with the secondary sphere. Control reactions catalyzed
by complex 63 unbound to a protein scaffold led to low yield and dominant percentage of
O-H insertion side product 66. Thus, by incorporating the complex into the protein scaffold,
the selectivity for organic substrates was greatly improved.

Ward et al. leveraged the well-known biotin-streptavidin interaction to develop an
ArM that contains Rh(II) complexes for carbenoid transformations. Protein wild-type
streptavidin (Sav WT) was engineered to anchor bulky biotinylated Rh(II) complexes like
67 (Fig. 2.33a).1! They successfully synthesized 6 biotinylated Rh(IT) complexes in which
they found that complex 67 in the absence of Sav outperformed the others in terms of
TON in the cyclopropanation reaction of ethyl diazoacetate 40 and styrene (Figure 1.30b).
Further, they tested Sav mutants to genetically optimize their catalyst. The results among
the varying mutants incorporating Lewis-basic amino acids were similar to 67-Sav W'T.
Additionally, there was no influence on the diastereoselectivity and enantioselectivity of
the cyclopropanation products 41 and 42. 67-Sav W'T and mutants were also investigated
for their influence in the C-H insertion of trifluoroethylphenyl diazoacetate with 1,4-
cyclohexadiene. Here, the mutants 67-Sav S112E and K121E performed greater than cofactor
67 and 67-Sav WT.

In 2014, Ball et al. reported their development of a tripodal peptide ligands for
Rh(IT) catalysis of asymmetric cyclopropanations.'® They disclosed an effective process
of identifying immobilized metallopeptide catalyst through on bead testing for activity
in a 96-well format. Ball et al. have previously reported that peptides with two side
chains, either glutamate or aspartate, could serve as bidentate equatorial ligands for Rh(II)
paddlewheel complexes.*”1°¢ Polypeptides had proved to be readily optimizable and the
amino acid backbone of the ligand provided chirality as well as the potential of immense

structural diversity. Initial screening of the 200 monopeptide bidentate catalyst did not
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Figure 2.33: (a) Biotinylated Rh(II) complex 67 incorporated into a streptavidin scaffold.
(b) Comparison of TON using Rh(II) catalysts alone and in the presence of wild type
streptavidin (Sav WT).
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provide any cyclopropanation product in greater than 55% yield. This result, coupled with
recent literature and modelling studies elucidating one chiral rich rhodium environment, '*7
led Ball et al. to reconsider the design of the ligand to bias the rhodium centers by
axial coordination. They postulated that incorporation of a residue, such as histidine or
methionine, could protect against bis-coordination, resulting in the quenching of the catalyst,
and could block axial ligation of the substrate from the less desired rhodium center. After
three iterations of 96 well libraries, it was found that histidine the most effective axial ligating
ligand when compared to methionine-containing peptides. The Rh(II) complex 68, with a
histidine residue in the i 4+ 5 position was optimized to afford cyclopropane products in high
yields and high enantioselectivity (89-99% ee, Fig. 2.34). With these results in hand, Ball
showcased the importance of the histidine residue by testing a nearly isosteric phenylalanine
and reported a 22% drop in enantioselectivity. They also synthesized the histidine containing
catalyst in a solution phase procedure and found a diminished enantioselectivity of 37%
ee, demonstrating the importance of the solid phase synthetic approach developed by the

group. 1

2.6.7 Complexes with Additives for Axial Coordination

The first report of an additive improving the outcome of Rh(II)-catalyzed carbene transfer
reaction was in 2000 by Nelson et al. en route to an ascomycin derivative, a potential
immunosuppressant. '°® The initial attempt of the O-H insertion of diazo 69 and ascomycin
70 utilized Rhy(oct)y, oct = octanoate, and was low yielding, 25-30% of 71. It was also noted
that the HPLC trace indicated many side products formed. The yield of 71 was increased
to 36% upon catalyst screening and parameter optimization. Nelson then went on to test
weakly coordinating cosolvents and found additives tetramethyl urea and Hunig’s base could
increase the reactivity of the catalyst. Interestingly, a 1:1 CHyCl, /Hunig’s base ratio made
insertion immediate while 1:1 CHyCl; /TMU shut down reactivity completely. Adjusting
the ratio of CHyCly/TMU to 1:125 allowed for a similar result to the 1:1 CH5Cly/Hunig’s
base. It was postulated that the electron donating efficiency was directly correlated to the

concentration of additive needed. The final conditions with Rhy(1-adaman),, 1-adaman =
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Figure 2.34: Rh(II) peptide catalyst 68 and its use in enantioselective cyclopropanation of
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adamantane carboxylate, and 1:125 CH,Cly/TMU increased the yield to 60-65% by HPLC.
It was further shown that while increasing the scale to 20 grams the desired ether 71 was
afforded in 55% yield after purification (Fig. 2.35).

In the same year Jessop et al. studied the effects of axial coordination on enantioselec-
tivity. 1% They accomplished this by running a Rhy(TBSP),, TBSP = 1-[phenylsulfonyl]-
(25)-pyrrolidinecarboxylate, catalyzed cyclopropanation of 72 and styrene in super critical
fluid (SCF) fluoroform (Fig. 2.36). This allowed them to change the dielectric constant of
the solution by adjusting the pressure as opposed to increasing the polarity of the solvent,
therefore the ability to axial coordinate. This is possible due to the dielectric constant of
SCF fluoroform being pressure dependent. It was disclosed that above 100 bar a 40% ee was
achieved. When the fluoroform was brought near its critical point the ee increased to as high
as 78%. However, the study of the effects of the axial coordination on ee were not conclusive.
The authors indicated that it influenced the ee in some way. In most cases, the reactions
using axial coordinating solvents would produce higher ee than would be expected due to
the dielectric constant of the solution. Attempts at correlating these effects to physical
parameters, such as cone angle, donor ability, and acceptor ability, proved futile. This
suggested that no one parameter was responsible for the increase in ee but did provide and
exciting new avenue to tune a catalyst to improve the result.

In 2010, Saito et al. sought to resolve the issue of low enantioselectivity in Rh(II)-
catalyzed O-H insertions by addition of cinchona alkaloid additives.'® Rh(II)-catalyzed
enantioselective O—H insertions have failed to match the success of other insertion reactions
with the highest ee obtained to this point being 8%. Utilizing their optimal catalyst and
additive, Rhy(TPA)4, TPA = triphenyl acetate, and 2 mol% of quinine 73 respectively, 38%
ee was obtained. This result was further improved to 50% ee by addition of silica gel and
the reduction of temperature to -10 °C (Fig. 2.37). Increasing the additive loading to 5% or
10% dampened the activity of the catalyst and lowering the temperature to -20 °C reduced
the ee to 46%.

A year before Saito’s disclosure, Charette et al. reported an unprecedented positive

effect of an achiral H-bond donor on diastereco- and enantioselective Rh(II)-catalyzed
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Figure 2.36: Evaluation of the Rhy(TBSP), catalyzed cyclopropanation of methyl
phenyldiazoacetate and styrene in SCF fluoroform.
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Figure 2.37: The Rhy(TPA), catalyzed enantioselective O-H insertion of H,O with 72.
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cyclopanations of a-cyano diazos and styrene. The optimal conditions were 5 equivalents
of styrene and 1 mol % of Rhy(S-NTTL)4, at -78 °C in toluene for 16 hours. The optimal
additive was TfNH,, Tf = CF3S0;, at 10 mol% (Fig. 2.38a).'6! The optimal conditions
were applied across a 29 olefin substrate scope yielding up to 85%, 99:1 dr, and 98% ee.

The effect of various achiral additives on diastereoselective/enantioselective Rh(II)-
catalyzed cyclopropanations of acceptor/acceptor diazos was also investigated by Charette et
al. in 2010.%' Lewis bases, LBs, that doubled as Bronsted acids were found to be successful.
The enantioselectivity of the Rhy(S-NTTL), catalyzed cyclopropanation of diazo 74 and
styrene was increased by sulphonic amide additives in dichloroethane at 25 °C, with TfNH,
performing best at 57:1 er, compared to 49:1 er achieved without any additive (Fig 1.38b).
Subsequent studies found that DMAP as additive was responsible for making the catalyst
less active but more selective. The active adduct is better controlled with temperature (Fig.
2.38¢). It was proposed this effect on the catalyst makes the catalyst favor a later transition
state as per the Hammond postulate. In a subsequent disclosure Charette et al. sought
to utilize achiral LBs to enhance the diastereoselectivity.%? Interestingly, they found that
the results were diazo dependent. In the cases of the a-cyano and a-methylacetate diazos
the enantioselectivity greatly diminished while improving with the enantioselectivity a-nitro
diazo 2-3% across all reactions.

Ball and Zaykov sought to use a LB additive to increase the enantioselectivity of their
metallopeptide, Rhy(pep)s(OAc),, catalyzed Si-H insertions (Fig. 2.39).'°¢ Upon screening
the LBs, it was found that triphenylphosphite was the optimal additive. The enantiomeric
excess of the Si—H insertion of diazo 72 and dimethylphenylsilane was increased from 50%
with no additive to 66% with triphenylphosphite and complex 75. Next, they studied this
additive with four other peptide ligands. In all cases, an increase in ee was obtained. With
this result in hand, they studied the kinetics of the system. A plot of -log([diazo]/[diazo]o)
versus time was linear and indicated the kinetics were first order in substrate. The kinetic
data also provided evidence that phosphite-75 adduct was kinetically competent due to a

measured v, a constant describing catalytic power, of 0.013. If the adduct was not kinetically
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Figure 2.38: a) Rhy(S-NTTL), catalyzed cyclopropanation of a-cyano diazo 74 and styrene
in toluene. b) Rhy(S-NTTL), catalyzed cyclopropanation of a-cyano diazo 74 and styrene
in DCE. c) Active Rh(II) adduct at different temperatures.
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competent then v would measure 0, as was found when measuring weak oxygen donor ligands
in a previous study.

In 2014, Lebel et al. also found success increasing the activity and selectivity of Rh(IT)-
catalyzed amidation with thioethers by addition of additives.'6? In this study, DMAP alone
was found to work best in cooperation with CH5Cly forming a bis(DMAP)CH5Cly compound
76 (Fig. 2.40a). The addition of 5 mol% of DMAP in CH,Cl; solvent increased the yield
to 92% and the dr to 88:12 of 77, from 82% yield and 80:20 dr without DMAP respectively.
When the solvent was changed to isopropyl acetate without an additive, the yield and dr of
77 were both suppressed. This was rectified by adding 2.5 mol% of bis(DMAP)CH,Cl, and 7
mol% of DMAP in the isopropanol solvent resulting in the optimal conditions, yielding 87%
of the desired product 77 with a dr of 95:5 (Fig. 2.40b). It was proposed that the DMAP, as
well as the thioether reagent, could activate the catalyst. UV-vis studies elucidated that the
addition of 20 equivalents of thioanisole forms a 1:1 adduct with the Rhy(S-NTTL)4, Apnaz
of 560 nm. DMAP was shown to make a 1:1 and 2:1 DMAP/Rh complex upon addition
of 1.4 and 2.8 equivalents of DMAP, respectively. The 1:1 DMAP/Rh complex resulted in
the same Amax as the thioanisole/Rh complex while the 2:1 DMAP/Rh complex Amax was
found at 530 nm. Formation of a thioanisole-Rh-DMAP adduct also resulted in a Amax of
530 nm indicating this is also a possible active catalytic species in solution.

In a study conducted by Lacour et al. it was seen that 1,4-dioxane acted as both a reagent
and an axial ligand in their Rh(IT)-catalyzed [3+6+3+6] synthesis of macrocycles.®® This
was elucidated though in situ IR experiments coupled with UV-vis titration experiments
used to define the kinetics of the system. The kinetics calculated for the coordination events
of dioxane greatly favored the bis-adduct 80 with 97.7 to 99.6% existing in solution at 6
equivalents of dioxane (Fig. 2.41a). The mono-adduct 79, or proposed catalytically active
adduct, only made up 0.4 to 2.3% of material in solution. Complex 78 without 1,4-dioxane

coordinated existed at <0.003%. A study was then conducted varying the concentrations
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of the dioxane in solution to study rate of diazo decomposition versus the amount of mono-
adduct 79. A direct correlation was found between the calculated amount of the mono-
adduct 79 in solution and the rate of dinitrogen extrusion measured. The reaction was then

performed on a 20 gram scale yielding 76% of macrocycle 81 (Fig. 2.41b).

2.6.8 Mixed Complexes with Tethered Axial Coordination

Heteroleptic complexes have been used to study the effects of axial coordination in Rh(II)
complexes. Historically, the study of axial ligands is performed by adding exogenous ligands

and evaluating their effects on transformations.5®61,156,158-160,162-164

However, the relatively
weak coordination of axial ligands compared to bridging ligands makes this study difficult
due to the rapid, equilibrium nature of the interaction.'®>1% Either adding an excess of

156,167 o1 using a strongly coordinating axial ligand'®* '™ have been used

exogenous ligands
as strategies to circumvent the issue of weak axial binding, but each strategy introduces
another set of issues: excess ligand leads to a higher probability that both axial sites are
blocked, and a strongly coordinating ligand effectively dampens activity at the distal Rh

site. 168

Tethering the axial coordinating ligand to the bridging ligand has recently been
investigated as an effective means of studying axial ligation on Rh(II) complexes.

Bera et al. explored the effects of having bulky tethered ligands on the catalytic activities
of Rh(II) complexes.®” They utilized ferrocene-amide functionalized napthyridine ligands
where weak axial coordination of the amide’s carbonyl oxygen allowed catalytic activity to
occur at the rhodium active site. Upon synthesis and characterization of seven functionalized
napthyridine-based ligands, they studied their catalytic C—H functionalization of indoles in
comparison to that of Rhy(OAc), 3.

Their preliminary results demonstrated that complex 83, containing two axially coor-
dinated amide components from ligand 82 had the most promise for improved catalytic
activity.®® Complex 83 was synthesized through ligand exchange of partially solvated 11
with 2 equivalents of ligand 82 (Fig. 2.42a). The C-H insertion of 1-methyl-1H-indole with
methyl phenyldiazoacetate 64 and 1 mol % of 83 resulted in a 92% yield of functionalized
product 84 (Fig. 2.42b). This was a slight increase from a 90% yield achieved by 3. Similarly,
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a 2% difference was observed between 83 and 3 in the reaction when ethyl diazoacetate 40
was used (54% vs 52% yield respectively). Complexes obtained from other naphthyridine
ligand derivatives were less active, and this was attributed to the decreased availability of
the Rh(II) active site.

Utilizing the optimized reaction conditions, a range of substituted indole substrates were
synthesized using diazo 72.% Yields of the functionalized indole products were between 58-
92% yield (Figure 1.42¢) with substitution preferred at the C3 position of the indole ring.
When R1 was an allyl group, the C—H insertion reaction at the C3 position was preferred
over cyclopropanation. A range of functionalized indoles were also obtained using diazo 40
albeit in lower yields, ranging from 48-56% yield when R' was substituted. N-H insertion
products were competitive when the indole nitrogen was not substituted (R! = H).

In 2019, members of our group leveraged heteroleptic complexes to tether thioether
moieties onto Rh(IT) paddlewheel complexes in our seminal disclosure.®®!™ The thioether
group served as a way to modulate electron density along the Rh—Rh bond by coordinating to
axial sites of the complex. The tethered axial thioether groups also biased the reactive site of
the complex on what would otherwise be non-equivalent Rh atoms. Carboxylate (phenylthio-
carbamoyl benzoate, Ph'TCB) and carboxamidate-type (methylthiooxazolidinate, MeTOX)
ligands functionalized with thioethers were synthesized and incorporated into heteroleptic
Rh(II) complexes. Ligand exchange with Rhy(OAc), produced heteroleptic complexes with
one or two of the thioether ligands incorporated. Further substitution was prevented due
to the blockage of the axial sites by the thioether groups. Due to the presence of one open
axial site, the complexes with one-fold ligand exchange were more effective in diazo-mediated
reactions (complexes 85, 87, and 88, Figure 1.43a). Heteroleptic complexes 86 and 89 were
also synthesized to serve as control complexes to separate effects from the bridging ligand
and the pendant thioether group (Figure 1.43a).

The complexes were used as catalysts in the cyclopropanation of styrene derivatives with
methyl (p-nitrophenyl)diazoacetate 89, in which side products from diazo homocoupling are
an issue. %% Of the complexes tested, 85 was found to be the optimal catalyst in all conditions,

besting the mixed carboxamidate/carboxylate 87 and other non-tethered complexes in
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yield and selectivity over homocoupling (Fig. 2.43b). Crystal structure, UV /Vis, and
electrochemical analysis provided insight into the reactivity of the complexes and suggested
that the greater performance of 85 was due to weaker axial coordination of its tethered
thioether. In 87, the rigid oxazolidinone bridging ligand allows for an ideal six-membered
chelation of the thioether donor group, which creates a more tightly bound thioether group
compared to 85. This decreases the electrophilicity of the distal rhodium center and reduces
catalyst performance. Electrochemistry data showed that the presence of the axial thioether
in 85 resulted in a higher Rhg‘” TR, /2 value when compared to its non-tethered counterpart
86. The shift to higher redox potentials implied some 7-acceptor character of the tethered
ligand, since purely o donating axial ligands shift Rh(II) paddlewheel complexes to lower
potentials. 73 Overall, complex 85 proved to be the best match for the components in the
reaction studies and introduced heteroleptic complexes with tethered thioether coordination
as a method to tune Rh(II) paddlewheel complexes.

Very recently, Rej and Chatani introduced sulphonamide and carboxamide bridging
ligands with quinolyl or methylthio components.'™ Interestingly, the sulphonamide ligand 91
could coordinate in a neutral chelating fashion or via anionic bridging fashion with tethered
axial coordination of the quinolyl nitrogen depending on the number of ligand equivalents
(Fig. 2.44a). In screening catalytic activity in the cyclopropanation of styrene derivative 94
with 40, the authors found that the neutral chelated complex 92 had higher activity than
complex 93 (60% vs 23% yield, Fig. 2.44b). Complexes 3, 6 and other reported complexes
with tethered quinolyl and thiomethyl groups also displayed lower activity than the neutral
chelated complex, demonstrating the important role of ligand occupation and lability at

rhodium axial sites in diazo-mediated transformations.

