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Abstract

The structure and reactivity of organometallic species relevant to non-directed C-
H activation and C-H functionalization are studied to inform the design of discrete pre-
catalysts suitable for incorporation into supramolecular scaffolds. First, a study of
transmetallation of hydrocarbyl ligands between transition metals demonstrates potential
for dual-metal catalysis, in which one species cleaves C-H bonds and transfers the
metallated fragment to a second metal suited for functionalization of the metal-carbon
bond. Ligand modification of a rhodium (PNP) pincer complex gives rise to 100-fold rate
enhancements toward non-directed C-H activation and this stoichiometric reactivity is
leveraged to develop a catalytic method for non-directed C-H functionalization. During
investigation of C-H activation with (PNP)Rh complexes, a heterobimetallic transition
state analogue was isolated and characterized. Bonding analysis of the analogue
demonstrates that the unusual geometry is supported by the same types of bonding
interactions as those found in the putative transition state. Isolation and characterization
of palladacycles coordinated by mono-protected amino acids (MPAA) reveals an
unexpected MPAA-bridged di-palladium structure. Steady state kinetic analysis of Pd-
MPAA catalyzed C-H functionalization, in particular the kinetic method of continuous
variation, reveals that MPAA-bridged di-palladium complexes are responsible for MPAA-

dependent rate acceleration and enantioinduction.
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Chapter 1: Introduction

The ability to construct molecules in a controlled manner has had an indelible
impact on the quality and duration of human life. This technology is built on a useful
approximation—the functional group. By conceiving molecules as a collection of
convertible functional groups on an inert framework, chemists can distill the overwhelming
complexity of the wave function of an organic molecule down to a few moving pieces. The
reliable reactivity of functional groups is the conceptual basis for synthetic chemistry. This
useful approximation, however, obscures the most abundant structural element in organic
molecules, the C-H bond.

The ability to convert a given C-H bond into a C-C bond or a new functional group
has the potential to revolutionize the logic of chemical synthesis.'? Rather than depending
exclusively on the sequential interconversion of compatible functional groups, C-H
functionalization could enable direct conversion of a conventionally inert C-H bond into
desired functionality. Such reactivity would improve the efficiency of chemical synthesis
by eliminating the need for pre-functionalized substrates, protecting group strategies, and
interconversions of functional groups that are not in the target structure.

Given the ubiquity of C-H bonds in organic molecules, reliable methods for
predictable, selective C-H functionalization will transform the way chemists make
molecules.® On the other edge of this sword lies the greatest challenge in developing
methods for C-H functionalization: site selectivity. How can chemists develop catalysts

that reliably and predictably convert one C-H bonds in a molecule that contains multiple,



inequivalent, and relatively inert C-H bonds? Moreover, how can a such a catalyst be
generalized to give predictable selectivity on number of substrates?

A common approach to this challenge is the use of substrate-based catalyst
directing groups (Figure 1A-C).* The term directing group does not have a single agreed
upon definition. In this thesis, | will use directing group to describe any functional group
within a substrate that provides predictable site selectivity in C-H functionalization.
Different catalysts may respond to the directing group to give different selectivities, but
moving or removing this functional group will either alter selectivity or eliminate the
desired reactivity all together. Defined in this way, "directing group" describes functional
groups that bind a metal catalyst to hold the metal in proximity to one C-H bond (Figure
1A). It also includes functional groups that impart an electronic bias for reactivity at a
given C-H bond (Figure 1B and C). Many clever and nuanced iterations of directed C-H
functionalization have been developed. Some of these methods provide predictable
selectivity and useful reactivity on a variety of related substrates and constitute an
important addition to the toolkit of synthetic chemists.® The unifying feature of directed C-
H functionalization, however, is a dependence on functional groups and, ultimately,
substrate control. As such, directed methods, by their nature, cannot harness the full
potential of C-H functionalization to bring about a paradigm shift in chemical synthesis by

enabling reactivity independent of functional groups.

(A) (B) (C) (D)
= / F * F H li
s o O X

Figure 1 (A-C) Directed and (D) non-directed C-H functionalization.



An alternative approach to developing catalysts for C-H functionalization,
frequently called non-directed, depends on generating of highly reactive intermediates
capable of cleaving many C-H bonds in a given substrate (Figure 1D). ®® Selectivity is
then achieved by developing ligands which enable differentiation by subtle steric and
electronic differences between C-H bonds that do not depend on the presence of
particular functional groups.® Even the most advanced methods for non-directed C-H
functionalization offer no solution to controlling predictable site selectivity with slightly
larger and more complicated substrates containing multiple C-H bonds with similar steric
profiles.

Nature, on the other hand, has evolved catalysts that selectively functionalize C-H
bonds on substrates large and small: some with exquisite substrate specificity and others
with remarkable generality.” The molecular machinery that enables evolution in nature
can be controlled by chemists to optimize catalysts for a wide variety of

transformations.'®""

Whereas conventional catalyst development requires ligand
synthesis for each new hypothesis, directed evolution allows chemists to assess the
reactivity and selectivity of libraries of hundred to tens of thousands of catalyst variants.
By iterative incorporation of beneficial catalysts modifications, directed evolution provides
a platform for catalyst optimization that is limited only by the initial reactivity and the
number of rounds of mutagenesis and screening that can be completed during the
duration of the evolution campaign.

A unifying objective of the Lewis group is to develop chemistry and molecular

biology that enables the incorporation of synthetic organometallic co-factors capable of



non-directed C-H functionalization into evolvable scaffolds. Within this program, my role
has been to study the reactivity and mechanisms of organometallic complexes and
catalysts relevant to non-directed C-H bond cleavage as part of combined effort to
develop artificial metalloenzymes for catalyst controlled non-directed C-H

functionalization.'?



Chapter 2: Transmetallation Between Transition Metals

Introduction

Fundamental studies of stoichiometric, non-directed C-H activation predate much
of the recent boom in transition metal catalyzed C-H functionalization, and this valuable
research continues today.® Mechanistic studies of well-defined organometallic complexes
reacting with hydrocarbons to give stable, spectroscopically observable adducts form the
basis for much of our current understanding of the intimate details of transition metal
mediated C-H bond cleavage. Many of these foundational studies demonstrated
complexes with reactivity at room temperature toward a variety of hydrocarbons without
assistance from substrate directing effects (electronic bias, chelation, etc.). Reactive
intermediates that readily and indiscriminately cleave a wide variety of C-H bonds are
ideal candidates for incorporation into evolvable scaffolds to control selectivity.

Despite the important contributions to basic science from studies of stoichiometric
hydrocarbon C-H activation, none of this stoichiometric chemistry has translated to
practical catalysts for C-H functionalization (with the notable exception of catalytic H/D
exchange). One of the key challenges in leveraging stoichiometric chemistry to develop
new catalysts is the stability of the resulting hydrocarbyl complexes. Complexes that are
sufficiently stable to enable quantification of product formation in stoichiometric studies
are often relatively inert by design and require harsh reagents to enable functionalization
of the metallated hydrocarbyl fragment. We hypothesized that we could harness the
remarkably mild non-directed C-H activation chemistry of complexes like those in (Figure

2A, M") and translate that reactivity into catalysis by transferring the activated hydrocarbyl



fragment from a relatively inert organometallic adduct (M) to a second organometallic

species (M?) via transmetallation (Figure 2B).

(A) t (B) H transmetalation E
o S O o
\ \ - -
Ir \ N-Rh C-H activation functionalization M2

Me,p’ t \ |
3 ON Bu i E
P BU2 1 1
M -HX M2-C

Figure 2. (A) Proposed cycle for dual catalytic, non-directed C-H functionalization (B)
Reactive fragments reported to mediate room temperature, non-directed C-H bond
cleavage.

The stoichiometric transfer of alkyl and aryl ligands between transition metals has
been reported for a wide range of transition metals.’'® Some of the earliest and most
extensively studied examples of this reactivity involve transfer of an alkyl or aryl ligand
from a late transition metal complex to the soft Lewis acids gold (I) and mercury (I1).'"?
The connection between C-H activation and transmetallation was established early on
when Bergman reported that (Cp*)(PMes)Ir (hereafter [Ir]) complexes could activate
neopentane and transfer the activated neopentyl fragment to Hg(Cl). (Figure 3A).%
Notably, the other examples of reagents suitable for cleaving the [Ir]-neopentyl bond
involved either fluorosulfonic acid or bromine and were thus the much harsher.?> Most
hydrocarbyl group transfer reactions involve substitution of an R type ligand for an X type
ligand; however there are also instances in which R type ligands exchange without a labile
X type ligand to drive the equilibrium (Figure 3B% and C?*). Instances of aryl group
transfer that are relevant to the work in this chapter and that are sufficiently exothermic
to drive the reaction to complete conversion are shown in Figure 3 C-E.* Reviews by
Osakada provide an excellent summary of additional examples of transmetallation

between group 10 electrophiles with ligands other than cyclooctadiene (cod)."'
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Figure 3. Relevant examples of hydrocarbyl group transfer between transition metals
yielding stable, organometallic products.

The type of alkyl and aryl group transfer chemistry illustrated in Figure 3 has been
invoked as a key step in a number of recent catalytic processes (Figure 4). The reactions
in Figure 4A%° and B?’ show catalytic transformations that were developed based on the
hypothesis that two independent modes of organometallic reactivity could be coupled via
transmetallation of an activated fragment from one organometallic intermediate to
another. The chemistry in Figure 4C provides an instance of dual catalytic C-H
functionalization built up from the observation of stoichiometric reactions and the reactivity
of putative intermediates; namely C-H activation by a phosphino silver pivalate complex
and transmetallation of the isolated silver aryl species to a putative Pd(ll) intermediate.?®
The chemistry in Figure 4C is a highly encouraging precedent for the use of

transmetallation between transition metals as a strategy in metal catalyzed C-H

functionalization; however, because this chemistry depends on the presence of acidifying



functional groups for reactivity and selectivity, it is not a good candidate for incorporation
in evolvable scaffolds because evolving for altered selectivity depends on some

observable reactivity on an alternate position to start with.
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Figure 4 Recent examples of catalytic reactions that invoke transmetallation between
transition metals.