2.7 Conclusion

Although heteroleptic dirhodium paddlewheel complexes and axial coordination are not
extensively utilized in carbenoid chemistry, this review has outlined the ways in which

they can be useful and, in some cases, better than their homoleptic counterparts.
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An importance in investigating new ligand interactions, immobilisation, and designing
artificial metalloenzymes are underscored as methods in which heteroleptic dirhodium(II,1II)
paddlewheel catalysts succeed in carbenoid transfer reactions. These methods are helping
to usher in a new era of dirhodium(II,IT) paddlewheel complexes that challenge the need
for symmetric environments for highly selective transformations. The biggest challenge that
limits the use of heteroleptic dirhodium(IL,IT) paddlewheel complexes is a lack of a general,
high yielding method for their synthesis. To date, only one example of these unique catalysts
has been used in total synthesis applications. There are other opportunities for growth in
this area and future areas of exploration include leveraging the heteroleptic paddlewheel

structure for bifunctional or cooperative catalyst systems.
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Chapter 3

Effect of Tethered, Axial Thioether
Coordination on Rhodium(II)-

Catalyzed Silyl-Hydrogen Insertion

3.1 Disclosure

The following chapter is an adaptation of the journal article W. Sheffield, A. Abshire,
and A. Darko. Effect of tethered, axial thioether coordination on rhodium(II)-catalyzed
silyl-hydrogen insertion. Eur. J. Org. Chem., 2019(37):6347-6351, 2019. William Sheffield
completed the frontier synthesis of the control catalyst, the substrate scope, the UV-vis
experiments, the majority of the reactions in catalyst screening, writing of the manuscript,
and supplemental information. I completed all of the computational work, assisted with
scale-up of the catalyst, separated the cis and trans isomers of the catalyst 97, and assisted
with duplication of some of the results for the catalyst screening, and assisted with the
supplemental information. Dr. Ampofo Darko advised the work described herein and assisted

with the development of the publication.
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3.2 Abstract

The effect of tethering a thioether to a dirhodium(IL,IT) paddlewheel complex are evaluated
in Si-H insertion reactions. This study provides further evidence for the benefits of
incorporating thioethers into the rhodium paddlewheel motif. When using a tethered
complex, the in situ carbenoid formation and subsequent Si—H insertion are not impeded,
yields are improved by up to 12 % at elevated temperatures, and selectivity for diazo
compounds is greater when compared to non-tethered catalysts. Computational modeling

of the complexes is also presented in order to rationalize the results.

3.3 Introduction

Dirhodium paddlewheel complexes, Rh(II), are renowned for being efficient catalysts
through the in situ formation of reactive rhodium carbenoid species from a-diazo carbonyl

18,2668 The versatility

compounds, which then promote a wide variety of transformations.
of these catalysts stems from the ability to efficiently modulate the electrophilicity of the
rhodium metals through the exchange of bridging ligands surrounding the bimetallic center
(Figure 3.1, left). The axial sites of the bimetallic complex are the reactive sites for the
formation of transient carbene species and it is generally accepted that only one of the
rhodiums axial sites is involved in catalysis during a reaction.®” The two Rh atoms also act
cooperatively during the reaction, Any electronic changes at one Rh atom is compensated
for by the other Rh atom. %6176 It is this observation that fueled research into incorporating
Lewis base (LB) ligands at axial sites to affect the electrophilicity of the distal Rh atom and
fine-tune reactivity and/or selectivity. %

While adding donating ligands to one Rh axial site has led to new reactivity,!""1"® the
strategy is largely detrimental to diazo-mediated reactions.5"-01:1641681TLIT The reduction
in reactivity stems from the need to add excessive amounts of LB to compensate for the

inherently weaker interaction at the axial sites.'®® Because LBs are in excess, it becomes

difficult to control binding to both Rh centers, which deactivates the catalyst. A strong
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Figure 3.1: Features of a dirhodium carboxylate complex.
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o donor can be used for a stronger interaction, but this leads to a significant decrease in
electrophilicity at the other Rh atom, reducing the effectiveness of the diazo decomposition
step.®” We have been interested in tethering LBs to bridging ligands in order to control
their coordination to rhodium paddlewheel centers and prevent complications associated
with exogenous LBs (Fig. 3.1, right). This design allows for the incorporation of a variety
of LBs and a more defined examination of how their coordination influences reactivity and
selectivity of the rhodium complex in diazo-mediated reactions.

We recently reported that the incorporation of thioether containing ligands into the
rhodium paddlewheel motif improved yields in cyclopropanation reactions when compared

to rhodium acetate.?®

Rhy(OAc)sPhTCB 85, while Rhy(OAc);sMeTOX 87 and Rhy(OAc)s(MeTOX), 97a/b were

The best catalyst in that reaction was the carboxylate-based

sub-optimal catalysts (Fig. 3.2).?> We reasoned that the more electron-rich nature of
carboxamidate-type bridging ligands and the ideal six-membered chelate of the tethered
thioether in these complexes rendered them comparatively less suitable for the reaction.
We envisioned that catalysts 87 and 97a/b would be better suited for more reactive diazo
compounds and substrates.'™ As such, the Si-H insertion reaction with donor/acceptor
diazo compounds was chosen due the facile nature of the reaction and as a means to obtain
a greater understanding of the role of axially coordinated functional groups.
Rh(II)-catalyzed Si-H insertion with diazo compounds was first reported by Doyle in
1988.182 Since then, Rhy(OAc), 3 and other Rh(II) catalysts have been shown to give high
yields and enantioselectivity of silyl-insertion products.3840-144,156.183-185 Ay ong the previous
reports, only a study by Ball and Zaykov has considered the influence of axial coordination
on the outcome of Si-H insertion.'®® In this article, the authors used kinetic studies to prove
that axial coordination of triphenylphosphite improved enantioselectivity of silane insertion
with methyl phenyldiazoacetate 72 using dirhodium peptide complexes.!®® Our interests in
utilizing tethered thioether ligands in Rh(II) catalysts led us to further explore the effects

of axial coordination in silyl-insertion reactions.
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Figure 3.2: (Top) Cyclopropanation with dirhodium complexes featuring tethered, axially
coordinated thioether ligands. (Bottom) Investigating silyl-hydrogen insertion reactions
using mixed oxazolidinate/carboxylate dirhodium complexes.
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3.4 Results and Discussion

3.4.1 Rh(IT) Complex Synthesis

Complexes 87, 97a and 97b were synthesized according to our previously disclosed
procedures.®® Complexes 97a and 97b were used together as a 1.5:1 (97a/b) mixture of
isomers. To gauge the impact of the thioether tether on catalytic activity, we synthesized
complex 89, a mixed-ligand oxazolidinate/carboxylate complex that did not contain an
axially coordinated thioether group. Mixed-ligand carboxamidate/carboxylate complexes
are scarcely reported in the literature.”3% This is most likely due to the lack of control in
ligand substitution!®® because of the relatively harsh conditions required to synthesize this
family of complexes.®® Attempts to synthesize and isolate the monooxazolidinone complex
89 proved challenging. Our normal ligand exchange conditions using a Soxhlet apparatus in
refluxing conditions failed to provide any ligand substitution. The use of a microwave reactor
and high excess of ligand 98, however, allowed us to successfully isolate an adequate amount
of the mono-oxazolidinone complex 89 (Fig. 3.3). Attempts to cleanly isolate other multi-
substituted products were unsuccessful due to difficulty in isolating the complex mixture of

substitution products. ¥

3.4.2 UV-vis Complexes

A UV-vis spectrum of complex 89 with 1 equivalent of diethyl sulfide in dichloroethane was
obtained in order to compare the effect of the tethered vs. non-tethered coordination of
sulfides on the electronic transitions within the complex. Axial coordination is indicated
by a blue shift of the Rh-Rh 7*-to-c* HOMO-—LUMO band, which is found in the low
energy region of Rh(IT) UV-vis spectra.’® We found that the diethyl sulfide ligated version
of complex 3 had a very similar Amax of the 7* to ¢* band when compared to complex 87
(576 nm vs. 572 nm). As such, diethyl sulfide was also added to complex 89 in our reaction

studies to probe the need for tethered axial coordination.
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3.4.3 Si—H Insertion Optimization

Initial catalyst evaluation was conducted using dimethylphenylsilane and 72. Complex 87
was able to efficiently catalyze the carbene insertion into the Si-H bond in ambient conditions
with a 73% yield in dichloromethane (DCM). Upon subjecting the complexes 97a and 97b
to the same conditions, only 16% yield of the product was observed, even two hours after
diazo addition was complete. Complex 89 provided a 70% yield of silane 99a under these
conditions and a 72% yield when 2 mol% of diethyl sulfide was added. Performing the
reaction in refluxing DCM further improved the yield for complex 87 to 84% and for 97a/b
to 25%, but the yields for complex 89 did not improve, even when dimethyl sulfide was added
(Table 3.1, entries 4-6). Cooling to 0 °C was detrimental to the performance of complex 87,
reducing 99a yield to 50% (Table 3.1, entry 7). Changing solvents to toluene and raising
the temperature to 60 °C gave the best yield for complex 87 (89 %, Table 3.1, entry 9), and
were used as the optimal conditions to further evaluate the performance of complexes 97a/b
and 89. For 97a/b, the optimal conditions dramatically increased the yield of silane 99a to
74 % (Table 3.1, entry 10). The observation that 97a and 97b were more active at elevated
temperatures is a strong indication of ligand hemilability. **® Presumably, the displacement
of the thioether ligand by diazo 72 becomes more facile at higher temperatures, enabling
catalysis in complexes 97a and 97b. Complex 87 already possesses an open site, allowing it
to react much more readily at lower temperatures. Subjecting 89 to the optimized conditions
only marginally improved its yield of 99a (77 % yield, Table 3.1, entry 11), which was lower
than the yield with complex 87 (compare entries 9 and 11 in Table 3.1). The addition of 2
mol% of diethyl sulfide or (5)-MeTOX ligand to complex 89 did not significantly improve
yields for 99a (Table 3.1, entries 11 and 12). The UV /Vis results suggested that complex 89
with diethyl sulfide should have similarly reactivity to complex 87. However, the results at
higher temperature imply that the diethyl sulfide additive is too weakly coordinated to be
of any benefit, indicating that tethering the thioether to the catalyst is most beneficial at

elevated temperatures.
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Table 3.1: Catalyst screening of Si—H insertion of methyl phenyl diazoacetate.

H-SiMe,Ph (1.1 eq)
N> SiMe;Ph

[Rh] (2 mol %)
©)*cozme S @Xcozme

72a 99%a

Entry [Rh] Temp. Solvent Yield
[°C] [%)°

1 87 25 CH,CI, 73

2 97a/97b 25 CH,Cl, 160!

3 89 25 CH,Cl, 70 (72)c

4 87 40 CH,CI, 84

5 97a/97b 40 CH,Cl, 25

6 89 40 CH,CI, 72 (69)c

i 87 0 CH,Cl, 50

8 87 25 Toluene 78

) 87 g0 Toluene 89

10 97a/97b 60 Toluene 7414

11 89 80 Toluene 77 (75)¢

12 89 60 Toluene 796

[a] Yields are reported as averages of two runs and were determined by 1 H NMR
using mesitylene as an internal standard. [b] Reaction had diazo remaining 2
hours after start of reaction. [c] Yields in parenthesis are when diethyl sulfide (2
mol%) was included as an additive. [d] Separately, 2a and 2b gave average yields
of 70 and 73 %, respectively. [e] (S)-MeTOX ligand (2 mol%) was included as an
additive.
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3.4.4 Si—H Insertion Substrate Scope

With optimal conditions in hand, we investigated the scope of the Si—-H insertion reaction in

the presence of the tethered thioether.

Keeping diazo 72a constant, we tested complexes 87, 97a/b, and 89 with a series of
silyl substrates but observed essentially comparable yields between them. Complex 87 was
the best catalyst for most substrates tested, but only marginally (99b—e, Table 3.2, entries
1-12). With the exception of triphenylsilane, the silanes in the scope are considered to be
more reactive than dimethylphenylsilane.® Thus, it seems that the reactive nature of these
silanes outweigh any potential benefits in yield afforded by the tethered thioether moiety.

We also sought to investigate the effects afforded from the tethered thioether when
electronics were perturbed on the diazo compound and found more notable differences.
When a strong withdrawing group is present on the phenyl ring, 87 has lower activity when
compared to 89. However, as the donating ability of the diazo became stronger, complex 87
began to perform more effectively (99f-h, Table 3.2, entries 13-18). There was also a larger
change in yield when compared to changes in yield for complex 3. For example, the difference
in yield of products 99f and 99g was 24 % for complex 87 (Table 3.2, compare entries 13 and
15), while the difference in yield for the same substrates was 8 % for complex 89 (Table 3.2,
compare entries 14 and 16). This indicates a greater selectivity for diazo compounds when

the tethered thioether group is present.

3.4.5 Mechanistic and Computational Discussion

The enhanced selectivity could be due to the effects that coordinated LBs have on the frontier
molecular orbitals on the dirhodium paddlewheel complex. Having ligands coordinated at
axial sites has been previously examined computationally in studies that suggest a dramatic
increase in the energy of the LUMO of the complex.®®!!% An analysis of the frontier molecular
orbitals of complex 87 and 89 seem to agree with this. When the tethered thioether is present,
the LUMO energy level is increased by 1.21 eV (= 28 kcal/mol, Figure 2.4), along with an
increased HOMO-LUMO gap (5.56 eV for 89 vs. 6.47 eV for 87, Figure 2.4). Consequently,
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Table 3.2: Si—H insertion substrate scope

H-SIR'R*R (1.1 eqg)

Mz SiMezPh
[Rh] (2 mol %)
@A\CGZM" toluene, 60 °C, 30 min @A‘:C‘?M’
X X
Téa: X =H 99b-h
72b: X = NO2
T2c: X =Br
72d: ¥ = OMe
Entry Product [Rh]®] Yield
[%]faf
1 SiPhs 87 76
2 @Aﬂﬂzhﬂe 97a/97b 72
3 99h 89 70
4 SiMe,Cy a7 79
g ©/!\Eﬂzme 97a/97b 75
6 99¢c 89 77
7 SiPrs &7 a0
g ©/1\EOZME 97a/97b 75
g 99d 89 77
L Si(iPr): Bl A
11 @/szm 97a/97b 29
12 99e 89 54
13 FMe:Ph 87 50
COzMe
14 i 9of 89 64
15 ShiezPh 87 74
CO:zMe
16 " 99g 89 72
17 FMe:Ph 87 89
COaMe
18 MeO 99h 89 79

[2] Yields are reported as averages of two runs and were determined by
1 HNMR using mesitylene as an internal standard.
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Figure 3.4: Frontier molecular orbital, HOMO-LUMO gap, and frontier orbital
perturbation comparison for complexes 87 and 89 calculated at the M06-2X/def2-TZVPP
level of theory. Hydrogens were removed for clarity.
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the initial step of the nucleophilic attack of the diazo onto the rhodium center is expected
to be more difficult (step a, Figure 2.5). This may explain the improved yields at elevated
temperatures. The result that complex 87 is still active, albeit less so, at 0 °C suggests
that the activity of the complex is more nuanced. Using Berry’s three-center/four electron

1% as an inspiration, it’s plausible that the labile nature of the thioether

bonding mode
coordination allows an elongation of the Rh—S bond to compensate for the binding of the
diazo compound. This was confirmed by calculations performed to understand the energetic
profile of the Ny extrusion event during the formation of carbenoids of 87 and 89 with ethyl
diazoacetate discussed in further detail in Chapter 5. Suprisingly, the axial coordinating
tether increases the barrier to Ny by resisting modulation of the electron density of the
Rh-Rh bond. This in turn forms a more electron dense Rh—C bond of the carbenoid formed
with 89. It was initially though that the thioether ligand can then contract its Rh—S bond to
donate electron density to the metal center, facilitating nitrogen extrusion and lengthening
the Rh—C bond of the resulting carbene. This is not the case. This “push-pull” relationship
of axial ligands on the Rh paddlewheel scaffold has been previously invoked to explain results
when N-heterocyclic carbenes are used as axial ligands in diazo-mediated reactions. %8 We
have found through computational modeling that this proposal does not apply to our system.
It was initially proposed the more rigid ligand system used in this study can only “flex” so
far, however, and cannot adequately accommodate less nucleophilic diazo compounds such
as 72b.1%9 Tt is now proposed that a more nucleophilic carbenoid is needed to overcome the
resistance imparted by the axially coordinating thioether. This agrees with the results shown
in Table 3.2, as 87 performed worse than 89 in the production of 99f. As the substituent
on the phenyl ring of the diazo becomes more donating, as in diazo 72d, the benefits of the
thioether are more pronounced due to a better reactivity match.

A comparison of the complete molecular orbital diagram of complex 89 and 87 show they
are both calculated to have a calculated electronic configuration of o?r*6?7*45*? (Fig 3.5).
The addition of the single oxazoldinone ligand separates the two 7* orbitals in 89 by 0.11 eV.
This difference in energy is not changed when ¢ donation is added into the Rh—Rh bonding

framework in 87. An interesting result of ¢ donation destabilization of all the occupied
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Figure 3.5: Full molecular orbital diagram calculated for 87 and 89 calculated at the
M06-2X/def2-TZVPP level of theory. Hydrogens were removed for clarity.
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orbitals to higher energies. The o bonding orbital is destabilized by 0.69 eV due to the the
donation of the axially coordinated thioether in the o*, resulting in a nearly degenerate o
and 7 bonding orbital. This conceptually makes sense as donation into antibonding orbitals

traditionally weaken the bonding interaction of the corresponding bonding orbital.