In contrast to the approach taken in Figure 4C (isolation and testing reactivity of
putative intermediates), the chemistry in Figure 4D provides a wonderful example of the
application of steady state kinetics to reveal entirely new and unexpected catalytic
pathways.?® The resulting reaction is also dual catalytic C-H functionalization, but rather
than operating through two separate catalytic cycles with different metals, the reaction
proceeds through an unexpected, rate limiting transmetallation between two fragments
that underwent independent C-H activations. This mechanism can be understood through
three key observations. First, there is a second order rate dependence on palladium

indicating that two palladium centers come together in the turnover limiting transition



state. In contrast to second order dependence on palladium for the overall reaction, the
rate of H/D exchange is first order in palladium indicating that C-H activation occurs at a
palladium complex with the same nuclearity as the catalyst resting state. Taken together,
these two observations nicely account for the abnormally high global kinetic isotope effect
(kn/kp = 24), which is consistent with two palladium centers each with a KIE of ~5 coming
together in a bimolecular transmetallation.

In light of the precedent for spectroscopically observable transmetallation between
two organometallic complexes (Figure 3) and the encouraging reports of dual catalytic
processes in the literature (Figure 4), we set out to develop a method that would harness
the non-directed C-H activation reactivity of intermediates like those in Figure 2A for dual

catalytic, non-directed C-H functionalization.

Previous Work

The mechanism of benzyl group transfer from [Ir](Bn). to (cod)Pt(Me)(TFA) was
studied in detail in the Lewis group. *° The proposed mechanism in the presence of a
large excess of [Ir](Bn). consists of pre-equilibrium ionization of (cod)Pt(Me)(TFA), to
generate the reactive electrophilic platinum cation (cod)Pt(Me)*, followed by rate limiting
benzyl group transfer (Figure 5). The proposed mechanism is supported by first order
decays in (cod)Pt(Me)(TFA), saturation behavior under varying excesses of [Ir](Bn),
inhibition by exogenous trifluoroacetate, a positive correlation between pseudo-first order
rate constants and solvent dielectric constant, and a similar correlation with platinum

counter anion electrofugacity. *
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Figure 5. Proposed mechanism of benzyl group transfer from [Ir](Bn). to
(cod)Pt(Me)(TFA)

Based on these observations, Liwei Chen calculated a related methyl group
transfer transition state (Figure 6). A preliminary analysis of the calculated transition state
suggested that group transfer should proceed with retention of stereochemistry.
Subsequent work by Yehao Qiu, however, clarified that the stereochemical course of the
calculated transition state was, in fact, pre-determined by the atomic labeling of the three

methyl hydrogens in the input reactant and product structures.

Figure 6. Calculated transition state for methyl group transfer.

With new insight into the mechanism of hydrocarbyl group transfer from [Ir](R). to
Pt(ll) electrophiles, Dr. Landon Durak sought to leverage this understanding toward the
target catalytic cycle (Figure 2).*' Key to this endeavor was recognizing the importance
of equilibrating cationic Pt(ll) electrophiles to promote group transfer. This insight
motivated screening the effect of halide abstracting salts (e.g. potassium polyfluoro-
tetrakis-phenyl borates, KBAr"4), which led to the discovery of mild conditions suitable for

palladium catalyzed cross coupling of aryl halides with [Ir](CH2Ar)2 nucleophiles (Figure

10



7). The observed cross coupling reactivity established the feasibility of transmetallation
from organometallic fragments related to C-H activation (Figure 2, transmetallation) to a

second transition metal (M?) suitable for M-C functionalization under conditions relevant

to M? catalysis (Figure 2, functionalization).®'

yield per Ir for Ar-X =
2% Pd('BugP), A «
X pnh  1.3ed.Ar-X ! OMe > 99% X 1 >99%
S~ » A7 Ph ©/ CFs >99% @ Br 54%
MezP Ph 1 eq. KBArF, R CO,Me 96% Cl 0%
1eq. 23°C, PhMe

Figure 7. Palladium catalyzed cross coupling of aryl halides with [Ir](Bn)s.

In a key breakthrough toward achieving dual catalytic, non-directed C-H
functionalization (Figure 2), Dr. Durak developed conditions for iridium promoted,
palladium catalyzed cross coupling of simple arenes with aryl halides (Figure 8). Once
again, insight gleaned from initial mechanistic studies (the importance of cationic group
10 electrophiles) was essential in the development of this reactivity—the reaction is
effectively shut down in the absence of ionizing additive KBAr*r. Importantly, this iridium
promoted, palladium catalyzed non-directed C-H functionalization of simple arenes
establishes conditions that are simultaneously suitable for Ir promoted C-H activation, Ir
to Pd transmetallation, and Pd catalyzed cross coupling, nearly completing the target

cycle outlined in Figure 2.

1 eq. [Ir}(Me)(Cl) yield per Ir for Ar-H =
10 mol% Pd(PtBus), Ar Me o]
Oy me, oy O,0,00 0
ArH on H,0 FsC Me Me Cl
MeO 100°C, 16nr MO 81% 64% 87% 92%
(m:p1.8:1) (m:p2:1) (m only) (m only)

Figure 8 [Ir] promoted Pd(ll) catalyzed non-directed C-H functionalization of simple
arenes with aryl iodides.
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At this point in the Lewis group's campaign toward dual catalytic C-H
functionalization, the only remaining obstacle was to develop conditions amenable to
turnover of the C-H activating [Ir] fragment (Figure 9, dashed arrow indicates obstacle to
turnover). Under these conditions, the first C-H activation is driven by elimination of
methane; however, the likely iridium dihalide product of sequential iridium promoted C-H
activation and transmetallation ([Ir](X)2) does not undergo exothermic C-H bond cleavage
to form a stable organometallic product. Although [Ir](X)2. cannot form stable C-H
activation adducts, it is capable of mediating reversible C-H bond cleavage as evidenced
by its utility as an efficient catalyst for H/D exchange of simple arenes with DO (Figure
9, dashed arrow). Given the known reactivity of [Ir](X). toward C-H bond cleavage, we
hypothesized that perhaps a dual catalytic system could be achieved by accelerating the
sluggish transmetallation, so that short lived organo-iridium intermediates (those trapped
by D>O in H/D exchange) could be trapped by transmetallation to Pd. In order accelerate
transmetallation under catalytic conditions, we sought to develop a deeper understanding
of the factors that control the rate and mechanism of transmetallation by probing the
substituent effects, stereochemistry, and scope of transmetallation of hydrocarbyl

fragments from complexes relevant to C-H activation.
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Figure 9 Putative reactivity and obstacle to iridium turnover in [Ir] promoted Pd(ll)
catalyzed non-directed C-H functionalization of simple arenes with aryl iodides.

Substituent Effects

The proposed mechanism of benzyl group transfer from [Ir](Bn), to
(cod)Pt(Me)(TFA) (Figure 5) suggests a buildup of positive charge on [Ir](Bn). as it
proceeds from a neutral reactant to a charged transition state in the bimolecular benzyl
group transfer (Figure 10A). Substituent effects were determined by the ratio of
transmetallation products at early time points under pseudo first order competition
conditions to eliminate interference from competing chloride impurities using procedure
was originally reported in studies of transmetallation of benzyl stannanes.®* Under these
conditions, transmetallation to Pt(ll) is suppressed by electron withdrawing substituents
and slightly accelerated by electron donating substituents, consistent with partial positive
charge build up in the rate limiting transition structure (Figure 10B). These relatively small
substituent effects were not promising with regard to our goal of enhancing
transmetallation to enable iridium turnover (Figure 9). Notably, the same effects are more

pronounced in the more relevant system, transmetallation to catalytic Pd(ll) (Figure 10C).
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Figure 10. Substituent effects: (A) positive charge developing on transmetallation
transition state and ORTEP of [Ir](Bn). with 50% ellipsoids; (B) relative rates of
transmetallation to stoichiometric Pt(ll) consistent with partial positive charge build up in
rate limiting transition state; (C) relative rates of transmetallation to catalytic Pd(ll)
consistent with partial positive charge build up in turnover limiting transition state.

Although there is a correlation between substituent parameter and rate of
transmetallation of benzyl groups to group 10 electrophiles, the effect is decidedly non-

linear using any of the standard substituent constants (o, o*, o’, o®F5F)

. One possible
cause for the observed non-linear behavior is the inequivalence of the substituted benzyl
groups in the transmetallation transition state. Differential resonance and inductive
contributions from the ancillary benzyl group (modifying electron density on iridium) and
the benzyl group being transferred may contribute to non-linearity. Overall, our
investigation of the electronic demands of benzyl group transfer from [Ir](Bn). to group 10
electrophiles is consistent with our hypothesis that positive charge develops on the iridium
nucleophile in the group transfer transition state. The rate enhancement provided by

electron rich substituents, however, is not sufficiently large to trap fleeting organo-iridium

intermediates generated under catalytic conditions (Figure 9).
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Stereochemical Probe

Motivated by a desired to understand to the molecular details of hydrocarbyl group
transfer between two transition metals we designed a stereochemical probe with the end
goal of leveraging the resulting insights to accelerate transmetallation and thereby enable
dual catalysis. We predicted that a stereochemical probe could shed light on the orbital
symmetry requirements of hydrocarbyl group transfer between transition metals and
validate the DFT model shown in Figure 6. An understanding of the orbitals participating
in hydrocarbyl group transfer would allow for the rational design of catalyst and substrate
modifications to accelerate transmetallation. We hypothesized that a calculated transition
state built on rigorous kinetic analysis and validated by a Hammett study and
stereochemical probe could serve as a reliable model for exploring a wide variety of
catalyst modifications in-silico to guide our synthetic efforts.