3.5 Conclusions

Using Si—H insertion reactions, we have shown that axially coordinated thioethers do give
good yields of desired silyl products, achieving yields up to 89 %. In select cases at
elevated temperature, the tethered thioether ligands had a positive effect on the catalytic
performance of rhodium paddlewheel complexes compared to non-tethered complexes. The
effects afforded from the thioether also appear to be more prevalent with more donating diazo
substrates. Subsequent calculations have indicated that a more donating diazo compound
may be a better reactivity match because the additional ¢ donation could be needed to
overcome the persistent electron density between the Rh atoms when the axially coordinated
thioether. This could result in a less endothermic coordination event of the diazo compound
when the axially coordinated thioether is present. Calculation of the reaction coordinate
diagrams of the electronic perturbation used in the experimental study will further define

the nuances that dictate the selectivity imparted by the axially coordinated thioether.

3.6 Experimental

3.6.1 General Considerations

Unless otherwise noted, all reagents were used as received from the manufacturer without
further purification. (5)-MeTOX derived catalysts were prepared following the procedure
outlined previously.®® Diazo substrates were prepared based on literature procedures. 90192
All reactions were carried out in reaction vials. Reactions were monitored using thin
layer chromatography (TLC) on Sorbent Technologies Silica XG TLC Plates. Column
chromatography was performed using either 60 A, 40-63 pm flash silica or 60 A, 63-200
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pm gravity silica from Sobent Technologies. Microwave assisted reactions were carried out
in a closed vessel using a Biotage Initiator+ microwave reactor monitoring the reaction by
equipped IR sensor. 'H and ¥*C NMR spectra were recorded on a Varian Mercury Vx 300
MHz or Varian VNMRS 500 MHz spectrometers. All NMR chemical shifts are reported in
ppm on the § scale. Signals were referenced by residual solvent signal for 'H NMR. (CHCI3
= 7.26 ppm) and *C NMR (CHCIl3 = 77.16 ppm). The mass spectra were obtained using
either an Exactive Plus OrbitrapTM Mass Spectrometer (Thermo Scientific, San Jose, CA,
USA) via direct injection or with a JEOL AccuTOF Mass Spectrometer fitted with a DART
interface, run in positive mode. Chiral HPLC analysis was performed on a Shimadzu LC-
2030 Prominence-I instrument using a Lux Cellulose-1 column (250 x 4.6 mm, 5 pm): 25

°C; UV detection at 245 nm, 3% isopropanol/hexanes at a 1 mL/min flow rate.

3.6.2 Synthesis of Complex 89

[Rhy(OAc);3(2-Ox)-2CH3CN] (89): To four separate 2-5 mL microwave reactor vials,
dirhodium tetraacetate (25 mg, 0.057 mmol) and 2-oxazolidinone (49 mg, 0.57 mmol)
were added. 1,2-Dichloroethane (5 mL) was then added to the vial, rinsing the sides of
the vial of any solid material. A cap was then crimped onto the vial and placed in the
microwave reactor. The reactor was set to the following parameters: fixed hold time of
10 minutes; 1 minute pre-stir; low absorbance; temperature 190 °C. After the reaction was
complete and cooled, the contents of the microwave vials were combined, and volatiles were
removed in vacuo. Purification by column chromatography using gravity silica gel with 1:1
CH3CN:toluene afforded compound 89 along with a mixture of other ligand substitution
products. Compound 89 was obtained as a purple solid (40 mg, 0.066 mmol, 32% yield) 'H
NMR (500 MHz, Chloroform-d) ¢ 4.32 (t, J = 8.4 Hz, 2H), 3.71 (dd, J = 8.9, 7.9 Hz, 2H),
2.44 (s, 6H), 2.06 (s, 3H), 1.91 (s, 6H). 3C NMR (126 MHz, Chloroform-d) § 191.90, 190.17,
168.93, 65.62, 49.55, 24.00, 23.43. HRMS (obtained using Orbitrap”) [M+H]* m/z calcd
for C;1H,6N2OgRhy ([Rha(OAc)3(2-Ox)-CH3CN]): 510.9045; found: 510.9084.
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3.6.3 Procedure for Si—H Insertion Reactions

Diazo compound (0.4 mL, 0.114 mmol) from a 0.284 M stock solution was added in one
portion to an 8 mL reaction vial containing silane (0.125 mmol, 1.1 equiv) and rhodium
catalyst (2 mol%). The vial was immediately capped and placed in a pre-heated well plate
set to 60 °C and stirred for 30 minutes. Excess solvent was removed by rotary evaporation
and the crude material was dissolved in chloroform-d. Mesitylene (0.114 mmol, 1.0 equiv)
was added as an internal standard. Yields were obtained via 'H-NMR. Chemical shifts of

known products were as reported in literature. 193194

3.6.4 Silyl Product Yield Calculations

Normalized integration of the methyl proton signal of mesitylene (2.28 ppm) was compared
to the integration of the protons assigned to the methyl ester of the products. For products
99e and 99g which had overlapping signals for the methyl ester and methine proton of the
stereocenter, the integration of mesitylene was compared to the combined area of both the
methyl ester and methine proton signals. For products 99c¢ and 99d, the integration of
mesitylene was compared to the methine proton signal. For product 99e, the integration of

mesitylene was compared to the methyl signal of the isopropyl group.

3.6.5 Synthesis of Silane Products for Characterization

Methyl 2-(cyclohexyldimethylsilyl)-2-phenylacetate (99c): Scale-up synthesis of pro-
duct 99¢ was performed in order to obtain a pure sample of 99¢c. Rhy(OAc), (2.5 mg, 5.68
nmol) and dimethylphenyl silane (0.0444g, 0.312mmol) were added to a round bottom under
ambient conditions. Diazo 72 (0.0500 g, 0.284 mmol) dissolved in 1 mL of methylene chloride
was added and the reaction mixture was stirred for 30 minutes. Solvent was then removed
by rotary evaporation and the crude material was purified by column chromatography using
flash silica gel. Compound 99c¢ was isolated as a colorless oil. 'H NMR, (500 MHz, CDCl3)
§ 7.35 - 7.32 (m, 2H), 7.30 — 7.25 (m, 3H), 7.19 — 7.14 (m, 1H), 3.68 (s, 3H), 3.51 (s, 1H),
1.75 = 1.59 (m, 6H), 1.26 — 1.02 (m, 5H), 0.65 (tt, J = 12.4, 3.0 Hz, 1H), 0.04 (s, 3H),
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-0.09 (s, 3H). 13C NMR (126 MHz, CDCl3) § 173.76, 136.79, 128.54, 128.24, 125.70, 51.48,
43.68, 28.07, 28.03, 27.44, 27.30, 26.95, 24.41, -5.93, -5.95. HRMS (DART in positive mode)
[IM+H]™ m/z caled for Ci7Has02Si: 291.1736, found: [M+H]™ = 291.1777.

Methyl 2-(dimethyl(phenyl)silyl)-2-(4-nitrophenyl)acetate (99f): p-Nitrophenyl m-
ethyl diazo acetate (0.0251g, 0.114 mmol) was added to a reaction vial containing dimethyl-
phenylsilane (0.0170 g, 0.125 mmol) and Rhy(OAc), (1.0 mg, 2.28 pmol). Methylene chloride
(0.4 mL) was added by syringe to the reaction mixture and stirred for 30 minutes at 40 °C.
Solvent was then removed via rotary evaporation to provide compound 99f (71% by 'H-NMR,
0.081 mmol) and a mixture of byproducts. Attempts to isolate 99f resulted in decomposition
of the product during purification. The presence of 99f was determined by using the signal
located at 3.61 ppm, which is presumed to be the methyl ester signal. 'H NMR (500 MHz,
Chloroform-d) ¢ 8.05 (d, J = 8.8 Hz, 2H), 7.37 - 7.30 (m, 7H), 3.76 (s, 1H), 3.61 (s, 3H), 0.37
(d, J = 3.2 Hz, 6H). 3C-NMR (126 MHz, Chloroform-d) § 172.07, 146.05, 144.27, 134.18,
134.05, 130.27, 128.89, 128.05, 123.31, 51.77, 46.87, -4.30, -4.40. The presence of 99f within
the crude mixture was also detected by mass spectrometry. HRMS (DART in positive mode)
[M+H]™ m/z caled for C;7H19NO,4Si: 330.1117, found: [M+H]™ = 330.1110.

3.6.6 Computational

All geometry optimizations were completed on Gaussian 09'% and implemented the density
functional theory MO06-2X' functional with the def2-TZVPP?® basis set. An ultrafine
integration grid was utilized as well as tight convergence criteria. Frequency calculations
were performed to verify the stationary points on the potential energy surface were in fact
ground state minima. Compound 89 did exhibit a negative frequency at -20.1475 cm~* but

is still believed to be the ground state structure. Orbital visualizations were completed with

ChemCralft.
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Chapter 4

Rh(IT)-Catalyzed Si—H Insertion of
Nosyl Hydrazone Protected Donor

Diazo Compounds

4.1 Disclosure

Chapter three is an adaptation of a manuscript in progress titled “Rh(II)-catalyzed
Si-H Insertion of Nosyl-hydrazone Protected Donor Diazo Compounds.” I performed the
synthesis of some of the hydrazone compounds, the reaction optimization, substrate scope,
development of the manuscript, and the development of the supplemental information. Jobe
Courtney helped with synthesis of hydrazone compounds and production of catalyst. Dr.
Ampofo Darko helped with development of the manuscript and advised all the work described

herein.

4.2 Abstract

Dirhodium paddlewheel catalyst are evaluated in silyl-hydrogen insertion reactions of
nosyl-hydrazone protected donor-diazo compounds. Donor-diazo compounds are highly
reactive and their formation in situ from sulphonyl-protected hydrazones has provided a
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safer avenue to explored their reactivity. Herein we describe our efforts to evaluate this
transformation utilizing catalysts with a mono-substituted tethered, axially coordinating
thioether ligand, a mono-substituted heteroleptic control complex, and Rhy(OAc),. We
found that the heteroleptic control catalyst, Rha(OAc)3(2-OX), exhibited the highest activity

producing the desired silane in up to 78% yield.

4.3 Introduction

The carbene transfer reaction has greatly increased the synthetic chemist’s ability to com-
plete various transformations such as intermolecular and intramolecular cyclizations, X—H
insertions (X = C, N, B, O, S, Si, Ge, Sn and P) , and ylide transformations. !#3%185,196-200
One of the most broadly used carbene precursors is the diazo compounds which can be
divided into five separate classes (Fig. 4.1). Donor-donor and donor diazos are described
as donor-type while acceptor-acceptor and acceptor diazos are described are acceptor-type.
Donor-acceptor and acceptor-type diazos have been broadly investigated in the literature,
while donor and donor/donor diazo compounds have had limited impact in carbene transfer
reactions due to the dangers of handling the unstable compounds.?*® The donor-type diazo
compounds are more commonly explosive as opposed to donor/acceptor and acceptor-type
diazos. This makes handling donor-type diazos more difficult.?* Safe handling requires they
must be transported and stored in dilute solutions at low temperatures.

In Rh(II)-catalysis, the diazo coordinates to the one of the rhodiums. This is followed by
the extrusion of nitrogen resulting in a metal carbenoid. The metal carbenoid and the diazo
precursor have an inverse relationship of reactivity (Fig. 4.2). While the donor-type diazo
is highly nucleophilic, the donor-type carbenoid is less reactive and sometimes stable. An
example of the donor-donor Rh(II) carbenoids stability is that it is the most common type of
Rh(IT) carbenoid that has been successfully isolated and crystallized from diazo precursors.
Fiirstner and coworkers added solutions of bis-(4-methoxyphenyl)diazomethane/CH,Cly and
Rhy(tpa)s/CHyCly under strict inert conditions at -10 °C (Fig. 4.3a).''® The resulting
Rh(II) carbenoid 100 was stable enough to characterize by UV, IR, and NMR. Crystals
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Figure 4.1: Classification of diazo compounds.
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Figure 4.2: The reactivity trend of diazo compounds and metal carbenoids.
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Figure 4.3: a) Rh(II) carbenoids 100 and 101 Fiirstner published crystal structures of. b)

101, R = CPhy

Rh(II) carbenoid 102 studied spectroscopically be Davies.
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were also successfully grown in CHyCly/toluene and fluorobenzene/toluene/CHyCly, with
the latter providing the best crystals. In a later publication Fiirstner and coworkers isolated
Rh(IT) carbenoid 101 and the Rhy(esp)s variant of both carbenoids.?"? Interestingly, they
also managed to obtain crystals of a traditional donor-acceptor diazo using the Rhy(esp)s
complex. 22

Prior to Fiirstner’s initial disclosure, only spectroscopic evidence of these normally fleeting
intermediates was provided by Davies, Berry, and coworkers.?® They accomplished this
characterization by decomposing methyl (4-methoxyphenyl)diazoacetate, a donor/acceptor
diazo, with Rhy(tpa)y, in CHyCly. Interestingly, the metal carbenoid formed in ambient
conditions and excess diazo had a reported halflife of 10 seconds (Fig. 4.3b). The same metal
carbenoid formed under strict anhydrous and anaerobic conditions with substoichiometric
diazo could be stored in CH,Cly or CHCl3 for up to 20 hours.

Due to the unstable nature of donor-type diazos, chemist have long sought alternative
precursors. The precursors developed can be separated into two classes: diazo and non-
diazo. The substrates that form diazos in situ are hydrazones and triazoles with hydrazones
being the most implemented in the literature. Hydrazones have the advantage of degrading
over time, limiting the build of the reactive diazo in solution. Unprotected hydrazones
can be oxidized to a diazo. Hydrazones protected with the nosyl group degrade at room
temperature when subjected to basic conditions while hydrazones with the tosyl group also
need elevated temperatures.?’® Hydrazones decompose into diazos in moderate base and

204 Tf a proton source is present, it

polar aprotic solvent at elevated temperature (Fig. 4.4a).
is believed that the formation of a cation is favored (Fig. 4.4b). This cation can experience
rearrangement to form an olefin. If a strong base is present with protic solvent, it changes
the mechanism to what is known as the Shapiro reaction resulting in an olefin product
(Fig. 4.4c). At times the protic Bamford-Stevens reaction and the Shapiro reaction result
in different products due to the differing mechanisms (compare Fig. 4.4b and c). Triazoles

experience a thermally driven Dimroth rearrangement into a diazo with a S-imine moiety

which must be desired in the final product or designed to be removed in subsequent synthetic
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Figure 4.4: a) Proposed mechanism of Bamford-Stevens reaction in polar aprotic solvent
using a moderate base. b) Proposed mechanism of Bamford-Stevens reaction in polar protic
solvent using a strong base. c¢) Proposed mechanism of the Shapiro reaction.
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steps.?%” Non-diazo precursors include allenes, cyclopropenes, cycloheptatrienes, propargyl

esters and ethers, enynes, enynones and were not considered in the study.2"

4.3.1 Donor-type Diazo Compounds in Si—-H and Related Group

14 Insertion Reactions

The emergence of donor diazo carbene transfer reactions is relatively new when compared
with the acceptor-type and donor/acceptor diazos. The first report of a donor diazo in a
Si-H related reaction in was as recent as 2017. A disclosure from Bi et al. reported the
insertion of donor-type carbenes into Si-H, Ge-H, and Sn—H bonds (Fig. 4.5a).%°® During
the catalyst screening, 5 mol% of Rhy(OAc), was used with the optimal conditions and
yielded 25 % of the silane product. The remaining transformations were performed at 30%
catalyst loading with silver (I) triflate. The silver (I) triflate catalyst proved tolerant of many
functional groups while smoothly inserting into the group 12 atom-hydrogen bonds in high
yield, though aliphatic hydrazones failed to convert into the desired silane by this method.
The following year, Che et al. reported Si-H, Ge-H, and Sn—H insertions utilizing an iron
porphyrin catalyst(Fig. 4.5b).?°7 This was achieved with a meager 2 mol% of catalyst and
showcased the insertion into primary, secondary, and tertiary Si—H bonds.

In 2018, Wang et al.?°® published a Pd(0)-catalyzed Si-H insertion from N-tosyl-
hydrazones. They demonstrated a broad scope with functional group tolerance. Interestingly,
it is proposed the reaction proceeds through an alternate mechanism from the previously
accepted Si—H insertion mechanism (Fig. 4.6). The proposed mechanism begins with
oxidative addition of Si-H onto the Pd(0) resulting in a Pd(II) species. Then, either the
silane or hydride migrates to the carbenic carbon. Finally, reductive elimination results in
the product and return of the catalyst to the initial Pd(0) species. This method was also
able to avoid S-hydride migration that has been experienced in the previous reports of Si-H
insertion.

The first chiral iteration of the Si-H insertion with donor/donor diazos was reported

by Franz et. al. in collaboration with Shaw (Fig. 4.7a).?% In the study, they used a chiral
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Figure 4.5: a) Silver(I) triflate catalyzed Si-H insertion of nosyl-protected hydrazones. b)
Iron porphyrin catalyzed Si—H insertion of tosyl-protected hydrazones.
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Figure 4.6: Palladium catalyzed Si-H insertion of tosyl-protected hydrazones with proposed
mechanism.
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Figure 4.7: a) First example of Rh(II)-catalyzed Si—H insertion of diaryl diazo compounds
with chiral silanes. b) Enantioselective Si—H insertion diaryl diazo compounds with chiral
Rh(II) spiro-phosphate complex 103. c¢) Enantioselective Si-H insertion of trisyl-protected
alkynyl hydrazones with complex 103.
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homoleptic rhodium catalyst in tandem with silicon-stereogenic silanes to promote selectivity.
When using symmetric diazos the enantiomeric ratio of the products suffered. They were
able to rectify this by implementing a prochiral diazo, achieving up to 98:2 enantiomeric
ratio in up to 98% yield. Azide and silyoxide formation were both side reactions experienced
but were shown to be reduced by using a bulkier diazo and by adding 4A-sieves respectively.
Kinetic experiments were also conducted indicating the insertion step is the rate determining
step .