Our original stereochemical hypothesis—retention of stereochemistry, based on the
calculated transition state in Figure 6—and our proposed probe of this hypothesis are
outlined in Figure 11. Diagnostic 2Jun coupling in stereospecifically labeled 1,2-di-
deuterio-neohexyl ligands has made this fragment a useful stereochemical probe for a
variety of organometallic chemistries.?'**3* The Bergman group previously reported
stereospecific (Sy2) addition of deuterium labeled neohexyl ligands to [Ir].** Moreover,
Dr. Durak reported unpublished evidence to suggests that [Ir](neohexyl), was capable of
transferring a neohexyl ligand to (cod)Pt(Me)(TFA), albeit in low yield. We hypothesized
that tuning the ancillary ligand on [Ir](neohexyl)(R), the leaving group on the platinum

electrophile, and the reaction conditions could enable the application of a deuterium
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labeled neohexyl probe to elucidate the stereochemical outcome of hydrocarbyl group

transfer between transition metals.

Figure 11 Stereochemical hypothesis (retention) and proposed probe of this hypothesis.

We chose the phenyl substituted complex [Ir](neohexyl)(Ph) as our target probe
because previous results from Dr. Durak demonstrated perfect selectivity for alkyl transfer
to (cod)Pt(Me)(TFA) in intramolecular competitions ([Ir](R')(R?), R'=alkyl R®=aryl). The
per-protio probe was synthesized in one step from the previously reported complex
[Ir](neohexyl)(Cl). A preliminary screen of reaction conditions for neohexyl group transfer
did not provide any of the desired (cod)Pt(Me)(neohexyl) complex (Figure 12 and Table
1). Monitoring the reaction by '"H NMR, however, revealed consumption of (cod)Pt(Me)(X)
with formation of byproducts neohexene and methane, consistent with intermediacy of
the desired (cod)Pt(Me)(neohexyl) and subsequent beta-hydride elimination followed by
methane reductive elimination.

not observed observed byproducts

« _Ph 1 +1.3 eq. KBArF
,Ir’ QEPKMG —q>4 Q’\ _Me
MesP Q] X Q]/Pt §)< CH,
CeDy, 70°C \/X

Figure 12 Preliminary reactivity of per-protio stereochemical probe.
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Table 1 Preliminary reactivity of per-protio stereochemical probe.

X= Cl OTFA Cl

temperature (°C) 70 70 23

KBAr, () - - +

observation no reaction trace byproducts major byproducts

The results in Figure 12 and Table 1 indicate that (cod)Pt(Me)(neohexyl) is unlikely
to be sufficiently stable to allow for spectroscopic determination of the stereochemistry of
transmetallation. We hypothesized, however, that stereospecific beta-elimination would
conserve the stereochemistry of transmetallation and yield up to four isotopomers of
neohexene (Figure 13). Of the four possible elimination products, only two have protons
at the position vicinal to the t-butyl substituent: thus, analysis of the ®Ju coupling constant
of the vicinal proton by 'H{?H} NMR should clearly indicate whether transmetallation
occurs with retention, inversion, or follows both pathways.

retention intermediate 34, =107 Hz
o — H-H = .

Q‘\Pt,Me HoD  D_H
Q7 \.
Z en T e * D
N y

syn
MesP deuteride elim. hydride elim.

T O

+ inversion intermediate
B - Sy =17.5Hz

Ql\ _Me (‘)‘\Pt,Me D _H Ho_D

Ptl 1

QI/ ) G . k] s EELEE o @;LK+ ]LK
IDLLD D

anti
deuteride elim. hydride elim.

Figure 13 Modified approach to probe stereochemistry of transmetallation via subsequent
stereospecific beta-hydride/deuteride elimination.
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The results in Figure 12 and Table 1 indicate, once again, that transmetallation of
hydrocarbyl fragments from [Ir](R)2 to (cod)Pt(Me)(X) depends on formation of a cationic
Pt intermediate either by equilibrium ionization or salt metathesis with a non-coordinating
counter anion. Unfortunately, heterogeneous KBAr"4 reactions resulted in poor mass
balance and reproducibility. To side step the use of heterogeneous metathesis salts, the
more ionizing complexes (cod)Pt(Me)(OSO2R) (R=Me and p-tolyl) were prepared.
Michael Roy studied the reactivity of these complexes toward the per-protio
stereochemical probe; the results, from his undergraduate thesis, are shown in Table 2

(the reaction is the same as in Figure 12).

Table 2 Stereochemical probe reaction optimization.

entry 1 2 3 4 5 6 7

X= Cl OTFA | Cl+KBArf4, | OTs OMs OMs no Pt
temperature |70°C |70°C |23°C 70°C |70°C |70°C 70 °C
solvent CeDe CeDe CeDe CeDe CeDe CDC|3 CDC|3
time days days 1 hour days days 8 hr days
yield 0% trace 43% 58% 43% 90% 0%

With conditions for high yielding group transfer established by Mr. Roy using the
per-protio stereochemical probe, Natalie Chan synthesized the stereo-selectively
deuterated probe. 'H NMR analysis of the volatile reaction products after vacuum transfer
revealed a complicated mixture of isotopomers. Especially concerning was the
observation of products with vicinal Uy coupling: these products could only be formed in
the presence of some additional H/D scrambling mechanism. Notably, [Ir](R)* cations (the
presumed product of transmetallation) are efficient catalysts for sp? H/D exchange (for an

example with similar scrambling see®?).
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Whereas the stereochemical course of transmetallation to Pt(ll) is obscured by
beta-elimination and H/D scrambling, Ms. Chan observed rapid transmetallation to Hg(ll)
with retention of stereochemistry (Figure 14). Although this result does not directly inform
our understanding of transmetallation to group 10 electrophiles, it offers indirect support
to our understanding of hydrocarbyl group transfer to soft electrophiles via a 3c2e
interaction in which the bonding electrons are transferred directly from oy.c to form a new
om-c bond (see Figure 6). Moreover, this result is consistent with other studies of the

stereochemistry of metal-carbon bond cleavage by Hg(ll) and other soft electrophiles.'®*

MesP
Dr, CeDs

H

retention
_Ph HgCl, (s) DH
Nl .D (excess) A(g
—_—
H Cl-Hg” 3
D H
syn JHH =55Hz

Figure 14 Transmetallation to HgCl, with retention of stereochemistry.

Scope of Hydrocarbyl Donors

While studying the reactivity [Ir] complexes with the goal of eventually enabling M'
turnover by accelerating transmetallation (Figure 2 and Figure 9), we simultaneously
explored the scope of transition metal complexes relevant to C-H activation and capable
of transferring a hydrocarbyl ligands to (cod)Pt(Me)(X). Our study of hydrocarbyl donors
was focused on the three classes of organometallic complexes, all of which are capable
of cleaving aromatic and some aliphatic C-H bonds at ambient temperature without the
assistance of directing groups or electronic bias (Figure 2). Notably, these three classes
of organometallics generate reactive intermediates and cleave C-H bonds with widely

varying mechanisms (Figure 15). The complex in Figure 15A cleaves C-H bonds by
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photo-induced reductive elimination of hydrogen to generate a 16-electron intermediate
capable of oxidative addition into C-H bonds of saturated and unsaturated
hydrocarbons.? The complex in Figure 15B, on the other hand, undergoes thermal-alpha
elimination of neo-pentane to generate an alkylidene which reacts with hydrocarbons by
C-H addition across the metal carbon double bond.*® The third class of C-H activation
complexes (Figure 15C) mediates C-H bond cleavage by initial ligand deprotonation,
which gives rise to a coordinatively unsaturated, dearomatized complex with enhanced
pi-basicity.>’° The dearomatized intermediate then undergoes redox neutral C-H

activation via sequential oxidative addition and metal to ligand proton transfer.

W o, F

Me3P |-| ) 2 Me3P MeSP

®) @ _/BY oM, @ PhH @ _/B

_— Mo=\ —_— Mo

oN \—my oN’ Bu ON'©

P‘Buz P'Bu,
— P’Bu
/N 2
N Rh ol _BUOK \ N-Rh _PhH SRH.
tBuOH \ | PtBuz
P‘Bu -KCI P'Bu,

Figure 15 Three classes of organometallic complexes capable of room temperature, non-
directed C-H activation of benzene.

Despite the wide diversity of structure and organometallic reactivity represented in
Figure 15, all three classes were capable of transferring hydrocarbyl ligands to platinum
electrophiles as illustrated in the general reaction in Figure 16A. Although yields were

typically higher in transmetallations to (cod)Pt(Me)(TFA), transmetallation to
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(cod)Pt(Me)(Cl) gave good yields for all hydrocarbyl donors with heating to 70 °C. In
addition to the wide variety of ligand platforms that support hydrocarbyl group transfer, it
is notable that the reaction is viable with second and third row metals (Ir, Rh, W, Mo) and
a variety of simple hydrocarbyl fragments (Me, Bn, Ph). It should be noted, however, that
only one of these complexes is capable of stoichiometric aryl group transfer—
'Pr(PNP)Rh(Ph). The ability to transfer aryl ligands is important toward achieving dual
catalysis (Figure 2) because, for all the complexes we studied, aromatic substrates have
the lowest barriers to C-H activation and result in organometallic products that are less

prone to undesired reactivity (elimination, rearrangement).
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b\__Me 23 ql\ Me
L,M-R CIJ Pt ea LC> S Pt{g LaM-TFA
Qg e N7
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99% 87% 73-96%*
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/\"Ph MO~CH,Ar \~CH,Ar
MesP CH,Ph ON' CH,Ar on’ CH2Ar
72%:2 79% 72%
P'Bu, PtBuz P'Pr2
\ ,N-Rh—CHj, N Rh CH,Ph N Rh Ph
P'Bu, PtBug P'Pr
100% 58% 73%

Figure 16 (A) General transmetallation reaction (B) yields of hydrocarbyl group transfer
to (cod)Pt(Me)(TFA) with various organometallic donors ¢ yields for reactions conducted
at 70 °C.

Although the diverse hydrocarbyl donors in Figure 16 all participate in the same
overall reaction, these reactions proceed with initial rates spanning nearly three orders of
magnitude (the initial rates of the fastest reactions are rough approximations and
represent a lower bound for initial rate because the reactions had already progressed
beyond linearity in the time it took to thaw the sample and shim the spectrometer.)
Qualitative comparison of rates of group transfer were conducted at room temperature to
allow for fair comparison between complexes (notably, higher yields are achieved with
higher reaction temperatures for the slowest reactions, even when room temperature

reactions are monitored over a period of months). Figure 17 shows that [Ir] complexes
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used in our earlier endeavors toward dual catalysis are in fact the slowest benzyl group
donors, followed closely by the similarly sluggish (Cp)(NO)Mo(Bn).. The tungsten
congener (Cp)(NO)W(Bn),, on the other hand, reacted much more rapidly as did the

pincer complex ‘Bu(PNP)Rh(Bn).

o . . ©® ‘. e [If(Bn),
- . « ° e (Cp)(NO)Mo(Bn),
T [ ]
-é’, 40- A o (Cp)(NO)W(Bn),
g . . e Bu(PNP)Rh(Bn)
= )
g. 20+ PY o [ ]
([ J o [ J
OL . 1 1 1
0 40 80 120
time (hr)

Figure 17 Comparison of reaction profiles of benzyl group transfer from various benzyl
donors to (cod)Pt(Me)(TFA) at room temperature.

Methyl transfer was generally much faster than benzyl transfer as illustrated in
Figure 18 by comparing the reaction profiles of [Ir](Bn). and [Ir](Me).. In contrast to the
group 6 metals (W faster than Mo, Figure 17), methyl transfer from was much faster from
[Rh](Me). than from [Ir](Me).. Remarkably, methyl group transfer from 'Bu(PNP)Rh(Me)
to (cod)Pt(Me)(TFA) was complete with quantitative yield within 5 minutes in thawing
CeDe. To better assess the difference in rates of methyl transfer, the reactions were
repeated with the less reactive electrophile (cod)Pt(Me)(Cl), which illustrates the
difference in rate of methyl group transfer between [Rh](Me), and 'Bu(PNP)Rh(Me)
(Figure 19). Even more prominently, transmetallation to the milder electrophile reveals

the dramatic effect in switching from a tert-butyl phosphino complex (which gave
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essentially instantaneous quantitative transmetallation to (cod)Pt(Me)(TFA)) to the less

sterically hindered iso-propyl phosphino complex.

100 e © °

e [Ir}(Bn),
o oo ® ° ¢ o [IF|(Me),
2 . o [Rh](Me),
g 1 ° o Bu(PNP)Rh(Me)
g . o
[ J
° [ J
0-, 2 1 1 1 1 1
0 50 100 150 200 250
time (hr)

Figure 18 Comparison of reaction profiles of benzyl and methyl group transfer from
various donors to (cod)Pt(Me)(TFA) at room temperature.

70+ ® e

] e [Ir(Me),
60~
3 o ’ e [Rh](Me),
2, 40- e tBu(PNP)Rh(Me)
- o e iPr(PNP)Rh(Me)
O 30
8 20 . °
10 ° o
[ J
0 1 1 1 1
0 6 12 18 24
time (hr)

Figure 19 Comparison of reaction profiles of methyl group transfer from various donors
to (cod)Pt(Me)(ClI) at room temperature.

The significant methyl transfer rate enhancements upon switching from [Ir](Me). to

[Rh](Me),, then from [Rh] to (PNP)Rh, and finally from ‘Bu(PNP) to 'Pr(PNP) served as a

24



fortuitous model system: although there was no guarantee that factors which accelerated
methyl group transfer would also accelerate aryl group transfer, this sequence of metal
and ligand modifications enabled the phenyl group transfer reaction (Figure 16). Figure
20, on the other hand, shows notable examples of organometallic complexes that did not
yield observable quantities of the transmetallation product (cod)Pt(Me)(R). In particular,
it is surprising that tri-butylbenzylstannane (BusSnBn) did not undergo transmetallation to
(cod)Pt(Me)(TFA) despite its reactivity towards transmetallation in Stille couplings. * The
lack of reactivity of BusSnBn towards (cod)Pt(Me)(TFA) demonstrates that transition
metal hydrocarbyl donors possess complementary reactivity to main group
organometallics employed in cross coupling reactions. If this complementary reactivity
could be harnessed in a catalytic sense (ie dual catalysis, Figure 2) it could enable
previously inaccessible reactivity in cross coupling methodology while eliminating the
need for stoichiometric, pre-functionalized main group metal(loid) reagents.

(A)

70° C, CgDg

(I)‘\ ~Me Q‘\ Me
M-R Pt< x > -

(B) P BUQ P BU2

Bu38n—\ —|I’ Ph \ N- Rh Ph ; |I'\/©
Ph Me P
3
; Ir\Ph

MesP \/\|< Moo \ MesP ‘Ph
Me3P Ph 3

PtBUQ PtBUZ

Figure 20 (A) General transmetallation reaction (B) Examples of organometallic
complexes that did not afford observable quantities of the hydrocarbyl group transfer
product (cod)Pt(Me)(R).
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Scope of Hydrocarbyl Acceptors

The enhanced rates of group transfer from (PNP)Rh complexes offered several
important advantages (detailed below) which prompted us to explore the scope of
organometallic electrophiles which could be substituted by hydrocarbyl ligands via
transmetallation from (PNP)Rh(R). Toward our goal of dual catalysis, the (PNP)Rh
scaffold offers three major advantages: first, we expected the increased rates of
transmetallation from (PNP)Rh(R) would address the presumed challenge of turnover
limiting transmetallation in dual catalysis. Second, (PNP)Rh(R) complexes possess only
one transferable ligand, in contrast to other reactive donors (Figure 16) that contain two
potentially competitive hydrocarbyl ligands. Third, and most importantly, the unique
mechanism of C-H activation on the (PNP)Rh platform by ligand deprotonation (Figure
15C) provided a simple solution to enabling turnover (C-H activation) from the products
of transmetallation (Figure 9).

The majority of electrophiles tested for reactivity towards hydrocarbyl group
transfer were group 10 L,M(R)(X) complexes chosen for their relevance towards cross
coupling: one example, however, stands apart. When 'Pr(PNP)Rh(Me) was treated with
1.2 equivalents of trimethyltin chloride (MesSnCl) in CgDs, the deep red solution
immediately turned bright orange and was analyzed within 10 minutes by '"H NMR to
reveal complete conversion to the oxidative addition intermediate
'Pr(PNP)Rh(Me)(SnMe3)(Cl) in 82% yield with minor conversion to 'Pr(PNP)Rh(CI) and
SnMey (Figure 22B). The presence of 2Jp.sn coupling (77 Hz) by *'P{'"H} NMR provides

strong evidence for the presence of covalent Sn-Rh bond (dative Rh->Zn bonding will be
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discussed in Chapter 4). Upon heating to 70 °C for one hour, the intermediate underwent
reductive elimination to yield 'Pr(PNP)Rh(CI) and tetramethyltin (Figure 22A). This
reactivity is notable because it offers a counter example to the generally accepted
rationalization of transmetallation thermodynamics: namely, that transmetallation from
main group metal(loid) nucleophiles to transition metal electrophiles is driven by the

electropositivity of main group metal(loid)s and the formation of main group metal(loid)

halide salts.
.
_ S i . i
" ’\N~ /P|PI’2 1.2¢eq MeSSnC| gl:\{hlp Pry 1hr v _ N. /P Prs -
) ’RhNMe o—> ; - \'Me — . ’Rh'C| 4
PPr, 23°C CgDsg PPl Ve 70°C, CeDe PiPr,
’ 95% 95%

82% observed
(or isomer)

Figure 21 Sequential oxidative addition and reductive elimination to give overall methyl
group transfer to trimethyltin chloride.
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Figure 22 Stacked spectra showing (A) products (B) intermediate (C) reactants in
oxidative addition of trimethyltin chloride by iPr(PNP)Rh(Me).

The observation of dative and covalent (PNP)Rh-M bonding also provides one
possible framework for interpreting the enhanced reactivity of (PNP)Rh(R) complexes
towards transmetallation relative to [Ir/Rh](R)2 and (Cp)(NO)Mo/W(R).. Whereas the later
are all coordinatively saturated three-legged piano-stool complexes, the PNP ligand
enforces a square planar geometry which leaves coordinatively unsaturated Rh(l) ¢ with
a high energy d,», HOMO that can interact with Lewis acidic metal centers (Sn, Zn, etc).
With this in mind, one might speculate that the enhanced reactivity of (PNP)Rh(R)

towards transmetallation may be a consequence of (PNP)Rh complexes obviating the
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need for electrophile ionization (as was the case with [Ir](R)2) by forming dative or
covalent Rh-M intermediates, which in turn may promote ionization or simply render
transmetallation unimolecular via a heterobimetallic adduct. Further kinetic studies are

required to evaluate the viability of this hypothesis with metals other than tin.

(A) (B)
soft lewis base  soft lewis acid heterobimetallic adduct coordinatively  jonization required
saturated for reactivity

i Me _51

— N\ /P Pr2 )\ Me ... - Pt’TFA Me\
Pl TFA e d Me< /L) — 3m /

P'Prz ;N P'Pr2 /'~Me Pt 19 MegP x

® Me / ‘H
- ~ Me3P Me \
d,» HOMO pipr, “Me

Figure 23 Speculation on the role of open coordination sites in facilitating hydrocarbyl
group transfer from (PNP)Rh(R) to soft electrophiles.

The observation of transmetallation from (PNP)Rh(Me) to tin raises the possibility
of an alternative approach to dual catalysis; main group metal(loid) shuttling (Figure 24).
Toward this end, the viability of aryl group transfer to tin was established; however, the
poor efficiency of this transformation precludes catalytic utility (Figure 25A). Moreover, in
the presence of alkali metal alkoxides required for C-H activation, trimethyltin chloride
undergoes rapid salt metathesis, which dramatically reduces the rate and efficiency of

methyl group transfer (Figure 25B).

{BUOH iPr(PNP)Rh(Ph) Me3SnCl LnPd(Ar)( Ar-Cl
KCI
X C-H activation shuttling Stille coupling
'BuOK,
Ar-Ph
Ph-H 'Pr(PNP)Rh(CI) MesSnPh L,Pd(Ar)(Cl)

Figure 24 Proposed cycle for trimetallic catalysis via main group metal(loid) shuttling.
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Figure 25 (A) Phenyl group transfer to trimethyltin chloride (B) Methyl group transfer to
trimethyltin tert-butoxide.