Zhou et al. demonstrated how the electronics of a diaryl diazo could dictate the
enantioselectivity of Si-H insertions.?!” They exhibited a linear correlation of the log(er)
values and the Hammett parameters. The best catalyst of the chiral rhodium catalyst tested
was ligated with chiral spiro phosphate ligands and could catalyze the insertion at a low 0.1
mol% catalyst loading (Fig. 4.7b). Kinetic experiments resulted in a kinetic isotope effect
of 1.5 indicating the rate determining step is also the insertion step of the reaction. These
results were also corroborated by a computational study. The study demonstrated that
differences in the electronics of the diazo substituents correlated to differences in transition
state energy.

In a subsequent publication, Zhou et al. overcame an unwanted intramolecular
cyclization product and overhydrosilyation in their Rh(II)-catalyzed Si—H insertion reactions
of sulphonyl protected alkynylhydrazones (Fig. 4.7c).?!! A series of chiral spiro phosphate
rhodium catalyst were tested. The unsubstituted chiral spiro phosphate rhodium complex
103 exhibited the highest enantioselectivity when compared to substituted variants. The
enantioselectivity was further increased by reducing the temperature to -10 °C. The
intramolecular cyclization issue was overcome by exchanging the tosyl protecting group
with a trisyl, 2,4,6-triisopropylphenylsulphonyl, protecting group. It was found that the
oversilylation was silane dependent. Bulky silanes, such as triethylsilane and diphenylmethyl-
silane afforded the product high yield and enantioselectivity. The reaction was also highly
functional group tolerant.

Although Rh(IT) paddlewheel complexes are used quite prevalently for insertion reactions,

few reports of Si—-H insertion with donor-type diazos using Rh(II) paddlewheel complexes
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have been reported. In our previous work, we described Rh(II) paddlewheel complexes
with tethered, axially coordinated ligands (TACLs) as efficient Si—H insertion catalysts with
donor/acceptor diazo compounds. In our studies, we noticed higher yields for electron rich
aryl diazo acetates and were intrigued at the possibility of expanding Si-H insertion using

Rh(II) TACLs complexes to donor-type carbenes. We describe our results herein.

4.4 Results and Discussion

4.4.1 Si—H Insertion Optimization

We began our reaction optimization by screening solvents with the nosyl-protected hydra-
zone?’® 104a, 1.5 equivalents of sodium hydride, 0.5 mol% of our previously developed
catalyst, Rhy(OAc)3(MeTOX) 87, 104a, and 5 equivalents of dimethylphenylsilane at 25
°C for 24 hours. The thioether tethered catalyst converted the hydrazone to the desired
silane in only 12% yield in dichloromethane (Table 4.1, Entry 1). The use of acetonitrile
as the reaction solvent increased the yield to 20% yield, while a 10% yield was obtained
in tetrahydrofuran (Table 4.1, Entry 2 and 3 respectively). We then evaluated 1,2-
dichloroethane as the reaction solvent and found it was also a poor solvent to facilitate this
transformation (7% yield, Table 4.1, Entry 4). Switching to 1,4-dioxane, however, resulted in
a vast increase in yield to 60% (Table 4.1, Entry 5). We then turned our attention to screening
other poorly coordinating bases. The use of potassium ¢-butoxide slightly decreased the yield
to 56% compared to sodium hydride (Table 4.1, Entry 6). Cesium carbonate produced similar
results to potassium ¢-butoxide, producing 57% yield of the desired product (Table 4.1, Entry
7). Sodium hexamethyldisilazane (NaHMDA) facilitated the decomposition of the hydrazone
starting material to the reactive diazo intermediate the best, and the yield of the desired
product was further increased to 71%. Increasing the reaction temperature did not have a
positive effect on the yields of the insertion reaction. When the reaction was performed at
40 °C, the yield decreased by 11% (60% yield, Table 4.1, Entry 9). Other Rh(II) catalysts,

with and without the tethered, axial coordinating thioether, were also tested. Changing the
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Table 4.1:

Reaction optimization of Si-H

dimethylphenylsilane over a 24hrs.

insertion of hydrazone

104a  with

E{,O base (1.5 equiv)
NO, I’~|-IH HSiMe,Ph (5 equiv) @\ P
N~ [Rh] (x mol %) Si
solvent, temp, 24 h
104a 105a
Entry [Rh] (mol %) Base Solvent Temp Yield
(°C) (%)

1 87 (5) NaH CH,Cl, 25 12
2 87 (5) NaH Acetonitrile 25 20
3 87 (5) NaH THF 25 10
4 87 (5) NaH DCE 25 7
5 87 (5) NaH 1,4-Dioxane 25 60
6 87 (5) KOt-Bu 1,4-Dioxane 25 56
T 87 (5) Cs:C04 1,4-Dioxane 25 57
8 87 (5) NaHMDS 1,4-Dioxane 25 71
g 87 (5) NaHMDS 1,4-Dioxane 40 60
10 87 (5) NaHMDS 1,4-Dioxane 80 50
1 Rho(OAC):(PhTOX) (5) NaHMDS 1,4-Dioxane 25 67
12 3(5) NaHMDS 1,4-Dioxane 25 74
13 89 (5) NaHMDS 1,4-Dioxane 25 78
14 3(2) NaHMDS 1,4-Dioxane 25 11
15 89 (2) NaHMDS 1,4-Dioxane 25 11
16 87 (2) NaHMDS 1,4-Dioxane 25 29
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substituent on the thioether to phenyl by using 107 slightly reduced the yield by 4% (67%
yield, Table 4.1, Entry 13). The benchmark Rh(II) catalyst 3, however, improved the yield
to 74% yield (Table 1, Entry 11) and the heteroleptic complex 89 further increased the yield
to 78% yield (Table 4.1, Entry 12). The optimization studies here show that the combination
of dioxane as the solvent and NaHMDS as the base had greater impact on the reaction than
the catalyst. It is worthy to note that when the catalyst loading was lowered to 2 mol%, 87
outperformed both 3 and 89 (Table 4.1, compare Entries 14-16).

4.4.2 Si—H Insertion Substrate Scope

With the optimal conditions in hand, we moved forward to investigate the scope of reactivity
with para-substituted, nosyl-protected hydrazones to evaluate functional group tolerance and
electronic effects of this substitution. The para-methyl substituent afforded the comparable
yield of silane 105b to the model substrate (75% yield, Fig. 4.8). Substitution of the model
substrate with a para-hydroxy group greatly suppressed the conversion to silane 105¢ (12%
yield, Fig. 4.8). The competitive and relatively facile O—H insertion reaction is suspected to
be the cause of the low yield.?'? The substrate with the para-cyano substitutuent afforded
46% vyield of the silane product 105d. The cyano group has the ability to axial coordinate
and could potentially poison the catalyst or slow the rate of reaction. 63213214 The electron
withdrawing para-nitro substitutuent also gave fair yields, affording only 48% of the silane
product 105e. The presence of the product from diazo homocoupling was observed by 'H
NMR and TLC. Substitution of a halogen at the para-position of the substrate produced
good yields. The para-chloro substituted hydrazone 104f afforded 70% of silane product 105f
and the para-fluoro substituted hydrazone 104g substrate afforded 72% of silane product
105g. The electron releasing para-methoxy substituent negatively affected the conversion of
the diazo to 105h. This could be due to the further stabilization of the carbenoid intermediate

by the methoxy group, resulting in decreased reactivity of the carbenoid.
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Figure 4.8: Hydrazone substrate scope of Si-H insertion
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4.4.3 Discussion

Ethereal solvents have been previously used in carbene transfer reactions as both a solvent
and a reactant. Hu et al. disclosed that ethereal solvents increased enantiomeric excess
while maintaining high yields when compared to chlorinated solvents in Rh(II)-catalyzed
intramolecular C-H insertion reactions.?!%2'¢ In the formation of B-lactams toward the
synthesis of (-)-Rolipram, 1,4-dioxane was found to be the optimal solvent.?'% In the pursuit
of macrocycles, Lacour et al. used 1,4-dioxane as both a solvent and reactant.?'” They
propose the 1,4-dioxane attacks the Rh(II)-carbenoid releasing the catalyst forming a free
ylide. This ylide then experiences a [3+6+3+6] cyclization with another free ylide to form the
desired macrocycle. Interestingly, in a subsequent publication Lacour et al. used in-situ IR
and UV-vis titration experiment to determine the reactive catalyst species in solution is the
mono-1,4-dioxane adduct of the rhodium catalyst.®® They found through speciation studies
that only 0.4-2.3% of the mono-adduct existed in solution.®® This result could explain the
need for a high catalyst loading in our system. The Lacour studies show that the 1,4-dioxane
interacts with both the catalyst and the carbene bound to the catalyst. In various Rh(II)-
catalyzed transformations?!® 222 1 4-Dioxane has been the optimal solvent to facilitate the
Bamford-Stevens degradation of a hydrazone to the reactive diazo compound in situ. This
is the first instance of its use in Rh(II)-catalyzed Si-H insertion. To our knowledge, this is
also the first instance of the utilization of nosyl-protected hydrazones as a diazo precursor

in Rh(II)-catalyzed Si—H insertions producing good yields.

4.5 Conclusion

In summary, we have found that nosyl-protected hydrazones coupled NaHMDS as a base and
dioxane as the solvent are suitable conditions to facilitate Rh(II)-catalyzed Si-H insertion
reactions. Although Rhy(OAc);3(2-OX) 89 slightly increased the yield when compared to
other tested catalyst, the combination of base and solvent had the greatest positive effect on
this transformation. Elevated temperatures had a negative impact on the transformation.

Rhodium catalyst with TACL’s faired better at lower catalyst loading than those without.
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Lastly, the transformation was sensitive to functional group change at the para-position. The
positive results of this study highlights that Rh(II)-catalyst are viable in Si-H insertions with
hydrazone protected donor diazos and should inspire the development of more strategies to

broaden the scope of this reaction.

4.6 Experimental Procedures

4.6.1 General Considerations

Unless otherwise noted, all reagents were purchased and used as received from the
manufacturer without further purification. Complex 87, 89 and Rhy(OAc)s(PhTOX)
were synthesized via an established literature procedures.??® 1,2-dichloroethane (DCE),
CH,Cl, (DCM), tetrahydrofuran (THF), 1,4-diaoxane and acetonitrile (ACN) were used
as recieved from vendors unless otherwise noted. Reactions were monitored using thin
layer chromatography (TLC) on Sorbent Technologies Silica XG TLC Plates. Ligands were
purified with column chromatography using 60 A, 40-63 m silica from Sorbent Technologies.
'H and 3C NMR spectra were recorded on a Varian Mercury Vx 300 MHz or Bruker
AVANCE NEO 500 MHz spectrometers. All NMR chemical shifts are reported in ppm
on the ¢ scale. Signals were referenced by residual solvent signal for '"H NMR, (CHCl3 =
7.26 ppm, DMSO = 2.50 ppm) and *C NMR (CHCIl3 = 77.16 ppm, DMSO = 39.52 ppm.
The mass spectra for all compounds, unless otherwise specified, were obtained using an
AccuTOF Mass spectrometer equipped with a DART ionization apparatus. Hydrazones
were made from established literature procedures. 2%
N-(4-hydroxybenzylidene)-2-nitrobenzenesulfonohydrazide: orange solid; '"H NMR
(500 MHz, DMSO) ¢ 11.78 (s, 1H, S-NH-N), 9.90 (s, 1H, -O-H), 8.04-8.03 (m, 1H, Ar-H),
8.01 - 7.97 (m, 1H, Ar-H), 7.96 (s, 1H, N=CH-), 7.90 — 7.85 (m, 2H, Ar-H), 7.40 (d, J =
8.7, 2H, Ar-H), 6.76 (d, J = 8.7, 2H, Ar-H); 13C NMR (125 MHz, DMSO) § 159.6, 148.2,
147.9, 134.6, 132.5, 131.1, 130.4, 128.7, 124.4, 124,4, 115.61
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4.6.2 Procedure for Silane Synthesis

Hydrazone compound (0.065 mmol, 1 equiv, 0.75mL) from a stock solution was added in
one portion to an 2-5 mL microwave reaction vial fitted with stirbar. Base (0.098 mmol,
1.5 equiv), rhodium catalyst (5 mol%, 0.5mL) from a stock solution, and dimethylphenyl-
silane(0.328 mmol, 5 equiv) were added sequentially.. The vial was immediately capped,
crimped, and placed in a pre-heated well plate set to 25 °C and stirred for 24 hr. The
reaction mixture was then filtered through a 1 ecm x 0.5 cm column of silica to remove
sulphone salt. 20 mL of CH5Cl,; was used to elute the material into a 50 mL roundbottom
flask. Excess solvent was removed by rotary evaporation and the crude material was dissolved
in chloroform-d. Mesitylene (0.065 mmol, 1.0 equiv) or dimethyl carbonate (0.065 mmol, 1.0
equiv) were added as an internal standard. Yields were obtained via '"H-NMR. Chemical

shifts of known products were as reported in literature. 296297

(4-chlorobenzyl)dimethyl(phenyl)silane: colorless oil; "H NMR (500 MHz, Chloroform-
d) § 7.44-7.42 (m, 2H, Ar-H), 7.37-7.33 (m, 3H, Ar-H), 7.13 (d, J = 8.4, 2H, Ar-H), 6.83
(d, J = 84, 2H, Ar-H), 2.26 (s, 2H, -CH,-), 0.25 (s, 6H, -CH,); *C NMR (125 Mz,
Chloroform-d) & 138.4, 138.1, 133.8, 129.9, 129.7, 120.3, 128.7, 128.3, 127.9, 25.9, -3.42
4-((dimethyl(phenyl)silyl)methyl)phenol: colorless oil; '"H NMR (500 MHz, Chloroform-
d) § 7.46-7.44 (m, 2H, Ar-H), 7.36-7.32 (m, 3H, Ar-H), 6.79 (d, J = 8.6, 2H, Ar-H), 6.83
(d, J = 8.6, 2H, Ar-H), 2.22 (s, 2H, -CH,-), 0.23 (s, 6H, -CH,); 3C NMR (125 MHz,
Chloroform-d) § 152.6, 138.7, 133.9, 131.8, 120.4, 129.2, 128.7, 115.2, 25.0, -3.33

4.6.3 Silyl Product Yield Calculations

Normalized integration of the methyl proton signal of mesitylene (2.28 ppm) or dimethyl
carbonate (3.79 ppm) were compared to the integration of the protons assigned to the

methylene of the silane products.
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Chapter 5

Tuning Rh(II)-Catalyzed
Cyclopropanation with Tethered
Thioether Ligands

5.1 Disclosure

This chapter is an adaptation of D. Cressy, C. Zavala, A. Abshire, W. Sheffield, and A. Darko.
Tuning Rh(II)-catalysed cyclopropanation with tethered thioether ligands. Dalton Trans.,
49(44):15779-15787.2020 This publication was firsts authored by Dr. Derek Cressy. He
contributed to the development of the synthesis, characterization, x-ray structure elucidation,
catalyst screening, UV-Vis, electrochemical analysis, and manuscript preparation. Dr.
Cristian Zavala was responsible for catalytic testing and aided in manuscript preparation.
I was responsible for all calculations and figures for calculations, ligand scale-up, and
helping with development of the supplemental information. William Sheffield aided in
characterization and manuscript preparation. Dr. Ampofo Darko advised the work and

aided with manuscript preparation.
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5.2 Abstract

Dirhodium(II,IT), Rh(II), paddlewheel complexes have high utility in diazo-mediated cy-
clopropanation reactions and ethyl diazoacetate is one of the most commonly used diazo
compounds in this reaction. In this study, we report our efforts to use tethered thioether
ligands to tune the reactivity of Rh(II)-carbene mediated cyclopropanation of olefins with
ethyl diazoacetate. Microwave methods enabled the synthesis of a family of Rh(IT) complexes
in which tethered thioether moieties were coordinated to axial sites of the complex. Different
tether lengths and thioether substituents were screened to optimise cyclopropane yields and
minimise side product formation. Furthermore, good yields were obtained when equimolar
diazo and olefin were used. Structural and spectroscopic investigation revealed that tethered
thioethers changed the electronic structure of the rhodium core, which was instrumental in
the performance of the catalysts. Computational modelling of the catalysts provided further

support that the tethered thioethers were responsible for increased yields.

5.3 Introduction

Dirhodium(II,IT) paddlewheel, Rh(II), complexes have become ubiquitous in carbene
chemistry since the Teyssié group first demonstrated that they were capable of decomposing
diazo compounds (Fig. 5.1).'%5%1% The resulting Rh(II)-carbene is capable of a wide
range of reactions including C-H and X-H (X = O, N, S, Si, B) insertion reactions,
ylide transformations, and cyclopropanation, which have made it a versatile synthetic
tool, 1434185196719 Tyegnite their wide utility, a common problem is the formation of side
products due to competitive carbene dimerization (homocoupling).%?** Carbenoids derived
from ethyl diazoacetate 40 are particularly prone to side products derived from carbene

225,226 and a well-used strategy to suppress dimer formation is to use an excess,

dimerization
typically 5-10 equivalents, of the substrate. This method can be problematic, however, in

cases where precious substrates or late-stage applications are concerned.??”

131



5 Bridging Ligand
T)\

L&
Rh——Rh -« Axjal Site

] -:j:.“""]

1 WO,
ki x*r N, O
R = alkyl, aryl

Figure 5.1: General structure of Rh(II) carboxylate (X = O) and carboxamidate (X = N)
complexes.
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While bridging ligand design is a major focus in the development of Rh(II) com-

plexes 26,27,36,43,65,81,116,228,229
’

we hypothesized that axial sites on the complex can be used
to modulate Rh-carbene reactivity such that side products due to dimerization could
be minimized. Early studies of the axial sites of Rh(II) complexes focused on the role
of solvents and other Lewis bases and their effect on the Rh-Rh bond.!'%:166:176 Tt wag
observed that coordination to the axial site occurs sequentially wherein the first equivalent
binds stronger than the second due to the cooperative ability of the two Rh atoms.?°
Applying these fundamental studies to benefit catalytic performance has been somewhat
ambiguous but has received attention as an alternative method to exogenous ligands for
tuning Rh(IT) catalysts.%’ It was clear that solvents such as acetonitrile (MeCN) decreased

yields in catalytic applications by binding to the axial site and inhibiting catalysis. !6%-213:214

158,231

There are situations, though, in which Lewis base additives have improved yields and

selectivity 01164232

in diazo-mediated reactions. In these instances, axial coordination of the
additives was believed to be playing a role. The addition of exogenous ligands, however,
is complicated by the inherent weakness of axial site coordination of neutral donors. As a
result, the coordination exists in solution as an equilibrium, leading to uncertainty as to
whether axial coordination is involved in the catalytically active species.®® One strategy to
circumvent the issue is to add a large excess of additive to increase the probability of axial
coordination during catalysis.'%® Another method that has been explored is to implement
a strong o donor, such as N-heterocyclic carbenes,'®™ that will irreversibly bind to the
axial site. Both of these strategies often lead to decreased catalyst performance or result in
only marginal benefits in Rh(II)-carbene reactions.