Our exploration of organometallic electrophiles suitable for aryl group transfer from
(PNP)Rh(Ph) was primarily aimed at achieving dual catalysis and thus concentrated on
palladium and platinum complexes. Toward this end, after observing phenyl group
transfer to (cod)Pt(Me)(TFA) (Figure 26A and B), one of the first experiments conducted
was a test of the reactivity of 'Pr(PNP)Rh(Ph) toward (sphos)Pd(Ar)(Cl), a state of the art
cross coupling intermediate (Figure 26C). When none of the desired cross coupling
product, 4-fluoro-biphenyl, was observed in this reaction, we set out to determine which
features in our model complex were important for enabling aryl group transfer reactivity;
specifically, the role of the metal center (Pt vs Pd), ancillary ligand (alkyl vs aryl), leaving
group (TFA vs CI), and supporting ligand (bidentate olefin vs hemilabile phosphine)

(Figure 26D).
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Figure 26 (A) Room temperature phenyl group transfer to (cod)Pt(Me)(TFA) (B) reaction
profile for phenyl group transfer to (cod)Pt(Me)(TFA) (C) No desired product for phenyl
group transfer to (sphos)Pd(Ar)(Cl) (D) key variables to explore for enabling
transmetallation in dual catalysis.

Phenyl group transfer to (cod)Pt(R)(X) tolerates both methyl and aryl ancillary
ligands (R) with both chloride and sulfonate leaving groups (X) (Figure 27 A-E).
Transmetallation to platinum chloride complexes required heating to 70 °C to achieve
yields over 50% on the timescale of days (Figure 27 A and D). Platinum sulfonate
complexes reacted faster and under milder conditions with better yields than analogous
chloride and trifluoroaceate complexes (Figure 27 B, C, and E). Upon extended heating
yields of (cod)Pt(Me)(Ph) decreased with concomitant formation of ligand exchange

products (cod)Pt(Me). and (cod)Pt(Ph). (Figure 27A). iPr(PNP)Rh(OTs), the rhodium
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product of transmetallation to (cod)Pt(Me)(OTs), underwent intramolecular oxidative C-H
oxidative addition slowly at room temperature and to complete conversion with heating to
70 °C (see Chapter 4). At higher concentrations, transmetallation to (cod)Pt(Me)(OMs)
gave rapid formation of an intermediate with broken C, symmetry that may be analogous
to the oxidative addition observed with trimethyltin chloride (Figure 27B).
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Figure 27 Phenyl group transfer from 'Pr(PNP)Rh(Ph) to a variety of (cod)Pt(R)(X)
complexes.

Platinum complexes served as useful models for observing stoichiometric
transmetallation; we hypothesized, however, that slow reductive elimination from Pt(ll)
was likely preclude Pt from catalytic turnover and thus turned our attention to palladium(Il)

electrophiles. Group transfer to (cod)Pd(Me)(Cl) was assessed to allow for direct
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comparison to reactions with (cod)Pt(Me)(CI). An excess of iPr(PNP)Rh(Me) reacted with
(cod)Pd(Me)(ClI) in minutes to give low yields of the desired group transfer products and
a mixture of uncharacterized byproducts (Figure 28A). Attempted phenyl group transfer
did not vyield the desired transmetallation or cross coupled products; however,
(cod)Pd(Me)(Cl) did react rapidly with an excess of iPr(PNP)Rh(Ph) to afford a new
(PNP)Rh species with broken C, symmetry (Figure 28B). The results in Figure 28 A and
B suggest that transmetallation to palladium (Il) from (PNP)Rh(R) is indeed possible,
albeit susceptible to alternative reaction pathways. Given the thermal instability of
(cod)Pd(Me) complexes (Figure 28C and D),

we turned our attention palladium

complexes more likely to support catalytic activity.
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Figure 28 Transmetallation to (cod)Pd(Me)(Cl).

None of the palladium and nickel phosphine complexes (M?) that we assessed
showed any transmetallation or cross coupling reactivity in the absence of excess aryl
halide, strong base, or ionizing additives (Figure 29). The lack of transmetallation between
(PNP)Rh(Ph) and various M? complexes was confounded by the fact that reactions
conducted under attempted catalytic conditions gave some amount of cross coupled

product. Subsequent controls, however, revealed (PNP)Rh(Ph) reacts with aryl iodides
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to form biaryls and (PNP)Rh(l) (see chapter 3 for details). At elevated temperatures
(PNP)Rh(Ph) also reacts with aryl chlorides and aryl triflates to form biaryls, however the
majority of the (PNP)Rh(Ph) starting material decomposes to a mixture of
uncharacterized products. The background reactivity of (PNP)Rh(Ph) with aryl halides is
dramatically accelerated in the presence of strong base (to a lesser extent for aryl
chlorides) (see chapter 3 for details). In the absence of any transition metal, aryl iodides
and bromides (to a much smaller extent aryl chlorides) undergo direct arylation at

elevated temperatures in aromatic solvents in the presence of potassium tert-butoxide.

(A) PiPr, CeDg, 20-120 °C no clean Ph transfer from Rh to M?
— | 5 >< > background cross coupling with (PNP)Rh(Ph) + aryl (pseudo)halide
N N—th-O LaMAR)X) + co-solvent background strongly amplified in presence of strong base
PiPr, MZ=PdorNi excestsBaryI halide minor background for 'BuOK + ArX (X = | > Br > Cl)
+ ‘BuOK

+ ionizing additives

(B) L M2(AN(X) =

S e QQ o Me %N . )

MeO

vPth \©\ - P-l\lli—P\%
F 1 l r “Pd® AP E
Me ~"OMe SPd K @
/©/ ol
MeO F

and commercial Pd cross coupling and

amination pre-catalysts: NHCs and phosphines OMe

Figure 29 (A) Summary of attempted transmetallation/dual catalysis with cross coupling
pre-catalysts and putative intermediates (B) scope of precatalysts and intermediates
evaluated for reactivity towards transmetallation/dual catalysis.

Given the disappointing dearth of transmetallation reactivity towards palladium
phosphine complexes, we turned our attention back to transmetallations to platinum
complexes. Although we initially feared that platinum complexes might undergo
prohibitively slow reductive elimination, those fears were apparently misplaced given a
number of reports in the literature of C-C reductive elimination from platinum complexes*®
% including a biaryl reductive elimination that proceeds at sub-ambient temperatures.*®

My only additional contribution to this work was in testing the reactivity of (dppp)Pt(p-
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tol)(Cl), which did not undergo aryl group transfer from (PNP)Rh(Ph) at elevated
temperature in THF, PhH, DCB, or DMF (Figure 30A). The rest of the excellent work in
Figure 30 (B-D) was conducted by Natalie Chan.

Based on the fact that the only common feature in the our transmetallation
reactions was the presence of an olefin ligand, we were encouraged to explore the
reactivity of a hemi-labile phosphepine complex, which underwent transmetallation with
(PNP)Rh(Ph) at a rate qualitatively similar to (cod)Pt(R)(CI) (Figure 30C). To our surprise,
the biaryl platinum complex that developed over the course of the reaction underwent
reductive elimination at extended reaction times. Importantly, the organic products of this
reaction were a nearly equal mixture of homo and hetero-coupled biaryls suggesting that
the rate of unproductive transmetallation between two platinum centers was faster than
the rate of reductive elimination. Given the synthetic challenge of obtaining useful
quantities of pure (phosphepine)Pt(Ar)(Cl) we decided to test whether other hemilabile
platinum (1) aryl halide complexes are suitable for transmetallation.

Noting the reactivity of a platinum complex with a hemi-labile phosphepine ligand,
we wondered whether additional hemilabile phosphines would support transmetallation
to Pt(ll). In contrast to discouraging results with (sphos)Pd(Ar)(Cl) (Figure 26C), the
platinum congener (sphos)Pt(Ar)(Cl) yielded the most promising result in this project to
date (Figure 30D). Transmetallation to (sphos)Pt(Ar)(Cl) gave good conversion to the
desired products with excellent selectivity for cross-coupling over homo coupling, which

suggests that sphos possesses a balanced steric profile that allows (PNP)Rh(Ph) to
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approach while suppressing bimolecular exchange between (sphos)Pt(Ar)(Cl)
complexes.
PIPrZ Ph, THF, 120 °C
P~Pt
o, \@ —X—>
P'Pr2 (dppp)Pt(p-tol)(Cl)
P'Pr2 P'Pr2
(B) 4 . /@’Me THF-dg, 70 °C Rh ol N
; “N/Pt ; ‘N/Pt
Pupr 7 days P'Pr2
Bu(bpy)Pt(p-tol)(Cl) 13% 1%
PIPr P'PI’2
’ P’B” Me  CgDg, 70 °C T \~R
<SPt Rh cl /pt <
'/ ~cl 21 hrs
i 1
PI|=vr2 (phosphepine)Pt(p-tol)(Cl) 7;/Pr2 4p to 68%
° * R, R'= Hor Me
57% biaryl R, R vyield
HH  18%
RR’ Me,H 17%
Me, Me 22%
MeO,
P'Pr O PIPI' Me
’ ‘MeO/O CeDe, 70 °C 2 O
(D) -O A K —_— N Rh cl
Pt 24 hrs O
P'Pr2 Me cl P'Pr
(sphos)Pt(p-tol)(Cl) 57% 50%

Figure 30 Transmetallation to platinum(ll) complexes with various ligands.

Outlook, Obstacles, and Proposals

In developing catalytic methods by linking together stoichiometric reactions there
are two distinct challenges. First, reactivity: can one combination of ligands,
concentrations, additives, and solvents mediate every necessary step at a given

temperature? After achieving the necessary reactivity, the more challenging prerequisite

for catalysis is compatibility: do the established combination of ligands, concentrations,
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additives, and solvents favor the desired reactivity, or, when combined, can they follow
unproductive pathways that overwhelm the desired reactivity. The result in Figure 30D
nearly completes the reactivity requirements in Figure 31. The only major remaining
question of reactivity is whether (sphos)Pt(0) can mediate oxidative addition of C(sp?)-
(pseudo)halides. I've taken the liberty of denoting the Pt-counter-ion as X rather than CI
in Figure 31 because Cl is essentially a worst-case scenario: in every instance that we
have examined (including [Ir], [Rh], W, Mo, and (PNP)Rh) transmetallation has been
slowest to platinum electrophiles with a chloride leaving group and faster with TFA,
mesylate, or tosylate. In light of reports of oxidative addition of vinyl triflate to simple
platinum precursors with observable reactivity as low as -40 °C,%”*® | am confident that
future researchers will be able to establish this necessary reactivity with a ligand (labeled

"phos" in Figure 31) that supports oxidative addition, transmetallation, and reductive

elimination.
transmetallation (phos)Pt—R
phos)Pt—
(PNP)Rh(X h
@ \/ ) X ‘..~~~._—" RX
(PNP)*Rh C-H activation cross coupling  (phos)P
\\ phos)Pt R
(PNP)Rh(X)
base

Figure 31 Summary of the reactivity observed toward dual catalysis with one remaining
mode of reactivity (oxidative additon) to be established before completing the stepwise
cycle.

The greatest challenge remaining in our group's work toward dual catalysis is

compatibility. The glaring issue that must be addressed is finding a fully compatible base.
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To date, our studies have primarily employed the two bases reported to mediate (PNP)Rh
ligand deprotonation, potassium tert-butoxide and potassium hexamethyldisilazide. *’
Screening other bases for ligand deprotonation of (PNP)Rh(CI) resulted in little or no C-
H activation but did lead to H/D exchange at the benzylic position as observed by 2Jpp
coupling by *'P{"H} NMR (Figure 32A). An important breakthrough in this regard was the
observation that (PNP)Rh complexes with less coordinating anions (methanesulfonate)
can be deprotonated by milder bases (Figure 32B, more in chapter 3). Perhaps the
foremost obstacle regarding base compatibility is the well precedented salt metathesis
chemistry of group 10 metal halide complexes with alkali metal bases (Figure 32C) (for

metathesis with (phosphino)Pd(Ar)(X) see® for (cod)Pt(Me)(Cl) see®).

base max. yield conditions observation phenoxide =

TS PiPr2 base P'Pr BuOK 96% 23 °C Bu
(A) %\N:h\’_ 23-100°C =N_ “ai o~ BuONa  55% 70°C
PIFT, cl CeDe P'P? MesSiONa 7% 70°C decomposition \O oK
2 phenoxide 5% 100 °C H/D exchange
K>CO3 0% 100 °C no H/D exchange By
OK PiPr,
(B) = N~Rh PiPr, CeDs/THF dg ?/\ S OMS 97%
PEr X MeO ez PiPT, @ 0%
4 eq. E
MeO Me ;()/

‘Ph

isolated catalyst
resting state

Figure 32 Observations relevant to finding a base compatible with all aspects of dual
catalysis
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The observed dependence on leaving group ability in rates of transmetallation from
(PNP)Rh(Ph) are not promising for transmetallation to platinum alkoxide and phenoxide
complexes (Figure 27); however, these concerns about transmetallation to alkoxide and
phenoxide complexes still demand experimental validation. The only example of
transmetallation from (PNP)Rh(R) to a metal alkoxide was conducted with perhaps the
worst possible leaving group and still gave substantial methyl group transfer under forcing
conditions (Figure 25B). In future work, if any aryl group transfer to (phos)Pt(Ar)(OAr) is
observed, the rate of aryl group transfer might be improved by decreasing the binding
affinity of the phenoxide either by increasing the steric bulk of ortho substituents or adding
electron withdrawing substituents (Figure 32C). Introducing electron withdrawing groups
on phenoxide bases used in C-H activation (Figure 32B) will provide important insight into
the pKa of (PNP)Rh(OMs). Finally, it should be noted that introducing phenoxide ligands
is by no means incompatible with Pd(ll) coupling chemistry: in fact, a LPd(Ar)(OPh)
complex was recently characterized as the catalyst resting state in a reaction that was
incompatible with strong bases (Figure 32D).°"?

To summarize our study of the scope of transition metal electrophiles suitable for
arylation via transmetallation from (PNP)Rh(Ph): transmetallation to (cod)Pt complexes
is high yielding, supports methyl and aryl ancillary ligands, and favors weakly coordinating
anions (TFA, OMs, OTs) over chloride (Figure 27). Transmetallation to (cod)Pd was
promising in that it showed explicit methyl group transfer from rhodium to palladium;

however, the thermal instability of the reactants and products prevented further

characterization (Figure 28). Attempts at transmetallation to palladium phosphine
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complexes gave no sign of useful transmetallation from rhodium to palladium, but
revealed extensive background reactivity in the presence of strong base, both with and
without transition metals (Figure 29). Natalie Chan's excellent work on hemilabile
platinum phosphine complexes has revived the viability of dual catalysis with the
surprising result that hemi-labile platinum phosphine complexes support transmetallation
and reductive elimination. The two remaining challenges towards achieving dual catalysis
are 1.) finding a platinum complex that supports oxidative addition as well as recently
established transmetallation and reductive elimination 2.) finding a base that is sufficiently
basic and unhindered to enable deprotonation of (PNP)Rh(OMs) and simultaneously
sufficiently non-coordinating to prevent it from suppressing transmetallation to Pt(ll).

The final variable to achieving non-directed C-H functionalization through dual
catalysis appears now to depend squarely on establishing a base that is sufficiently basic
for (PNP) ligand deprotonation and sufficiently non-coordinating to allow for
transmetallation to platinum. The current state of the art in palladium catalyzed coupling
of C(sp?)-sulfonates suggests a promising future for dual catalysis. In particular, direct
alkylation of phenyl methanesulfonate with acetone requires deprotonation of acetone
(pKa ~26) whereas deprotonation of (PNP)Rh(OMs) proceeds smoothly with the
conjugate base of 2,6-bis-tert-butyl-4-methoxy-phenol (pKa 4-methoxyphenol, 19). One
reasonable course of action moving forward would be to first establish transmetallation to
Pt complexes with ligands optimized for cross coupling of C(sp?)-sulfonates like
BrettPhos,®® CMphos,®*® Mor-Dalphos,®® and (stunningly) triphenylphosphine®”*®

(Figure 33C). After establishing transmetallation reactivity to platinum mesylates, the key
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challenge will be to tune phenoxide bases on (L)Pt(Ar)(OAr) with a combination of
electron withdrawing groups and bulky ortho substituents to enable transmetallation

without catastrophically suppressing PNP ligand deprotonation (Figure 33D).

Pd(ll) 1%

A OMs 0 ligand 3% ©/\n/
+ ’
( ) )J\/H 1:1 dioxane '‘BuOH o
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By
(B) >|\ %\AJ'T;P Pr, OH e P'Pr2
OH )j\/H ~
(0] Bu Ms

P'Pr PIPr
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(Evans table DMSO) 30 26 19 <pKa <30
© s (E)
state of art in ArOMs cross more electron rich to
coupling and amination N 0 R = Me, Bu, SiMe,, interact with lewis acidic Pt
Me, = mesityl,
N 2,6-di-isopropylphenyl, g ’\N /As
O ~ b 1-adamanytl, ;Rh‘OM
Yﬁ/ s
P PN \Pt 2-adamantyl, P 4 As \
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T Nowms C-H less hindered for Rh to approach Pt
v nd R
OMe

Figure 33 State of the art in direct alkylation of aryl methanesulfonates and
recommendations for future work towards dual catalytic arylation of C(sp?)-sulfonates.

Regarding potential modifications to the pincer complex: perturbations to the
electronics of the pyridyl = system will necessarily benefit one form of reactivity at the
expense of another. Given that we have not yet explored the limits of electron deficient
phenoxides that might enable ligand deprotonation, it seems premature to focus on
further acidifying the pyridyl = system, presumably at the expense of the rate of
transmetallation. Instead, given that transmetallation is still prohibitively slow (one
turnover would take ~1 day at 70 °C with (sphos)Pt(Ar)(Cl)) the top priority for PNP ligand
modification should be synthesis of the arsine congener (Figure 33E). This modification

may facilitate transmetallation both by increasing the electron density of the lewis basic
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rhodium center and reducing steric hindrance about the metal by expanding both the Rh-
As distance and the As-C distance of the bulky isopropyl substituents.

In conclusion, significant progress has been made since Dr. Durak's seminal
observation of benzyl group transfer from [Ir](Bn)z *° and tireless development of iridium
promoted palladium catalyzed direct arylation. ®' Key challenges in the project when |
joined the effort were 1.) no reactivity for stoichiometric aryl group transfer, 2.) partial
turnover only under difficult to control, ionizing, biphasic conditions and 3.) no clear path
to enable turnover of the C-H activation catalyst. Each of these challenges has been
directly resolved by our discovery of the enhanced group transfer reactivity of
iPr(PNP)Rh(Ph) and its unique mechanism of C-H activation by metal ligand cooperativity

which provides a clear pathway for catalyst turnover.

Experimental

Materials

Unless otherwise noted, all reagents were obtained from commercial suppliers and used
without further purification. Tetrahydrofuran (THF), diethyl ether, methylene chloride
(DCM), toluene (PhMe), and pentane were obtained from an Innovative Technologies

solvent purification system (solvent deoxygenated by No sparge and dried over alumina).

Methane sulfonic acid was dried by azeotropic distillation with anhydrous toluene and
then vacuum distilled. Water was degassed by bubbling with nitrogen for 1 hour. Acetone

was dried over MgSO4, distilled under No into a Schlenk flask, and degassed by three

freeze-pump-thaw cycles. Benzene-d, was degassed by three freeze-pump-thaw cycles
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in a glass tube sealed with a Kontes stopper and stored over 3 A molecular sieves. THF-

d, was dried over sodium/benzophenone ketyl and vacuum transferred to a glass storage
vessel with a Kontes stopper. Methylene chloride-d, was dried over CaH,, distilled into a
Schlenk flask, and stored under N,. Molecular sieves were activated in a Schlenk flask

under vacuum (<0.05mmHg) in a sand bath set 250°C for at least 12 hours. Alumina,
silica, and celite that were used in the glove box were all dried in a Schlenk flask under
vacuum in a sand bath set to 280°C, 150°C, and 280°C respectively.