To better utilize and enhance the effect of axial coordination on Rh(II) complexes,
we have developed bridging ligands with tethered thioether moieties that are capable of
axial coordination. Incorporation of a tether increases the local concentration of the axial
coordinating group and gives significantly more control over the coordination to the axial
site. The ligand design was inspired by similar scaffolds reported by Bera® and Ball,'®® in
which tethered axial coordination resulted in interesting results in a-diazocarbonyl mediated

C-H insertion and cyclopropanation. Initial reports of our bespoke Rh(II) complexes
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proved that they were proficient in cyclopropanation® and Si-H insertion reactions'™ with
donor/acceptor carbenes (Fig. 5.2). Most importantly, we demonstrated that dimerization
could be minimized by incorporating tethered, axially coordinated thioether groups. In the
examples where cyclopropanation was concerned, excess substrate was required for adequate
yields. Charette and co-workers were able to obtain good yields with 2 equivalents of alkene
using conventional Rh(IT) complexes in a biphasic system,?** but reports of good yields using
equimolar alkene to diazo in Rh(II)-mediated intermolecular cyclopropanation reactions
remain scarce.* To address this gap, we sought to fine-tune catalyst performance by varying
tether lengths and thioether substituents on our oxazolidinone-based scaffold. Herein,
we report the microwave-assisted synthesis of heteroleptic Rh(II) complexes comprised
of oxazolidinone bridging ligands equipped with tethered thioether groups of varying
tether lengths and substituents. The complexes were utilized to maximize yields in the
cyclopropanation of alkenes with 40. Further analysis of the complexes by UV-Vis, cyclic

voltammetry, and computational chemistry was conducted to explain the observed reactivity.

5.4 Results and Discussion

A challenge for the study of our axially coordinated catalysts is the need to synthesize
heteroleptic complexes. Traditionally, homoleptic complexes are obtained through sequential
substitution of the acetate bridging ligands of dirhodium acetate with the desired ligand.®®
Full ligand substitution is driven by the removal of displaced acetate through trapping
methods. When using this strategy to produce heteroleptic complexes, results are hampered
by a complex statistical mixture of products.’>!1¢ Alternatively, one can start with a

6987 Corey

dirhodium precursor with bridging ligands of varying aptitude for dissociation.
used this method to synthesize heteroleptic imidazolidinate complexes, however, the number
of isomers was further complicated by the orientation of the N and O atoms around each
Rh atom.%%?** We observed that the incorporation of the thioethers on our ligand scaffold

significantly reduced the number of products in heteroleptic complex synthesis.®¢ Each ligand

substitution either slowed or blocked further ligand substitution such that only products from
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mono- and bis-tethered adducts were produced. Reaction times were a bit sluggish in the
case of the oxazolidinate scaffold, so we turned to microwave synthesis to accelerate the

process.

5.4.1 Microwave Ligation Optimization

Microwave conditions have previously been implemented for expediting the synthesis of

235,236 and we were attracted to the microwave

homoleptic dirhodium paddlewheel complexes,
synthesis of each complex, even in small amounts, to facilitate rapid access to a range of
catalysts for reaction studies. The synthesis of catalysts 87%¢ and 97a/b from ligand 106a and
rhodium acetate was used for initial optimization studies. Product formation was initially
observed in low yields at 160 °C (Table 5.1, entry 2). Prolonged time at 160 °C did not
dramatically improve yields (Table 5.1, entries 3 and 4). Increased temperatures led to
an increase in complexes 87 and 97a/b, with preferred formation of 87 (Table 5.1, entry
5). A series of solvents with varied coordinating ability were then screened (Table 5.1,
entries 5-9). Ethanol gave a high percent conversion (Table 5.1, entry 7) but provided low
yields of 87 and 97a/b along with the presence of a grey solid. It has been reported that
ethanol facilitates the reduction of Rh(II) to Rh metal, which would explain the grey solid
residue in the reaction vessel.??” As observed with other ligand exchange conditions, the
weakly coordinating solvents 1,2-dichloroethane (DCE) and chlorobenzene (PhCl) produced
the highest yields (Table 5.1, entries 5 and 9). Although they gave similar yields, DCE was
used in further reactions due to its convenience in reaction workup. A further increase in
temperature to 190 °C afforded the optimal conversion and product yield while producing the
desired mono-complex 87 preferentially to the bis-complexes 97a and 97b (Table 5.1, entry

10). Continuing to increase the temperature did not significantly improve yields (Table 5.1,

entry 11).
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Table 5.1: Optimization of microwave synthesis parameters for Rh(II) complex synthesis

o}
0 o)ﬂ\jﬁ o)f*\o N,);,\_D h
0 Rhy(OAc) 3 | o=+=o , i )00 | o4<o
A M‘n"f‘. solvent, .~ D_" | e N_:-Elho_,ﬁlh_ /S-;Rh—,ﬁh—S/
time temp T N Al 050" |
O 0% O OszN
Be e %
106a Rhz{OAC)(MeTOX) 87 cis 97a trans 97h
mano complex L o
~
ha{OAE}th@TOX:Iz
bis complex
Entry Solvent Time Temp. Yield 87 Yield 97a/b Conv.
[min] [°C] [%] [%] & [%

1 DCE 10 140 1 0 3
2 DCE 10 160 6 i 7
3 DCE 10 160 13 3 18
4 DCE 30 160 17 5 23
5 DCE 10 180 22 7 46
6 THF 10 180 “ 2 9
7 EtOH 10 180 14 7 79
8 MeCN 10 180 18 5 29
9 PhCI 10 180 21 5 27
10 DCE 10 190 30 16 B2
11 DCE 10 200 L 17 53

[2] Yield and canversion determined by HPLC.
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5.4.2 Microwave Ligation Scope

Other oxazolidinone ligands were synthesized from serine and aspartic acid, providing tether
lengths of one and two methylene units, respectively (106b—d, Fig. 5.3). Ligand exchange
reactions using the optimized microwave conditions furnished complexes 2-9 (Fig. 5.3). The
mono-substituted complexes formed preferentially in all cases, but the ratio of mono-to-bis
increased according to donating strength of the thioether substituent. More specifically, the
stronger donating t-butyl group in ligand 106b furnished a 3 : 1 ratio of complexes 106 to
106a/b compared with 1.3 : 1 for 107 to 107a/b, in which the sulfur substituent was phenyl.
Higher overall yields were obtained when the tether length was one methylene unit compared
to two methylene units, as evidenced by comparing yields of complexes from ligand 106a to
those from ligand 108d. It is worthy to note that while ligands with pendant thioethers
proceeded readily with one equivalent of the ligand under microwave conditions, synthesis of
mixed ligand oxazolidinate /carboxylate complexes without axial coordination required excess

69,172
d,

ligand to drive the reaction forwar suggesting that the tethered thioether facilitates

ligand exchange.

5.4.3 Crystallography of Complexes

We have previously reported the X-ray structure for complex 87,%¢ and we were able to
obtain suitable crystals for X-ray analysis for complex 107 via slow evaporation of a 1 : 1
mixture of acetonitrile and toluene (Fig. 5.4). Despite our efforts, we were unable to obtain
X-ray quality crystals of the other new complexes. Unlike complex 82, Rhy(OAc);(PhTOX)
107 does not form an oligomeric chain in the solid state. Instead, the asymmetric unit is
comprised of four distinct paddlewheel units in which the second axial site is occupied by
acetonitrile. A stereogenic centre is created at the sulphur atom upon coordination to the
Rh centre.?3® 24! Ag a result, a mixture of diastereomers are present, (SC, RS) and (SC, SS),
due to the sulphur stereogenic centre and the S configuration at the asymmetric carbon on
the bridging oxazolidinate (Fig. 5.4). Of the four paddlewheel units, two are (SC, RS) and

two structures are (SC, SS), with minor structural variations between them. Representatives
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Figure 5.3: Complexes synthesized via microwave method.
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of each pair are shown in Fig. 5.4. The Rh-Rh bond distances for each paddlewheel unit
does not vary (average of 2.4217(5) A) and is within the general range for Rh-Rh bonds in
paddlewheel complexes, which are typically between 2.35-2.45 A.5! The Rh-S bond distances
of complex 107 range between 2.4730(12)-2.5195(12) A. The observation that the Rh-S bonds
are not constant suggests that the phenyl thioether axial ligand is in a fluxional state and is a
weaker donor than the methyl sulphide in 87, in which the intramolecular Rh—S bond is 2.48
A% The Rh-N, bond distance varies little and averages 2.236(4) Abetween the paddlewheel
structures, but pairs of the structures have differences in Rh-Rh-N angles. The (SC, RS)
pair has slightly bent Rh—-Rh-N angles of 171°, while the (SC, SS) pair has almost linear
Rh—Rh-N angles of 175°. The variations are most likely a consequence of packing effects,

but they give insight into the structural flexibility of the complex.

5.4.4 UV-vis of Complexes

In general, axially coordinated molecules bind to the o* orbital of the Rh—Rh centre, which
perturbs the 7* to o* HOMO-LUMO gap. This is manifested by shifts in the visible region of
their UV-vis spectrum.®® Fig. 5.5 shows the overlaid UV-vis spectra of the mono-complexes
87, 106, 107, and 108. The colours of the mono-complexes are shades of violet and the local
maxima of their bands in the visible region are clustered between 572 nm to 582 nm. The
similarity between them suggests that varying the tether length (between 1 or 2 methylene
units) or varying the thioether substituent (Me, ‘Bu, or Ph) does not significantly alter the
HOMO-LUMO energy gap of the complex (Fig. 5.5).

5.4.5 Cyclopropanation Optimization

We initially explored the reactivity of the various rhodium catalysts in the cyclopropanation
of styrene with 40 using optimal conditions from our previous studies.® We anticipated
that performing the reactions with excess styrene would likely result in high yields of
the cyclopropane product for most of the catalysts. Therefore, to better distinguish the

performance of the catalysts, reactions were conducted with equimolar amounts of styrene
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Figure 5.5: UV-vis spectrum of complexes 87, 106, 107, and 108.
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to 40 (Table 5.2). In this way, selectivity between carbene dimerization and cyclopropanation
could be evaluated. In contrast to previous work in our group demonstrating low reactivity
for catalyst 2 with donor/acceptor diazo compounds in the cyclopropanation of styrene,®
it was a very competent catalyst when 40 was used, providing 63% yield of cyclopropane
41/42 and trace yields of dimer products (Table 5.2, entry 1). The length of the tether
only had a minor influence on the yield of 41/42, but the change resulted in increased
dimer formation (Table 5.2, compare entries 1 and 2). The thioether substituent had a
more pronounced effect on cyclopropane yield. Complex 107, with a phenyl substituent
on the thioether, provided the highest cyclopropane yield of the series (71%, Table 5.2,
entry 3), while the complexes with alkyl substituents on the thioether (complexes 87, 106,
and 108) gave essentially comparable yields (Table 5.2, entries 1-4). Except for complex
108, the mono-substituted tethered complexes had only trace amounts of dimer products.
All of the tethered complexes outperformed 97a/b in cyclopropane yield (Table 5.2, entry
5). Rhy(OAc);3(2-OX) 89 was also tested to eliminate the possibility that the bridging
oxazolidinate ligand was responsible for the yield increases. However, 89 also obtained
cyclopropane 109 in a lower yield compared to the tethered complexes, further implicating
the tethered thioether as the reason for increased yields (Table 5.2, entry 6). As observed in
our previous work, the mixed bis-substituted complexes 97a/b exhibited greatly diminished
catalytic activity (Table 5.2, entry 7).8%172 In this reaction, some carbene dimerization was
observed along with a high percentage of unreacted 40. The dual tether of the bis-complex
likely blocks both axial sites, requiring displacement before catalysis is possible and thereby
reducing reaction yield. dimerization yields were more of an issue for non-tethered complexes
when catalyst loading was reduced, but the side product was kept minimal when complex
107 was used, although a drop in cyclopropanation yield was observed (Table 5.2 entries
8-11). At 0.1 mol% of catalyst, complex 107 provided a 53% yield of 41/42 with 3% of
the dimer products, while 89 gave a 30% yield of 41/42 and 17% yield of dimer products
(Table 5.2 entry 10 and 11). This result is evidence that the thioether tether may assist with

catalyst turnover, an issue that is present when 40 is used as the diazo precursor.?*?
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Table 5.2: Catalyst screening for the cyclopropanation of styrene with 40.

o] . H
H\“)LOEt § gy Lo gOgEt A EIO2CL\I,)\COEB
N, DCE, 80°C Ph H
40 styrene 41142 dimer
(1 equiv, 1 mL/hr) (1 equiv.)
Entry [Rh] Yield 41/42 [%] & Yield dimer [%] &
1 87 63 <1
2 108 59 8
3 107 71 <1
4 106 57 <1
5 3 33
6 89 38
7 97al/b 19
8! 107 62 1
ol 89 36 11
106 107 53 3
116 89 30 17

[a] Yields determined by GC and averaged over 2 runs. [b] 1 mol% catalyst. [c] 0.1 mol% catalyst.
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5.4.6 Cyclopropanation Scope

A substrate scope was conducted for the cyclopropanation reaction using 2 mol% of complex
107 (Fig. 5.6). Styrene derivatives 109-114 generally maintained good yields at 1 equivalent
of olefin and high yields of cyclopropane when 5 equivalents were used. 4-tert-butylstyrene
provided similar yields of product 111 compared to styrene, while 4-chlorostyrene gave a
slightly lower yield of compound 110. This is consistent with inductive withdrawing effects of
the Cl resulting in a less nucleophilic olefin. Introduction of steric hindrance via disubstituted
olefins also resulted in good to excellent yields, albeit slightly lower than monosubstituted
olefins (112 and 113, Fig. 5). Nonstyrene derivatives 114 and 115 performed well in the
reaction when 5 equivalents of olefin were used. Using 5 equivalents of the electron-rich
ethyl vinyl ether afforded quantitative amounts of cyclopropane 114, but only 31% yield
at 1 equivalent. We hypothesized that volatility of the vinyl ether was partly to blame
for the low yield. Performing the experiment at room temperature slightly increased the
yield to a 43% yield of 114. The synthetically challenging norbornene afforded moderate
yields of its respective cyclopropane (compound 115) at 5 equivalents, but low yield at
1 equivalent. In all cases, the diastereomeric ratio of the cyclopropanes did not differ
markedly from that observed in the literature.'* This was anticipated as 40 generally gives

low diastereoselectivities in Rh(IT)-carbene cyclopropanation reactions (Fig. 5.6).12%243,244

5.4.7 Cyclic Voltometry of Complexes

Cyclic voltammetry experiments were performed to probe the effect of the tethered thioether
ligands on the electronics at the Rh metal centres. Early studies demonstrated that the
variance of the Rh;H/ °* oxidation potential could be used as a metric for the strength of
axial coordination.?'® Our analysis was conducted in 0.1 M [TBA][PFg] in dichloromethane.
Fig. 5.7 is a stack of the cyclic voltammograms of the Rh(II) complexes. Each of the
complexes displayed a reversible, or quasi-reversible, oxidation event assigned to the Rh;pr/ ot
couple. Oxidation potentials of the mono-complexes followed the trend that increased o

donating ability of the tethered thioether corresponded to a higher oxidation potential (Fig.
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Figure 5.6: 107-catalyzed cyclopropanation with 40. Yields are averaged over 2 runs and
calculated by 'H NMR except for compounds 109 and 114. Performed at 25 °C.
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Figure 5.7: Cyclic voltammograms of complexes 87, 89, 106, 107, and 108. Electrolyte
comprised of 0.1 M [TBA]J[PF6] in DCM (scan rate of 100 mV s™1).
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5.7). This is contrary to previous studies in which the sequential addition of exogenous
axial ligands resulted in a lower oxidation potential.?'* This increased oxidation potential,
though unexpected, is not unprecedented. We have shown this trend to be the case with
respect to Rhy(OAc)sPhTCB complexes (PhTCB = phenylthiocarbamoyl benzoate), which
also contains a tethered thioether and showed a Rhg‘” ot E;/o value 36 mV higher than
Rh(0OAc)30Bz (OBz = benzoate).®® It is worth noting that the same trend was not observed
when the CV experiments of complexes 87, 106, 107, and 108 were conducted in MeCN,
confirming that the electrochemical study of the complexes is sensitive to coordinating

solvents.

5.4.8 Computational Study of Metal Carbenoids

DFT calculations were employed as a means of further understanding the electronic structure
of the complexes. Theoretical calculations of the precursor complexes, as well as their carbene
complexes with EDA | were calculated at the M06-2X /def2-TZVPP level of theory. According
to Berry’s three centre/four electron (3c/4e) bonding model, the addition of axial ligands
has the most impact in the energy of the Rh-Rh o* orbital, which is the LUMO of the
complex.®® The out-of phase combination of the axial ligand’s lone pair o orbitals interact
with the Rh—Rh ¢* orbital and raise the energy of the Rh—Rh ¢* LUMO. When comparing
complex 107 to Rhy(OAc)30X 89, the most dramatic change was in the destabilization of
the Rh-Rh o* LUMO due to their interaction with the thioether lone pairs (Fig. 5.8). The
extent of destabilization is greater with 27 than 107, hence, stronger axial interactions lead
to greater destabilization, which is in agreement with the 3c/4e model.?® The effect of the
axial ligands also raises the energy of the Rh—Rh 7* HOMO, but this energy destabilization
is minor compared to that of the LUMO. The combined effects lead to larger HOMO-LUMO
gaps for the complexes with tethered thioethers when compared to 89.