Complete analytical data and preparations have been reported for [Ir](Me), [Ir](Me)(CI),
[Il(Me)(TFA), [Rh](Me)z, [Rh](Me)(Cl), [Ir](Bn)2, * [I(Bn)(Cl), [Irl(Bn)(TFA), *°
(cod)Pt(Me)(Cl), (cod)Pt(Me)(TFA), * (cod)Pt(Me)(Bn), (cod)Pt(Me)z, 'Bu(PNP)Rh(Me),
'Bu(PNP)Rh(CI), ¥ (Cp)(NO)W(Bn),, * (Cp)(NO)Mo(Bn). ®" (Cp)(NO)W(Bn)(Cl),

(Cp)(NO)Mo(Bn)(Cl), 8

General Procedures

Unless otherwise noted, all reactions and manipulations were performed under a
circulating nitrogen atmosphere in an Innovative Technologies glove box, or using
standard Schlenk technique. Glassware was dried in an oven set to 150 °C before use.
Flash column chromatography was carried out using Silicycle 230-400 mesh silica gel.
NMR spectra (*H, '*C, '°F, and ®'P) were obtained using a Bruker 500 MHz spectrometer
at room temperature. Chemical shifts are reported in ppm and coupling constants are
reported in Hz. Products of reactions monitored by in situ NMR were confirmed by

comparison to authentic material prepared by either the procedures listed above in the
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materials section or below in the experimental section. All benzylmagnesium chlorides
were titrated under N, with salicylaldehyde phenylhydrazone in THF according a

previously reported procedure. *°

Benzyl magnesium chlorides were prepared by the following general procedure

Under air atmosphere, an oven-dried 100 ml 3-neck round bottom flask with stir bar, reflux
condenser, and addition funnel was charged with freshly ground magnesium turnings
(1.095 g, 45 mmol). The entire apparatus was then flame dried under vacuum and purged
with N2. 31.5 ml of dry Et,O was added and the suspension stirred rapidly. 13.5 ml of dry
Et,O and one equivalent (45 mmol) of the desired benzyl chloride were added to the
addition funnel. The solution of benzyl chloride was added dropwise, and the reaction
mixture was heated to initiate the reaction, which then maintained reflux during addition
of the remaining benzyl chloride solution. Following addition, the reaction mixture was
heated to maintain reflux overnight. The final solution was cannula transferred into an
oven-dried Schlenk flask and brought into a glove box under inert atmosphere, where it

was titrated.

General Procedure for synthesis of Hammett study substrates [Ir](CH2Ar)2

Under an inert dry box atmosphere, a 20 ml scintillation vial containing a stir bar was
charged with 200 mg of [Ir](Cl)l». The solid was suspended in dry Et,O and stirred rapidly.
3 equivalents of the appropriate benzyl Grignard in diethylether were added dropwise,

bringing the total reaction volume to 2.4 mL. The solution was stirred overnight before
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being diluted with an additional 2 ml Et,O. The solution was filtered over a pad of basic
alumina and eluted with additional Et.O. The solvent was removed under vacuum, and
the crude solid was purified on a column of basic alumina under air atmosphere. 4:1
hexanes:Et,O was used as an eluent, and the first yellow band was collected and dried

under vacuum. Samples were further purified by crystallization in pentane at -35°C

[Ir(CH2-CeH4-4-F),
'H NMR (500 MHz, C¢Dg) 6 7.10 (m, 4H), 6.88 (t, J=8.7 Hz, 4H), 3.00 (m, 2H) 2.75 (m,
2H) 1.31 (2, Jup=1.7 Hz, 15H), 0.84 (d, Jup=9.4 Hz, 9H)

BC{'"H} NMR (126 MHz, C¢Dg) 8 161.17 (s), 159.26 (s), 149.05 (m), 130.31 (d, J=7.0 Hz),
114.89 (d, J=20 Hz), 92.56 (d, J=3.5 Hz), 14.18 (d, J=35 Hz), 8.97 (d, J=1.0 Hz), 0.93 (d,
J=8.3 Hz)

$1P{"H} NMR (202 MHz, C¢Dg) § -43.60

"YF NMR (470 MHz, C¢Dg) § -121.75

[Ir(CH2-CsH4-3-F),
MDR01092 (5 - '"H; 2 - %'P; 3 - "°F; 4 - °C)

'H NMR (500 MHz, C¢D¢) 6 7.07 (d, J=11 Hz, 2H), 6.96 (m, 4H), 6.75 (m, 2H), 3.05 (m,
2H), 2.81 (m, 2H), 1.30 (d, Jup=1.4 Hz, 15 H), 0.86 (d, Jp=9.3 Hz, 9H)

BC{'"H} NMR (126 MHz, C¢Ds) § 164.43 (s), 162.50 (s), 156.97 (m), 128.73 (d, J=8.5 Hz),
125.03 (d, J=2.3 Hz), 115.95 (d, J=20 Hz), 109.47 (d, J=21 Hz), 92.53 (d, J=3.5 Hz), 14.18

(d, J=35 Hz), 8.89 (d, J=1.1 Hz), 1.72 (m)
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$1P{"H} NMR (202 MHz, C¢Dg) § -43.70

"YF NMR (470 MHz, C¢Dg) & -115.62

[Ir](CH2-CsH,-3-Me),

MDR-1-94 (3 - 'H; 4 - ®'P; 5-13C)

'H NMR (500 MHz, CsD¢) & 7.19 (s, broad, 3H), 7.14 (m, 3H), 6.89 (d, J=7.2 Hz), 3.24
(m, 2H), 2.95 (m, 2H), 2.30 (s, 6H), 1.42 (d, Jup=1.8 Hz, 15H), 0.94 (d, 9.4 Hz, 9H)
BC{'"H} NMR (126 MHz, CsDs) 6 153.65 (d, J=4.0 Hz), 136.33 (s), 130.59 (s), 127.60 (s),
126.80 (s), 123.68 (s), 92.62 (d, J=3.6 Hz), 21.71 (s), 14.33 (d, J=35 Hz), 9.07 (d, J=1.1
Hz), 2.32 (d, J=8.3 Hz)

$1P{'H} NMR (202 MHz, C¢D¢) § -43.562

Synthesis of (cod)Pt(Me)(OMs)

(cod)Pt(Me)2 (71.0 mg, 213 pmol) was weighed into a 20 mL vial and dissolved in 5 mL
DCM. Methane sulfonic acid (41.0 mg 427, umol) was weighed into a separate vial and
dissolved in 1 mL DCM to give a 427 mM stock solution. The methane sulfonic acid stock
solution (500 pL, 213 umol, 1 eq) was added dropwise to the stirring platinum solution.
The mixture was filtered over a pad of celite on a cotton plug in a glass pipette into a 20
mL vial and pumped to dryness. The white solid was suspended in 5 mL of pentane and
the supernatant was removed to give 63.8 mg 72% of pure(cod)Pt(Me)(OMs). Single
crystals suitable for x-ray diffraction were obtained by dissolving the entire sample in 500
uL of PhH, layering w/ 3mL Et,O followed by 10 mL pentane, and allowing the layers to

slowly diffuse together for 12 hrs at room temp and 16 hrs at -35°C.
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'H-NMR (C¢Ds) 0.98 (3H, s w/ Pt satellites, Ju.pt = 64.9 Hz) Pt-CHs, 1.19-1.73 (8H, m)
cod CHy’s, 2.76 (1H, s) OMs CHjs, 3.68 (2H, m w/ Pt satellites, Jn.pt = 83.2 Hz) cod CH
trans to Me, 6.11 (2H, m, Jy.pt = 25.24 Hz) cod CH trans to OMs.

3C-NMR (C¢D¢) 6.63 (s w/ Pt satellites Jc.pt = 636.77 Hz) Pt-CHa, 26.99 (s w/ Pt satellites
Jept = 29.13 Hz) cod CHy, 30.60 (s w/ Pt satellites Jc.pt = 26.57 Hz) cod CHy, 39.85 (s)
OMs CHg, 77.69 (s w/ Pt satellites Jc.pt = 255.55 Hz) cod CH trans to Me, 114.56 (s w/ Pt

satellites Jc.pt =29.55Hz) cod CH trans to OMs.

Synthesis of '‘Bu(PNP)Rh(CH,Ph)

'Bu(PNP)Rh(CI) (45.1 mg, 87.7 umol) was weighed into a 1 dram vial and transferred as
a solid into a J. Young tube with THF-dg (500uL). 'H and *'P NMR of the starting material
was taken for comparison. The tube was charged benzyl magnesium chloride (30 pL,
96.5 umol, 0.98 M). The mixture was monitored by NMR immediately after addition and
at t=1 hr, t= 8 hrs, and daily thereafter until no starting material remained (43 hrs at room
temp.). By 3'P NMR the mixture contained two products in a 3:1 ratio in qualitatively good
yield. Heating the reaction mixture favored the undesired product. The contents of the J.
Young tube was poured into a 20 mL vial, the tube was washed into the vial with pentane,
and the mixture solvent was removed under vacuum. The mixture was suspended in 5
mL pentane and dried in vacuo 3 times to remove any traces of THF. The crude material
was extracted with 3x 500puL pentane and passed over a PTFE syringe filter into a 1 dram
vial nested in a 20 mL vial and the 20 mL vial was sealed with a rubber lined cap. The

mixture was stored at -35°C to allow for slow evaporation of pentane. After 2 days the
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supernatant was removed and dark red crystals were dried under vacuum. Only large,
clean edged crystals were transferred to a tared vial to give 3.35 mg, 6.5 % of pure
material. The supernatant still contained a large amount of desired product mixed with
minor product and was further cooled to yield x-ray quality single crystals.