Upon analysis of the LUMO of the carbene species, we found interesting differences in
the electronic structure of the tethered complexes (Fig. 5.9). The LUMO of Rh-carbene
116 comprises of an interaction of the p orbital of the carbene with a filled Rh-Rh 7*
orbital, which is normally the case with axially free rhodium complexes.?4® The extent of 7
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Figure 5.8: Molecular orbitals of complex 107 in comparison to 89 calculated at the M06-
2X/def2-TZVPP level of theory.
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Figure 5.9: Calculated orbitals and energies of 40 carbenoid species 116 and 117. Calculated
at the M06-2X/def2-TZVPP level of theory.
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backbonding decreases the electrophilicity of the carbene, but this interaction is polarized
towards the Rh, leading to “super electrophilic” carbenes.®®?4¢ In the case of the tethered
thioether carbene complex 117, the LUMO seems to include a mixed electronic environment
at the Rh core—m symmetry at the Rh-C and o symmetry at the Rh—S. Such mixing of
o and 7 components in metal-metal bonding has been reported for triruthenium extended
metal-atom chains (EMACs) in which bending of the linear structure introduces mixing
of o and m orbitals in the Ruz core.?’” In our case, the calculated S-Rh-Rh (176°) and
Rh-Rh-C (168°) angles in 18 deviate from linearity compared to 17 (Rh-Rh-C ~177°) and
this reduction in symmetry may be the driving force for the interaction of the ¢ and =«
orbitals. A result of this distortion is an increase in the energy of the LUMO orbital of 117
compared to 116. Although this is not a dramatic increase in energy (0.316 eV or 7.29 kecal
mol 1), it opens the possibility of further perturbing the Rh(II)-carbene LUMO energy with
distal axial coordination.

The more significant energy destabilization occurs in the HOMO of the carbene complexes
with tethered thioether ligands. The HOMO of the carbene from tethered complex 117 is
comprised of a Rh—Rh o-bonding orbital with significant carbene character. Out-of-phase o
interactions characterize both the interaction of the tethered thioether and carbene with the
Rh centre. In contrast, in the untethered complex 116, the HOMO is a Rh-Rh 7* orbital
with no carbene character. It is plausible that the difference in the HOMOs is an important
factor in the enhanced reactivity of the complexes with tethered thioether ligands. A similar
change in the electronic character of the HOMO was observed when carboxylate paddlewheel
complexes with Rh—Rh and Rh-Bi metal centres were compared. Fiirstner and co-workers
observed extreme electrophilicity of Rh—Bi acceptor carbene complexes and implicated 3c/4e
interactions in the o framework as the major contributor.?*® Davies and co-workers also
observed similar qualitative orbital topologies with Rh—Bi donor/acceptor carbene complexes
and proposed that the HOMO of the Rh-Bi complex should result in a more nucleophilic
carbenoid.?*® Tt is generally accepted that cyclopropanation occurs via a concerted, but
asynchronous process that is initiated by nucleophilic attack on the carbene carbon by the

olefin.?* We speculate that since the HOMO of the tethered complexes partially lies on the
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carbene carbon, it could more readily facilitate the formation of the cyclopropane ring over
other competing pathways.

Further support for ¢ interactions in the HOMO as a major factor is provided by
the calculated bond distances for the carbene species, in which the tethered complex 117
possesses an elongated Rh—C bond in comparison to the untethered carbene complex 116
(Table 5.3). Natural population analysis of the carbene complexes shows increased electron
density at the carbene carbon of 117 compared to 116 (0.095 vs. 0.174 respectively, Table
5.3), meaning that the tethered thioether can modulate the electron density at the distal
carbene. It was initially thought that this modulation of electron density could account for
the reactivity and be a factor in reducing the barrier for the rate-limiting diazo extrusion
step,®"?* thereby increasing catalyst turnover. This led us to study the reaction coordinate
diagram of the diazo decomposition step of this reaction. We also calculated the natural
population and the Wiberg index of the Rh—Rh—C and S-Rh-Rh—C bonding framework of
the intermediates to inform us on changes in electron density and bond strengths along the
reaction coordinate diagram.

The first event of diazo decomposition is the coordination of the diazo compound to
the Rh(IT) complex. The coordination of 40 is exothermic by -5.8 kcal/mol for complex
3, and -4.6 kcal/mol for complex 89 (Fig. 5.10). For complex 87, however, a 1.4 kcal/mol
increase in the barrier was found. The thioether coordination in 87 was also found to increase
the barrier of Ny extrusion to 23.9 kcal/mol compared to 19.2 kcal/mol for complex 3 and
18.4 kecal/mol for 89. This result is interesting because it indicates that the reason for the
increased reactivity of the complexes with tethered, axially coordinating thioethers is either
the cyclopropanation step is energetically favored or homocoupling coupling is energetically
disfavored. Also of note, the barrier of Ny extrusion for 87 is lower than for complex 3.
This, coupled with the low amount of dimer detected in the catalyst screening, increases the
evidence that the more nucleophilic carbene could be responsible for the increased reactivity.
The Natural Population Analysis indicated the electron density was equally distributed over
both rhodium atoms on 3. The introduction of the oxazoldinone ligand slightly biased the
electron distribution toward the rhodium with the nitrogen bonded to it (Rh,, Table 5.4).
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Table 5.3: Bond lengths and Natural Population Analysis of carbenoids 116 and 117.

O -
EtO,C | o =\'-_;;-;U
Rhy, —Rh,
H O/’I 0/|
=
0
116

Natural Population Analysis

Bond Distances (A)

116 117 116 17
Rh, 0523  0.407 Rh,-Rh, 2.47 2.45
Rh, 0625  0.592 Rhy-Ceapene  1.86 1.91
Cevene  0.174  0.095 Rh.-S 2.76
s 0.394
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Table 5.4: Natural Population Analysis and Wiberg index values for the calculated

mechanism of Ny extrusion of 40 with complexes 3, 87, and 89.

Ao s Je

0=+0 -1 T COJEt ?ﬁo ‘;ﬁ__ 7
o hal.lhb i o Ry ¢ O%Dli :_-—.-"EOEEI Ny O‘TOLJI g TR
s | “odeio == 57 | 3‘0-!%;&1.;, _— “,3"'FTha‘o.% \_N:I o 3 ,S'H'Tha‘o-%?”
L X0 A ,xix-/o . X0 4 X 0
Catalyst Catalyst-40 coordinated Catalyst-40 transition state Catalyst-40 carbenoid
Matural Population Analysis Wiberg Index
Catalyst-40 5 Rh, Rh, C 5-Rh Rh-Rh Rh-C
3 081616 081616 09174
3-40 Coordinated 077578 065317  -0.40848 0.8003 02936
3-4078 064854 058645 006703 0 6165 0.8601
3-40 Carbenoid 061506 059687 017329 05672 1.1599
80 0.77653  0.87400 0.9075
89-40 Coordinated 069324 066974  -0.3982 07859 0.2891
80-40TS 056497 060147 004858 0 6043 08197
89-40 Carbenoid 0.52583 061679 017719 0.546 1.1588
87 0.49873 0.45877  0.76402 0.5105 0.7586
87-40 Coordinated 0.43320 046709 064787 040342 | 04134 0.7750 0.0055
87-40 TS 0.36118 0.42017 057183  0.02099 0.2910 0.6675 0.7124
87-40 Carbenoid 0.35950 041037 057993 008773 0.2893 0 6029 1.0289
o/"ko O/fLOJ,.. o)"‘\o
BFes A -
[ o .D

EDA 40 Rh,(OAC), 3 Rh,(OAC);(2-0X) 89
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Figure 5.10: Comparison of the coordination and transition state energy differences during

the extrusion of Ny of 40 with complexes 3, 87, and 89 calculated at the M06-2x/def2-TZVP
level of theory.
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The donation of the thioether further exaggerates this bias on complex 87. Upon
coordination of 40 to 3, the added electron density is increased on Rh, while Rh, acts
like an electron sink to help delocalize the donated electron density from 40. This effect is
also present when 40 coordinates to 89. Interestingly, when 40 coordinates to 87, the electron
density on Rh, decreases but the electron density the sulfur atom increases indicating the
sulpher atom is helping modulate the electron density on Rh, At the transition state of Ny
extrusion, the electron density distribution is inverted between Rh, and Rh, on complex
89 making Rh;, the more electron deficient of the two. The electron distribution trend
on complexes 3 and 87 remained the same throughout. When inspecting the carbenoid
complexes, the electron density is much greater on the carbene carbon when the carbenoid is
formed with complex 87 than it is when it formed either complex 3 or 89. The Wiberg bond
index is consistent with the results of the Natural Population Analysis. The absence of the
thioether on complexes 2 and 89 allows for a weaker Rh—Rh bond. This is apparent by the
increased difference in Wiberg bond index in complexes 3 and 89 (0.35 for 3 and 0.36 for 89,
Table 5.4) which possess thioether coordination, compared to complex 87 (0.16, Table 5.4).
The carbenoid formed with 87 thus maintains a stronger Rh—Rh bond, resulting in a weaker
Rh—C bond in its carbenoid compared to carbenoids formed with complexes 3 and 89, 1.03
versus 1.16 respectively.

The Natural Population Analysis indicated the electron density was equally distributed
over both rhodium atoms on 3. The introduction of the oxazoldinone ligand slightly biased
the electron distribution toward the rhodium with the nitrogen bonded to it, Rh,. The
donation of the thioether further exaggerates this bias on complex 87. Upon coordination
of 40 to 3, the added electron density is increased on Rh, while Rh, acts like an electron
sink to help delocalize the donated electron density from 40. This effect is also present
when 40 coordinates to 89. Interestingly, when 40 coordinates to 87 the electron density on
Rh, decreases but the electron density the sulfur atom increases. At the transition state of
N, extrusion, the electron density distribution inverted between Rh, and Rh, on complex
89 making Rh, the more electron deficient of the two. The electron distribution trend on

complexes 3 and 87 remained the same. When inspecting the carbenoid complexes, the
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electron density is much greater on the carbene carbon when the carbenoid is formed with
complex 87 than it is when it formed either complex 3 or 89. The Wiberg bond index is
consistent with the results of the Natural Population Analysis. The absence of the thioether
on complexes 2 and 89 allows for a greater weakening of the Rh—Rh bond. This is apparent
by the increased difference in Wiberg bond index between the complexes with thioether
coordination, 3 and 89, and complex 87, a difference of 0.35 and 0.36 versus 0.16 respectively.
As a result of the carbenoid formed with 87 maintaining a stronger Rh—Rh bond, the Rh-C
bond is weaker than it is in the carbenoids formed with complexes 3 and 89, 1. 03 versus

1.16 respectively.

5.5 Conclusions

In conclusion, heteroleptic dirhodium(IT) paddlewheel complexes containing axially coordi-
nated thioether ligands were synthesized using a microwave-assisted approach. We have
demonstrated that catalyst synthesis and reactivity is influenced by the tether length and
the substituent of the thioether. The tethered complexes achieved higher yields than their
non-tethered counterparts in the cyclopropanation of styrene with ethyl diazoacetate, even
demonstrating good yields with equimolar amounts of styrene substrate. Electronic studies
and computational methods provided insight into the effect of the donating strength of the
tethered ligands on the observed reactivity. The calculations were of particular relevance,
revealing the importance of the effect of the tethered thioether on the HOMO of the Rh(II)-
carbene complexes. The calculated reaction coordinate diagrams of the Ny extrusion revealed
the coordination of the thioether increases the energy needed for coordination. Natural
Population Analysis calculations suggest axial coordination of the thioether makes the distal
rhodium resistant to the increased electron density which also results in more electron density
localized on the carbon of the carbene. Efforts to further understand the interplay between
the donating ability of the tether and reactivity in Rh(II)-carbene mediated reactions are

currently being explored by a collaborator.
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5.6 Experimental

5.6.1 General Considerations

Unless otherwise noted, all reagents were purchased and used as received from the
manufacturer without further purification. Ligand 1a and 1d were synthesized via established

250,251 Methyl phenyl diazoacetate was prepared from benzylic acid

literature procedures.
according to established procedures.?®® Hexanes, tetrahydrofuran (THF), diethyl ether,
CH,Cly, and acetonitrile (ACN) were dried with columns packed with alumina using an Inert
PureSolv Micro Solvent Purification System and stored over molecular sieves. Reactions
were monitored using thin layer chromatography (TLC) on Sorbent Technologies Silica XG
TLC Plates. Column chromatography was performed using 60 A, 40-63 pum silica from
Sorbent Technologies. 'H and ¥*C NMR spectra were recorded on a Varian Mercury Vx
300 MHz, Varian VNMRS 500 MHz, or Varian VNMRS 600 MHz spectrometers. All NMR
chemical shifts are reported in ppm on the § scale. Signals were referenced by residual solvent
signal for 'H NMR (CDCl3 = 7.26 ppm, acetone = 2.05 ppm, acetonitrile = 1.94 ppm) and
13C NMR (CDCly = 77.16 ppm, d6-acetone = 206.26 ppm, d3-acetonitrile = 1.32 ppm).
HPLC analysis was performed on a Shimadzu LC-2030 Prominence-I instrument using a Cig
column. The mass spectra for all compounds, unless otherwise specified, were obtained using

an AccuTOF Mass spectrometer equipped with a DART ionization apparatus. UV-Visible

data was obtained in a 10 mm quartz cell using a Cary 5000 spectrophotometer.

5.6.2 Ligand Synthesis

(S)-4-(2-(tert-butylthio)ethyl)oxazolidine-2-one (106b): To a flame dried 5 mL flask
equipped with a stir bar was (5)-2-(2-oxooxazolidin-4-yl)ethyl 4-methylbenzenesulfonate®®
(0.43 g, 1.5 mmol) followed by 2-methyl-2-propanethiol (1.5 mL, 13 mmol). The reagents
were then dissolved in 6 mL acetone and refluxed at 45 °C for 24 hours. The reaction was
allowed to cool to room temperature, then concentrated in vacuo. The resulting mixture was

dissolved in 10 mL DI water and extracted twice with 5 mL dichloromethane. The combined
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organic layers were then washed with 5 mL brine solution, followed by 5 mL saturated
sodium bicarbonate solution. The organics were separated and dried over anhydrous NasSOy,
filtered, and concentrated. The crude mixture was then purified by column chromatography
(25% EtOAc/Hexanes to 50% EtOAc/Hexanes) to afford 106b as a pale-yellow oil (0.1181
g, 0.58 mmol, 39% yield). 'H NMR (500 MHz, Chloroform-d) ¢ 5.81 (s, 1H), 4.56 — 4.47 (m,
1H), 4.07 — 3.96 (m, 2H), 2.63 — 2.54 (m, 2H), 1.93 — 1.81 (m, 2H), 1.32 (s, 9H). ¥C NMR
(126 MHz, Chloroform-d) ¢ 159.46, 70.24, 52.29, 42.69, 35.05, 30.97, 24.62. Calculated m/z:
[IM+H]* = 204.1014, found m/z: [M+H]|* = 204.1069
(S)-4-(2-(phenylthiol)oxazolidin-2-one (106c): To a flame dried 5 mL flask equipped
with a stir bar was added (S)-2-(2-oxooxazolidin-4-yl)ethyl 4-methylbenzenesulfonate®® (0.10
g, 0.36 mmol) followed by thiophenol (0.5 mL, 0.54 mmol). The reagents were then dissolved
in 1 mL acetone and refluxed for 4 hours. The reaction was allowed to cool to room
temperature, then concentrated in vacuo. The resulting mixture was dissolved in 2 mL
DI water and extracted twice with 2 mL dichloromethane. The organics were combined and
washed with 1 mL brine solution, followed by 1 mL saturated sodium bicarbonate solution.
The organics were separated, dried over anhydrous NaySQOy, filtered, and concentrated. The
crude mixture was then purified by column chromatography (2.5% MeOH/DCM) to afford
106¢ as a yellow oil (68 mg, 0.29 mmol, 84% yield). '"H NMR (500 MHz, Chloroform-d) &
7.38 = 7.21 (m, 4H), 5.73 — 5.65 (m, 1H), 4.55 — 4.47 (m, 1H), 4.09 — 3.99 (m, 2H), 2.97 (td,
J = 7.0, 2.5 Hz, 2H), 1.99 — 1.83 (m, 2H). 3C NMR (126 MHz, Chloroform-d) ¢ 159.18,
134.88, 129.88, 129.20, 126.79, 51.63, 34.33, 30.21. Calculated m/z: [M+H]" = 224.0701,
found m/z: [M+H]* = 224.0691

5.6.3 General Microwave Conditions

All microwave reactions were conducted in sealed reaction vials with a Biotage Initiator+
equipped with an IR sensor for determination of reaction temperature. Power input
was adjusted by the instrument achieve and maintain the desired reaction temperature.

Reaction times are presented as hold times, not total reaction time. Synthesis of
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Rhy(OAc)3(MeTOX) (87), Rha(OAc)y(MeTOX), (97a/b), and Rha(OAc)3(2-OX) (89) were

confirmed by comparison of NMR spectra from our previous work.%6:172

5.6.4 General Procedure for Microwave Reactions

General Procedure for Microwave Reactions A 2-5 ml microwave vial equipped with a
magnetic stir bar was charged with dirhodium acetate (15 mg, 34 mmol) and the desired
ligand (34 mmol). The edges of the flask were rinsed with 4 mL 1,2-dichloroethane (DCE).
The vial was then capped and heated at 190 °C for 10 minutes. The mixture was allowed
to cool to RT, transferred to a round-bottom flask using DCM, and concentrated in vacuo.
The crude mixture was then purified by column chromatography using a 1:1 toluene/MeCN
mobile phase. Bis substituted products eluted first as a mixture of cis and trans isomers.
The bis fractions were then recrystallised in MeCN to remove excess oxazolidinone starting
material. Mono products eluted next with no further purification needed. Rhy(OAc)y
eluted last. The product distribution for the ligand exchange reaction with ligand 106a was
quantified via HPLC using 75% 1:1 MeCN:MeOH with 0.1% TFA /25% water with 0.1%TFA
on a Cig column. Calibration curves were generated for 2, 97a/b, Rhy(OAc),. The yields
for complexes 106-108 and related bis complexes were determined by isolated material.
Rh;(0OAc);(*BuTOX) (106): Ry: 0.46. 'H NMR (500 MHz, Chloroform-d) ¢ 4.45 — 4.39
(m, 1H), 3.76 — 3.65 (m, 1H), 3.11 (ddd, J = 12.7, 5.4, 2.7 Hz, 1H), 2.97 (td, J = 2.4, 3.0
Hz, 1H), 2.11 (dddd, J = 14.7, 5.4, 3.0, 1.3 Hz, 1H), 1.99 (s, 3H), 1.87 (s, 3H), 1.84 (s, 3H),
1.84 — 1.76 (m, 1H), 1.66 (s, 10H). '3C NMR (126 MHz, Chloroform-d) § 190.82, 190.79,
189.00, 167.23, 70.04, 58.95, 49.59, 31.96, 29.15, 29.03, 24.07, 23.90, 23.34. Calculated m/z:
[M+H]* = 585.9489 , found m/z: [M+H]" 585.9444. Anal. Calcd for Cy5HysNOgRh,S: C,
30.79; H, 4.31; N, 2.39; S, 5.48. Found: C, 32.80; H, 4.79; N, 2.42; S, 5.18.
Rh;(0OAc),(‘BuTOX), (106a/b): Ry: 0.93. '"H NMR (500 MHz, Chloroform-d) ¢ 4.31 —
4.25 (m, 1H), 3.74 — 3.54 (m, 2H), 3.19 (m, J = 13.1, 5.7, 2.5 Hz, 1H), 2.97 (m, J = 12.2,
9.1, 2.8 Hz, 1H), 1.99 (m, J = 17.5, 5.6, 2.8, 1.3 Hz, 1H), 1.90 (s, 2H), 1.85 (s, 1H), 1.81
—1.72 (m, 1H), 1.65 (s, 10H). 3C NMR (126 MHz, Chloroform-d) § 189.25, 69.62, 59.84,
59.74, 48.19, 48.01, 32.70, 32.64, 29.84, 29.78, 29.75, 28.95, 23.94, 23.71. Calculated m/z:
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[IM+H]* = 729.0257, found m/z: [M+H|" = 729.0233. Anal. Calcd for CapH3sNoOgRhySo:
C, 36.27; H, 5.27: N, 3.85: S, 8.81. Found: C, 39.08; H, 5.88; N, 3.62: S, 8.04.
Rh,(OAc);(PhTOX) (107)p: R;: 0.46. 'H NMR (500 MHz, Chloroform-d) & 7.93 - 7.89
(m, 2H), 7.44 — 7.40 (m, 3H), 4.45 — 4.38 (m, 1H), 3.83 — 3.73 (m, 2H), 3.55 (ddd, J = 13.1,
5.8, 2.3 Hz, 1H), 3.37 (ddd, J = 13.1, 11.8, 2.5 Hz, 1H), 2.18 (dddd, J = 14.8, 6.0, 2.6, 1.4
Hz, 1H), 2.02 (dddd, J = 14.6, 12.1, 9.9, 2.4 Hz, 1H), 1.96 (s, 3H), 1.88 (s, 3H), 1.81 (s, 3H).
13C NMR (126 MHz, Chloroform-d) § 191.27, 190.97, 189.55, 167.73, 133.00, 131.05, 129.04,
128.54, 69.89, 59.09, 37.26, 31.16, 23.94, 23.91, 23.35 Calculated m/z: [M+H]" = 605.9176 ,
found m/z: [M+H]* 605.9180. Anal. Calcd for C17H2;NOgRh,S: C, 33.74; H, 3.50; N,2.32;
S, 5.30. Found: C, 37.79; H, 4.40; N, 2.51.

Rh;(OAc)(PhTOX), (107a/b): R;: 0.85. '"H NMR (500 MHz, Chloroform-d) & 7.95 —
7.84 (m, 2H), 7.42 ~ 7.29 (m, 3H), 4.41 — 4.07 (m, 2H), 3.77 - 3.61 (m, 3H), 3.43  3.30 (m,
1H), 2.12 — 1.93 (m, 3H), 1.89 (s, 1H), 1.86 (s, 1H). *C NMR (126 MHz, Chloroform-d) §
189.65, 168.30, 131.41, 131.06, 128.91, 127.86, 69.39, 59.67, 37.09, 31.53, 23.64 Calculated
m/z: [M+H]" = 768.9632, found m/z: [M+H]" = Anal. Caled for CysH3oNoOgRhseSy: C,
40.64: H, 3.94; N, 3.65; S, 8.35. Found: C, 41.49: H, 4.24: N, 3.45: S, 7.73.
Rh;(OAc);(SerMeTOX) (108)f: R, 0.63. '"H NMR (500 MHz, Chloroform-d) § 4.69 (t,
J = 8.0 Hz, 1H), 4.11 (m, J = 11.4, 10.2, 7.8, 3.5 Hz, 1H), 3.98 (dd, J = 10.4, 8.2 Hz, 1H),
2.86 (dd, J = 12.2, 3.5 Hz, 1H), 2.55 (s, 3H), 2.26 (t, J = 12.0 Hz, 1H), 2.03 (s, 3H), 1.84
(d, J = 5.4 Hz, 6H). 3C NMR (126 MHz, Chloroform-d) & 192.49, 192.22, 191.04, 72.96,
59.70, 41.16, 24.27, 24.18, 23.77, 16.27. Calculated m/z: [M+H]* = 529.8863, found m/z:
[IM+H]" = 529.3375. Anal. Calcd for C1;H;7NOgRhyS: C, 24.97; H, 3.25; N,2.65; S, 6.06.
Found: C, 29.71: H, 4.26 N, 2.74.

Rh;(OAc),(SerMeTOX), (108a/b): R;: 0.95. 'H NMR (500 MHz, Chloroform-d) &
471~ 4.59 (m, 1H), 4.00 — 3.89 (m, 1H), 2.84 (m, J = 12.2, 5.8, 3.4 Hz, 1H), 2.59 (d,
J = 9.2 Hz, 1H), 2.52 (d, J = 5.8 Hz, 2H), 2.31 - 2.18 (m, 1H), 1.97 — 1.90 (m, 3H). 3C
NMR (126 MHz, Chloroform-d) § 190.32, 167.65, 72.29, 59.69, 23.72, 15.76. Calculated m/z:
[IM+H]™ = 616.9006 , found m/z: [M+H]* = 616.8975. Anal. Calcd for C14H53N2OgRhsSs:
C, 27.29; H, 3.61; N, 4.45; S, 10.41. Found: C, 28.92; H, 3.91; N, 4.33; S, 9.95.
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5.6.5 General Procedure for the Cyclopropanation of Olefin Sub-
strates with 107

Under an atmosphere of Ny, a 25 mL Schlenk flask equipped with a magnetic stir bar was
flame dried and charged with olefin (1.0 or 5.0 equiv. with respect to ethyl diazoacetate),
107 (2 mol%), and DCE (0.5 mL). The solution was then heated to 80 °C, followed by
slow addition of ethyl diazoacetate (1.7 mL, 0.17 mmol, 1.0 equiv.) by syringe pump (1
mL/hr). After addition was complete, the reaction solution was filtered through 1.5-inch
silica plug and eluted with 4 mL of DCM. The eluent was then concentrated in vacuo with a
rotary evaporator. 10 uL of mesitylene was then added as an internal standard for 'H NMR

determination of cyclopropane product yield and diastereoselectivity.

5.6.6 Computational

The geometry optimizations utilized for the molecular orbital energies were completed on
Gaussian 091% and implemented the density functional theory M06-2X!? functional with the
def2-TZVPP? basis set. Due to resource constraints the transition states were calculated
using the def2-TZVP? basis set. The Natural Population Analysis and Wiberg Bond Index
calculations were performed using NBO3 program in Gaussian 09 also utilizing the MO06-
2x/def2-TZVP level of theory. An ultrafine integration grid was utilised as well as tight
convergence criteria. Frequency calculations were performed to verify the stationary points
on the potential energy surface were in fact ground state minima. Negative frequencies
were calculated for Rhy(OAc)3(0Ox) at -20.1475 ecm ™!, Rhy(OAc)3(PhTOX) at -4.6272 cm ™,
Rhy(OAc),C(H)(CO,Et) at -19.8149 cm ™!, Rhy(OAc),(OX)C(H)(CO,EL) at -10.6252 cm ™!,
and Rhy(OAc)3(MeTOX)C(H)(COzEt) at -3.5171 cm™! but is still believed to be the ground
state structure. Orbital visualisations were completed with ChemCraft. Transition state
structures were confirmed by a negative frequency representing the C-N bond breaking,
-241.12 ecm~! for the decomposition of 40 with 3, -256.89 cm™' with 89, and -239.16
cm~! with 87. Transition state structures need to be refined as the all produced small

negative frequencies from a twisting methyl twisting mode. The magnitude of these negative
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vibrational frequencies, between 0 and -15.00 cm™!, indicates the structures are close and
all trends evaluated will be consistent with the trends calculated with structure completely

void of of these small negative frequencies.
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Chapter 6

Chiral Rh(IT) Complexes with
Tethered, Axially Coordinated
Ligands (TACLs) Improve

Asymmetric Cyclopropanation with

Methyl Phenyldiazoacetate

6.1 Disclosure

This chapter was adapted from a manuscript in preparation titled ”Chiral Rh(ILII)
Complexes with Tethered, Axially Coordinated Ligands (TACLs) Improve Asymmetric
Cyclopropanation with Methyl Phenyldiazoacetate.” First authorship will be shared by Dr.
Cristian Zavala and myself. Dr. Cristian Zavala contributed the frontier synthesis and
characterization of chiral complexes, catalytic screening of complexes, preparation of the
manuscript, and preparation of the supplemental information. I contributed to the scale-up

of the ligands, isolation and characterization of the Rhy(S-PTTL)3(1S-Ph-PhTCB) complex,
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development of the manuscript, and development of the supplemental information. Dr.

Ampofo Darko advised the work.

6.2 Abstract

Rh(IT) paddlewheel complexes have been extensively studied in asymmetric carbene transfer
reactions. The development of chiral bridging ligands is the most commonly explored
way to enhance enantioselectivity. The effects and utilization of axial coordination have
been less explored. A tethered axial coordinating ligand can conceivably leverage non-
covalent and steric interactions at the axial site. The synthesis of chiral axially coordinating
ligands and their exchange onto chiral Rh(II) paddlewheel complexes is described herein.
It was determined that axial coordinating ligands with a chiral tether can improve the

enantioselectivity of the cyclopropanation of styrene and methyl phenyldiazoacetate.

6.3 Introduction

The cyclopropane moiety exhibits unique properties that make them highly sought after

17,253,254 Ag g result, chemo- and

in the pharmaceutical and natural products industries.
stereoselective transformations are imperative for the synthesis of cyclopropane containing
pharmaceuticals or bioactive natural products.?®® The catalytic formation of cyclopropanes
via transition-metal carbene transfer reactions is one of the most common strategies and
has been extensively studied for decades.'®?52°028 Dirhodium(IL,IT), Rh(II), paddlewheel
catalysts are among the most effective catalysts used in diazo-mediated cyclopropanation
reactions.

Rh(II)-paddlewheel complexes are highly efficient at carbene transfer reactions with many
types of diazo species.?*® Stereoselective cyclopropanation reactions with Rh(II) complexes
can be achieved by using diverse bridging ligand architectures. Early studies led by

the Doyle lab demonstrated the effectiveness of Rh(II)-carboxamidates in intramolecular

cyclopropanations of allylic diazos (Fig. 6.1a).1%% Chiral Rh(II)-carboxylates based on
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Figure 6.1: a) General structure of chiral Rh(II) carboxamidate complex. b) General
structure of Rh(II) carboxylate complex with phthalimide-protected amino acid ligands. c)
General structure of Rh(II) carboxylate with chiral cyclopropyl ligands.
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phthalimide-protected amino acids are generally efficient at asymmetric induction of various
diazo types, but are most proficient at acceptor/acceptors (Fig. 6.1b).2%2"4 By far the
most impressive complexes for stereoselective carbene transfer reactions of donor/acceptor
diazos are the Rh(IT) complexes developed by the Davies lab (Fig. 6.1c).?6444 Recently,
Davies and co-workers have developed their “third generation” of carboxylate complexes that
contain triarylcyclopropanecarboxylate (TPCP) bridging ligands (Figure). These complexes
contain cyclopropane rings with sterically crowding aryl groups that give the catalyst the
conformational rigidity necessary for selective transformations. 3135260261

The control of the stereoselectivity has mainly been accomplished through the devel-
opment of chiral bridging ligands with large sterically blocking groups. Lately, trends
with non-covalent interactions to enable selectivity have been of interest.6!/62:156,158-162
Axial ligand coordination is thought to slow catalysis by blocking the active sites of the
catalyst, however, one axial site must be opened for catalysis to take place,®” with the
distal rhodium behaving as an electronic support for the active Rh(II)-carbene. This
influence and its role on asymmetric catalysis are not as clear as the bridging ligands in
Rh(II) chemistry. The Charette lab has probed the influence of axial coordination in the

cyclopropanation of acceptor/acceptor diazos with styrene. 1262

With the cyclopropanation
of a-nitro diazoacetates and styrene, the addition of nitrogenous LBs resulted in increased
enantioselectivity, albeit with drops in diastereoselectivity and comparable cyclopropane
yields.%! Additives don’t always result in an increase in enantioselectivity, however. In the
same study, they also conducted cyclopropanations of styrene and amido diazoacetates,
also acceptor/acceptors, and found that most additives either offered no change or decreased
enantioselectivity. %! Indeed, elucidating the influence of the axial position on stercoselectivity
is more nuanced than simply adding exogenous ligands. Previously, our group has used
Rh(IT) complexes with tethered, axially coordinated ligands (TACLs) to control the local

concentration of the axially bound LB and more accurately assess its role in catalysis. 86:172:263

We have observed increased yields in cyclopropanation®%-263

reactions when using the
TACLs complexes over comparative Rh(II) complexes with no axial tether (Fig. 6.2 Top).

Herein, we investigate the influence of the axial tether’s stereoelectronics on asymmetric
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Figure 6.2: (Top) Cyclopropanation with achiral Rh(II)-carboxylate complex featuring a
tethered, axially coordinating thioether ligand. (Bottom) Cyclopropanation Chiral Rh(II)
complexes with chiral tethered, axially coordinating thioether ligands.
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cyclopropanation reactions using chiral heteroleptic Rh(II)-carboxylate complexes with chiral

tethered, axially coordinated ligands (Fig. 6.2 Bottom).

6.4 Results and Discussion

6.4.1 Ligand Synthesis

Chiral heteroleptic Rh(II) complexes containing TACLs were synthesized using the car-
boxylate thiocarbamoyl benzoate (TCB) ligand template from our previously reported
studies.®® The pendant arm of the tether was modified to contain chiral centers that can
aid in stereoinduction through non-covalent interactions and perturb the bridging ligand
sphere. To this end, ligand 121 was synthesized through Mitsunobu coupling of (15,2R)-
2-amino-1,2-diphenylethan-1-ol 118 to aziridine 119, followed by nucleophilic ring-opening
with thiophenol to provide compound 120. Finally, ring-opening of phthalic anhydride with
compound 120 obtained the desired TCB ligand 121 (Fig. 6.3a). Ligand 126 was also
synthesized through an aziridine intermediate; however, a few steps were different. Synthesis
of (5)-2-phenylaziridine 124 was achieved by first isolating an amino alcohol hydrogen sulfate
123 followed by nucleophilic ring-closing in basic conditions to arrive at the subsequent
aziridine 124. Using a zinc(II) chloride mediated ring-opening of the aziridine with thiophenol
resulted in formation of the aminothioether 125. Aminothioether 125 was then used to ring-

open phthalic anhydride to arrive at ligand 126 (Fig. 6.3b).

6.4.2 Complex Synthesis

Phthalimide-protected amino acid derived chiral Rh(II) complexes were chosen as parent
complexes for exchange with the tethered ligands due to their versatility in diazo-mediated
cyclopropanation reactions and facile synthesis.?® Specifically, Rhy(S-PTTL), has been
widely studied and has previously shown success in asymmetric cyclopropanation reactions
even when one of the chiral PTTL ligands was exchanged for an achiral ligand.'® NTTL

and PTPA were also used for added variety and the possibility for non-covalent interactions
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Figure 6.3: a) Synthesis of ligand 121. b) Synthesis of ligand 126.

170



with the ligand 7 system. With this in mind, we proceeded to exchange the chiral TCB
ligands onto the homoleptic complexes using our previously published conditions.®¢ We were
able to successfully exchange ligands 121 and 126 unto Rhy(S-PTTL),. Unfortunately, we
were unable to exchange either ligand with the other complexes under similar conditions.
Nevertheless, the ability to exchange unto PTTL gave us a comparison of the effect of
chirality on a TACL. The parent homoleptic complex and chiral TCB ligands are stirred
with Hiinig’s base in refluxing DCE overnight to furnish the bis-substituted species Rhy(S-
PTTL)2(15,2R-DPPhTCB), 127 as the only product as a cis/trans mixture in a 10% yield
(Fig. 6.4a). The low yield for the bis complex could be a result of bulkiness of the chiral
groups on the ligand. When we performed the ligand exchange with glycine derived ligand
126, we obtained 11% of the mono-substituted product 128 as the only isolable complex (Fig.
6.4b).

6.4.3 Asymmetric Cyclopropanation

The effect of the axial tether on enantioinduction was then probed in the asymmetric
cyclopropanation of styrene with methyl phenyldiazoacetate (Table 6.1). Enantioselectivity
for this cyclopropanation with Rhy(S-PTTL), was found to be in agreement with previous
attempts in the literature?542%% with 32% ee observed at 0 °C and 1 mL/hr addition rate of
diazo (Table 6.1, entry 1). Cyclopropanation with the naphthyl analog, Rha(S-NTTL)4, in
the same conditions gave 42% ee, a marked improvement over previous attempts at room
temperature in 2,2-DMB (Table 6.1, entry 2).264265 The phenylalanine derived complex,
Rhy(S-PTPA), was also tested and found to exhibit the same enantioselectivity as the Rhy(S-
NTTL)4 catalyst, 42 % ee (Table 6.1, entry 3). Cyclopropane yields for the homoleptic
catalysts were low to moderate for all the homoleptic complexes tested. To our delight,
enantioinduction was improved to 46% with complex 127a/b (Table 6.1, entry 4). Yields
for complex 127a/b were lower than the corresponding homoleptic species at 12%. This
was most likely due to both axial sites being blocked, which inhibits the active centers, and
requiring a dissociation event to occur. Complex 128 gave a comparable ee to Rhy(S-PTTL),
and increased the yield.
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Table 6.1: Asymmetric cyclopropanation of styrene with methyl phenyldiazoacetate.

R (1 equiv, 0.1 M, 1 mL/hr)
[Rh] (2 mol%)

DCE, 0°C

{5 equiv)

Entry [Rh] Yield [%] % ee
1 Rha(S-PTTL), 19 32

2 Rha(S-NTTL), 31 42

3 Rha(S-PTPA): 35 42

5 127alb 12 46

6 128 33 31
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6.4.4 Discussion

Predictive models for the observed enantioinduction of Rh(II) phthalimide complexes have
primarily focused on the orientations of the sterically bulky groups of the chiral ligands.
An early model put forth by Hashimoto and co-workers based on the x-ray structure of
Rhy(S-PTPA), proposed that the bulky groups are aligned in an “up, up, down, down” C2
configuration leading to two equivalent faces (one at each rhodium). Each of these faces
influence the formation of the cyclopropane by blocking certain attack trajectories of the
substrate and directing their approach. %4267 Later, Fox and co-workers reported the x-ray
structure of Rhy(S-PTTL), and found that the sterically bulky groups adopted an “all-up”
C4 configuration. They proposed that the bulky tert-butyl groups at one face block access to
the axial site and allow all enantioinduction to occur at the phthalimide occupied face. This
theory is not entirely accurate as other groups have shown that coordination at the tert-
butyl face still occurs.?® The fluxional state of the bulky ligands in solution make it difficult
to envision a model to explain the resulting stereoselectivity. However, we do propose the
interactions at the axial site could involve 7-7 interactions on the ligand scaffold that could

aid in creating a chiral environment for the substrates.

6.5 Conclusion

In conclusion, we have developed chiral Rh(II) TACLs complexes that give improved
enantioselectivity when compared to its parent complex, Rhy(PTTL)s. A combination
of steric factors coupled with non-covalent interactions are a plausible explanation for
the increase of selectivity. This result expands the methods in which an increase in
enantioselectivity can be achieved. Including tethered, axial ligands on a chiral scaffold
have an effect on activity and enantioselectivity depending on the ratio of ligands, mono-
and bis-substituted respectively. Different synthetic routes to provide selective formation of
cis and trans isomers and mono-complexes are being explored in our lab currently. We are
also attempting to develop synthetic routes that will not limit the chiral ligands that can be

applied to the scaffold.
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6.6 Experimental Procedures

6.6.1 General Considerations

Unless otherwise noted, all reagents were purchased and used as received from the
manufacturer without further purification. Compounds 118 and 119 were synthesized via
an established literature procedures.??* Compounds 123268, 1242%%  and 12525 were also
synthesized according to literature procedures. Methyl phenyl diazoacetate was prepared
from benzylic acid according to established procedures.?”® Hexanes, CH,Cl, (DCM),
tetrahydrofuran (THF), and acetonitrile (ACN) were dried with columns packed with
alumina using an Inert PureSolv Micro Solvent Purification System and stored over molecular
sieves. Reactions were monitored using thin layer chromatography (TLC) on Sorbent
Technologies Silica XG TLC Plates. Ligands were purified with column chromatography
using 60 A, 40-63 pm silica from Sorbent Technologies. 'H and *C NMR spectra
were recorded on a Varian Mercury Vx 300 MHz or Bruker AVANCE NEO 500 MHz
spectrometers. All NMR chemical shifts are reported in ppm on the § scale. Signals were
referenced by residual solvent signal for 'H NMR (CHCl3 = 7.26 ppm, acetone = 2.05
ppm, acetonitrile = 1.94 ppm) and *C NMR (CHCl3 = 77.16 ppm, acetone = 29.84 ppm,
acetonitrile = 1.32 ppm. The mass spectra for all compounds, unless otherwise specified,
were obtained using an AccuTOF Mass spectrometer equipped with a DART ionization

apparatus.

6.6.2 Ligand Synthesis

2-(((1S,2R)-1,2-diphenyl-2-(phenylthio)ethyl)carbamoyl)benzoic acid (121): To
a stirring solution of phthalic anhydride (194 mg, 1.31 mmol) in dry CH,Cly (8 mL) was
added a solution of (15,2R)-1,2-diphenyl-2-(phenylthio)ethan-1-amine 3 (400 mg, 1.31) in
dry CH,Cl, (8 mL). Triethylamine (18 uL, 10 mol%) was added and the mixture was stirred
at reflux for 41 hours. Reaction was cooled to room temperature and a 20 mL portion of

DI water was added. The resulting solution was extracted 3 X 70 mL EtOAc. The organic

175



portions were combined, dried over anhydrous NaySO,, then concentrated in vacuo to a
white solid without further purification (535 mg, 1.18 mmol, 90% yield). 'H NMR (500
MHz, acetone-d6): 6 8.04 (s, 1H, Ar-H), 7.78 (d, 1H, Ar-H), 7.58-7.08 (m, 17H, Ar-H), 6.93
(d, 1H, Ar-H), 5.72 (t, 1H, N-CH-C), 4.94 (d, 1H, -CH-S); 3C NMR (125 MHz, acetone-
d6) § 168.7, 167.8, 140.8, 139.1, 135.7, 133.0, 132.1, 131.2, 130.8, 130.2, 129.7, 129.6, 129.1,
128.9, 128.9, 128.6, 128.3, 128.1, 127.9, 59.6, 58.4; HRMS (EI) m/z: caled. for CosHayNO3S
([M+H]") 454.1477, found 454.1523.
(S)-2-((1-phenyl-2-(phenylthio)ethyl)carbamoyl)benzoic acid (126): To a stirring
solution of phthalic anhydride (388 mg, 2.62 mmol) in dry CHyCly (15 mL) was added a
solution of (5)-1-phenyl-2-(phenylthio)ethan-1-amine 8 (600 mg, 2.62) in dry CH,Cly (15
mL). Triethylamine (36 L, 10%) was added and the mixture was stirred at reflux for 20
hours. Reaction was cooled to room temperature and a 20 mL portion of DI water was
added. The resulting solution was extracted 3 X 50 mL EtOAc. The organic portions were
combined, dried over anhydrous Nay,SQOy, then concentrated in vacuo to a yellow residue.
Recrystallized by dissolving in hot EtOAc and adding hexanes then placing in a freezer.
(93.5 mg, 0.248 mmol, 40% yield). 'H NMR (500 MHz, acetone-d6): & 7.86 (s, 1H, Ar-H),
7.52-7.41 (m, TH, Ar-H), 7.32-7.21 (m, 7H, Ar-H), 4.77 (dd, J = 2.53, 1H, Ph-CH-), 4.00
(dd, J = 7.31, 1H, -CHH-), 3.86 (dd, J = 4.92, 1H, -CHH-); 3C NMR (125 MHz, acetone-
d6) § 169.9, 167.9, 140.9, 139.3, 137.1, 135.9, 132.2, 132.0, 131.3, 130.9, 130.8, 130.2, 129.9,
129.8, 129.7, 129.3, 129.2, 129.2, 129.1, 128.6, 128.3, 127.6, 127.3, 127.0, 126.2, 51.8, 45.5;
HRMS (EI) m/z: caled. for CooHgyoNO3S ([M+H]™) 378.1158, found 378.1148.

6.6.3 Complex Synthesis

Rh,(S-PTTL),(1S,2R-DPPhTCB), (127a/b): To a stirring solution of Rhy(S-PTTL),
(100 mg, 0.08 mmol, 1 equiv.) in 10 mL dry DCE was added 4 (40 mg, 0.088 mmol) in a
Schlenk tube with a Young’s tap. Hiinig’s base (15.4 pL, 0.088 mmol) was then added.
The tube was then sealed and the mixture heated to 120 °C and stirred overnight. The
resulting solution was concentrated in vacuo and the products separated via a Biotage Selekt

automated column using a EtOAc:hexanes gradient on a 10 g Biotage Sfar column. First
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the Rhy(S-PTTL)4 is separated using 1:1 hexane/EtOAc as the eluent. This is then followed
by 9:1 toluene/ACN as the eluent to afford the bis-substituted complex 5 as a mixture of
cis and trans isomers. Blue-green solid (13 mg, 0.008 mmol, 10% yield). 'H NMR (500
MHz, CD3CN): § 7.70 (s, 9H, Ar-H), 7.68 (d, 5H, Ar-H), 7.33 (d, 6H, Ar—H), 7.20 (m, 15H,
Ar-H), 7.08 (t, 3H, Ar-H), 6.86 (t, 8H, Ar-H), 6.56 (d, 1H, Ar-H), 4.92 (d, 2H, N-CH-C),
4.56 (d, 2H, -CH-S), 4.40 (s, 2H, NH), 4.22 (t, 2H, (COT)CH-N), 0.83 (s, 18H, C(CHj3)3);
13C NMR (125 MHz, CDCl3): § 168.0, 138.2, 133.8, 132.3, 129.9, 129.5, 128.9, 128.4, 128.3,
128.3, 128.1, 127.8, 127.8, 123.5, 65.8, 61.8, 58.4, 35.6, 29.0, 28.2; HRMS (EI) m/z: caled.
for Cg4H73N,O14RhyS, ([M+H]T) 1631.2675, found 1631.2770.
Rhy(S-PTTL);(S-PPhTCB) (128): To a stirring solution of Rhy(S-PTTL)4 (564 mg,
0.41mmol, 1 equiv.) in 50 mL dry DCE was added 9 (189 mg, 0.5 mmol) in a Schlenk tube
with a Young’s tap. Hiinig’s base (87 pL, 0.5 mmol) was then added. The tube was then
sealed, and the mixture heated to 120 °C and stirred overnight. The resulting solution was
concentrated in vacuo and the products separated via a Biotage Selekt automated column
using a EtOAc:hexanes gradient on a 25 g Biotage Sfar column. The mono-substituted
complex 11 isolated as a Blue-green solid (61 mg, 0.045 mmol, 11% yield). 'H NMR (500
MHz, CD3CN): ¢ 8.58-8.54 (m, 1H, Ar-H), 8.10-8.04 (m, 1H, Ar-H), 7.84 (dd, J = 3.88, 2H,
Ar-H), 7.87-7.47 (m, 14H, Ar-H), 7.36 (d, J = 7.91, 1H, Ar-H), 7.18-7.01 (m, 3H, Ar-H),
6.81-6.70 (m, 3H, Ar-H), 6.49 (d, J = 6.12, 2H, Ar-H), 6.03 (dt, J = 7.5, 3H, Ar-H), 5.76
(d, J = 7.76, 2H, Ar-H), 5.07 (s, 1H, (CO2)CH-N), 4.67 (s, 1H, (CO5)CH-N), 4.47 (s, 1H,
(COy)CH-N), 4.16 (dd, J = 9.45, 1H, N-CH-C), 3.59 (d, J = 5.11, 1H, CH-CHH-S), 3.11
(dt, J = 5.13, 1H, CH-CHH-S), 1.27 (s, 9H, C(CHj)3), 1.03 (s, 9H, C(CHzs)3), 0.72 (s, 9H,
C(CHzs)3); *C NMR (125 MHz, CDCl3): ¢ 189.6, 188.0, 187.0, 186.5, 168.3, 168.1, 165.4,
139.3, 136.1, 134.0, 133.7, 133.1, 132.9, 132.6, 132.2, 132.0, 131.8, 130.5, 130.1, 128.4, 128.0,
127.7, 127.6, 127.3, 126.8, 126.7, 125.9, 124.9, 123.4, 123.2, 63.0, 62.6, 60.6, 58.7, 41.5, 36.2,
35.2, 34.5, 28.8, 28.2, 28.1, 28.0, 27.9. HRMS (EI) m/z: caled. for Cg4H73N4014RhySy
([M+H]*) 1631.2675, found 1631.2770.
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6.6.4 Aysmmetric Cyclopropanation

Under an atmosphere of argon, a 25 mL Schlenk flask equipped with a magnetic stir bar
was flame dried and charged with styrene (96.82 plL, 0.845 mmol), complex 5 (5.5 mg,
0.0034 mmol), and DCE (0.5 mL). The solution was then cooled to 0 °C, followed by slow
addition of methyl phenyldiazoacetate (30 mg, 0.17 mmol) as a 0.1 M solution in DCE by
syringe pump (1 mL/hr). After addition was complete, the reaction solution was filtered
through 1.5-inch silica plug and eluted with 4 mL DCM. The eluent was then concentrated
in vacuo with a rotary evaporator. Yields were calculated by 'H NMR using mesitylene as
an internal standard. Normalized integration of the methyl protons of mesitylene (2.26 ppm)
was compared to the integration of the diastereotopic proton of the methylene unit of the
cyclopropane. Enantioselectivity was determined by chiral HPLC analysis. Chiral HPLC
analysis was performed on a Shimadzu LC-2030 Prominence-I instrument using a Chiralcel

OJ-H column with a flow rate of 1 mL/min and 2% IPA /Hexanes mobile phase.
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Chapter 7

Conclusion

Rh(II) complexes are a privileged class of catalyst in carbene transfer reactions. The
effects of LBs coordinated at the axial site have recently interested the research community.
Previously, the coordination of a LB to the axial site was thought to hinder catalysis.
Presented within this dissertation are many instances where this is not the case. Although not
clearly defined, axial coordination can be leveraged to increase the activity and selectivity of
Rh(IT) catalyst. The work presented herein includes my efforts to help define the role of axial
coordination in Rh(II)-mediated carbene transfer reactions, specifically in Si—-H insertions
and cyclopropanations.

In Chapter 2, Rh(IT) complexes with TACLs were tested in Si—H insertion reaction of
donor/acceptor diazo compounds. We synthesized a mono-substituted heteroleptic complex,
Rhs(OAc)3(2-OX), to isolate the effects of the tethered axial coordinating thioether on
catalysis. In this study, we found that the tether did not hinder catalysis in the Si—H
insertion of donor/acceptor diazo compounds unless it was bis-substituted. It was shown
that Rhy(OAc)3(MeTOX) was more selective toward Si—H reactions with more nucleophilic
donor/acceptor diazo compounds. This result was reasoned by the effect the coordinated
thioether complex has on the frontier orbitals of the complex. The HOMO and LUMO of the
complex were destablized resulting in a large energy increase of the LUMO and an increased

HOMO-LUMO gap. We propose that the labile nature of the thioether coordination allows
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for the elongation of the Rh—S bond to compensate for the binding of the more nucleophilic
diazo compound.

The work presented in Chapter 3 was inspired by the results of Chapter 2. We sought
to expand the use Rh(IT) paddlewheel complexes in Si—H insertion reactions with donor
diazo compounds by utilizing Rh(II) paddlewheel complexes with TACLs. Due to the
instability of donor diazo compounds, we opted to use nosyl-protected benzylhydrazones
as diazo precursors. When screening catalyst, it was found that the complexes with TACLs
were not as active as the complexes without. This trend inverted when the catalyst loading
was reduced, although the yield suffered in both cases. It was also concluded that the
combination of base and solvent had the greatest effect on the system, NaHMDS and
1,4-dioxane respectively. When inspecting the scope of diazo compound reactivity, it was
seen that Si—H insertion is hindered by competing reactions and donating substituents, but
provided good to fair yields otherwise.

Chapter 4 highlights our efforts to streamline the diversification of the axial tether by
implementing microwave syntheses. The synthesized complexes were then investigated in the
cyclopropanation of olefins with ethyl diazoacetate to understand how changes to the tether
length and substituent of axially coordinated thioether modulated reactivity. It was found
that complexes mono-substituted with a TACL gave higher yields than those without, and
even provided good yields with equimolar amounts of substrates. The ability to affect the
reactivity by changing tether length and substituent on the thioether was also confirmed.
Interestingly, calculations elucidated that the HOMO of the carbene was destablized due to
the axial coordination of the thioether. This is proposed to be a contributing factor to the
increased activity of the catalyst. The elongation of the Rh—S bond length also provided
evidence that the tether helps accommodate the increase of electron density of the distal Rh
center. Also, shown is the axial tether increases the activation energy of Ny extrusion due
to the increased strength of the Rh—Rh bond.

Finally, Chapter 5 demonstrates how chiral TACLs can be designed and applied to
asymmetric cyclopropanation reactions. In this study, chiral TACLs were successfully

synthesized and substituted onto Rhy(S-PTTL)4. It was found that the mono-substituted
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complex with a [-phenyl substituent to the thioether increased activity while retaining
enantioselectivity in the cyclopropanation of styrene with methyl diazoacetate when
compared to Rhy(S-PTTL),. The bis-substituted complex with «, S-phenyl substituents
increased the enantioselectivity but experienced a reduced yield. We propose that steric
and non-covalent interactions close to the axial site are responsible for the increased

enantioselectivity.
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Figure 21: Molecular orbital diagram of carbenoid formed from 3 and 40
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