H-NMR (500 MHz, THF-dg) 1.28 (36 H, m) 'Bu, 2.85 (2H, m) Rh-CH, , 3.15 (4H, m) P-
CH,, 6.64 (1H, t, J=7.20 Hz) para Ph, 6.84 (2H, t, J=7.47 Hz) meta Ph, 7.03 (2H, d, J=7.55
Hz) meta pyridine, 7.25 (2H, d, J=7.50 Hz) ortho Ph, 7.50 (1H, t, J=7.55 Hz) para pyridine.
BC{'"H} NMR (126 MHz, THF-dg) & 161.6100 (m) pyridine C ortho to N, 132.50 (m) Ph
ipso to CH,, 130.04 (m) pyridine CH para to N overlapped with Ph CH ortho to CHo,
126.12 (s) Ph CH meta to CH, 119.63 (s) Ph CH para to CH,, 118.82 (m) pyrdine CH

meta to N, 38.04 (m) PCHy, 34.28 (m) 'Bu C, 29.05 (m) 'Bu CHg, 3.50 (m) Rh-CH,
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Chapter 3: Rhodium 2,6-Bis(di-iso-propylphosphinomethyl)pyridine: Improved C-H
Activation, Functionalization, and Catalysis
Introduction

Given our overarching goal of controlling reactive intermediates within a protein
scaffold for selective C-H functionalization; our interest was piqued by the reported
reactivity of the complex (PNP)Rh(CI), which is capable of mediating room temperature
C-H activation without assistance from substrate directing effects (Figure 34 A and B).*’
We hypothesized that a suitable oxidant may allow for functionalization of the activated
aryl fragment with concomitant regeneration of the rhodium complex required for C-H
activation (Figure 34C). Our search for suitable oxidants to enable (PNP)Rh(Ph) turnover
began when we noticed unexpected reactivity between (PNP)Rh(Ph) and aryl
(psdeudo)halides in control reactions while studying dual catalysis (Chapter 2). Given that
C-H activation of benzene proceeds at room temperature without assistance from
substrate directing effects, it was our hope that (PNP)Rh would be able to cleave all
aromatic C-H bonds on simple substrates (Figure 34D). If this reactivity was achieved,
we could then begin to consider strategies for incorporating these catalysts into protein

scaffolds to evolve for catalyst controlled site selectivity.
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Figure 34. Reactivity of interest with (PNP)Rh complexes: (A) ligand deprotonation to give
dearomatized intermediate (B) C-H activation (C) proposed functionalization of activated

aromatic moiety and catalyst turnover (D) targeted reactivity (E) inhibition of reactive
intermediate by nitrogen coordination.

Our approach to developing a catalytic method based on the known reactivity in
Figure 34 was reported in a recent publication’® and started by accelerating C-H
activation, suppressing nitrogen inhibition (Figure 34E) and enabling the use of milder
bases for C-H activation. We next turned our attention to studying the reactivity of the
product of C-H activation (PNP)Rh(Ph) toward a variety of oxidants (Figure 34C). Finally,
we applied our new understanding of the reactivity of (PNP)Rh(Ph) to develop a method

for (PNP)Rh catalyzed arylation of aryl iodides.

C-H Activation

Given that functionalization of (PNP)Rh(Ph) depends on efficient C-H activation,
we set out to optimize the ligand and conditions to improve the rate and yield of C-H
activation. We hypothesized that decreasing the size of the di-alkyl phosphino groups on
the PNP ligand would: (1) facilitate ligand deprotonation with bulky bases by reducing
hinderance abou thte ligand C-H bond, (2) reduce nitrogen inhibition by creating a more

spacious pocket around the metal center that is less able to differentiate between small
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(N2) and medium sized (CgHe) ligands, and (3) reduce steric clashes with approaching
substrate. In line with this last point, Yehao Qiu has calculated the barrier to benzene
oxidative addition at both iso-propyl and tert-butyl pincer complexes and noted that the

barrier to C-H addition is 3.9 kcal/mol lower for the iso-propyl complex.

(A) R= iPr or 1Bu S:EL :

P
%\N'A 2 tBuOK /PR2 C6D6 { R
'CI Rh
PR,
(B) s

iPr(PNP)Rh(Ph): o
1Bu(PNP)Rh(Ph) = e
1Bu(PNP)*Rh = o

concentration (mM)
[\

0 40 80 120 160
time (hours)

Figure 35 (A) Intermediate and product in C-H activation of (PNP)Rh(CI) (B) Overlaid
reaction profiles for side by side C-H activatons with 'Pr(PNP)Rh(CI) and 'Bu(PNP)Rh(CI).

Indeed, when 5mM solutions of 'Pr(PNP)Rh(CI) and 'Bu(PNP)Rh(CI) were treated
with 1.2 equivalents of 'BuOK in side by side reactions, 'Pr(PNP)Rh(CI) gave product
formation at an initial rate 100 times greater than and 'Bu(PNP)Rh(CI) (101 and 0.95
pM/min respectively, Figure 35). The initial rate of starting material consumption (a lower
bound for rate of ligand deprotonation) was only 7-fold faster for and 'Pr(PNP)Rh(CI) (113
vs 16 yM/min), and no build-up of dearomatized intermediate was observed during the

reaction of and 'Pr(PNP)Rh(CI). These results suggest that substituting 'Bu for 'Pr
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accelerates the overall reaction by a modest increase in the rate of ligand deprotonation
and a larger acceleration in C-H cleavage.

After improving the overall rate and efficiency of base promoted C-H activation, we
sought to introduce additional modifications to enable the use of milder bases that would
be compatible with a wider range of oxidants. At the time of our work, the only published
progress toward catalytic C-H functionalization on the (PNP)Rh platform involved photo-
carbonlyation of benzene with 'BuOK, carbon dioxide, H,, and tosic acid (1.3 ttn, 5 days).
This reaction was fundamentally limited by the incompatibility of the base required for
ligand deprotonation and the electrophile required for Rh-C cleavage. ’' We hypothesized
that using a less coordinating (and weakly = donating) rhodium counter ion would afford
a more positively charged rhodium center capable of withdrawing more electron density
from the pyridine m system; such a modification would acidify the PNP ligand by allowing
greater delocalization of the additional electron density in the dearomatized conjugate
base of ligand deprotonation. To our great delight, the methane sulfonate (OMs) complex
'Pr(PNP)Rh(OMs) reacted with benzene in the presence of potassium 2,6-bis(tert-butyl)-
4-methoxy-phenolate to give the corresponding phenyl complex in excellent yield (97%),
whereas 'Pr(PNP)Rh(CI) was inert under these conditions (Figure 36A). 'Pr(PNP)Rh(CI)
did undergo C-H activation with phenoxide bases in low yield at elevated temperature

and with higher yield in the presence of the Lewis acidic additive Zn(OTf)a.
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Figure 36 C-H activation with milder phenoxide base.

To our surprise, the rate and maximum yield of stoichiometric C-H activation
revealed a strong dependence on alkali metal counter ion (K>Na>>Li: Figure 37A). In a
separate experiment (no THF co-solvent), | observed that an N-heterocyclic carbene
copper alkoxide served as a suitable base for ligand deprotonation and C-H activation
(Figure 37B). In the context of our work demonstrating the metallophilicity of the (PNP)Rh
scaffold towards various Lewis acids (Sn, Zn, Pt), one possible rationalization of the
observed dependence on tert-butoxide counter ion is that PNP ligand deprotonation
depends on a M-M Lewis-acid/Lewis-base interaction in which rhodium donates to the

tert-butoxide counter ion (Figure 37C).
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Figure 37 Maximum yield of C-H activation with (A) varying alkali metal tert-butoxides and
(B) N-heterocyclic carbene copper tert-butoxide. (C) Rationalization of observed
dependence on tert-butoxide counter ion.

The hypothesized interaction may acidify the PNP C-H by withdrawing electron
density from the pyridine & system in which the additional electron density of conjugate
base is delocalized. Alternatively, such an interaction may favor larger tert-butoxide
counter ions by extending the M-O bond distance, placing the basic oxygen center in
closer proximity to the relevant C-H bond. Although weakly coordinating anions were used

273 on (PNP)Ir complexes to provide an open coordination site for Ph-H

previously
oxidative addition, we did not observe C-H activation with 'Pr(PNP)Rh(OMs) in the
absence of base.

In contrast to 'Pr(PNP)Rh(OMs), the 4-toluene-sulfonate (OTs) complex
'Pr(PNP)Rh(OTs) reacted with the ortho C-H bond of the weakly coordinating anion to

give a Rh(lll) hydrido arylsuflonate —notably, the first direct observation of C-H oxidative
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addition to afford a stable (PNP)Rh(lll) aryl hydride (Figure 38).”* The double addition
product 'Pr(PNP)Rh(H)(OTs)2 (generated in the presence of excess 4-toluene-sulfonic
acid), on the other hand, did not undergo ortho-metallation upon prolonged heating
(Figure 38). The differential reactivity of 'Pr(PNP)Rh(OTs) and 'Pr(PNP)Rh(H)(OTs)2
toward C-H activation underscores a salient point in catalyst design. When (PNP)Rh(Ph)
is functionalized in the presence of excess arene and oxidant, the resulting (PNP)Rh(X)
can access productive and unproductive pathways: namely, C-H activation or further
reaction to with electrophile to generate over oxidized complexes incapable of C-H
activation. As such, a key challenge in developing (PNP)Rh catalyzed C-H
functionalization is finding electrophiles that react readily with (PNP)Rh(Ph) to give

(PNP)Rh(X) and react negligibly with (PNP)Rh(X) relative to the rate of C-H activation.

~N i H - )
%\N';;P P2 1s0H N \':Piprz +—| OTs " —N._PPr
PP, 2 _Rh RN
2 i P'Pr
P'Pry 2

2 equiv. intermediate by 'H{*'P} NMR A
TsOH Rh-H 5 -18.94, d, "Jgpy = 19.0 Hz
t1/2< 3 min at 23 °C
o) '(20
H ~ -FTS’
~pi A =N._lr =
TN PP SRH —
_Rh + p//
pipr, |_O™ H
20Ts
Me

Figure 38 Reactivity of 'Pr(PNP)Rh(Ph) with 4-toluene-sulfonic acid.
Reactivity of (PNP)Rh(Ph)

Keeping in mind the importance of balancing and oxidants that would react with
(PNP)Rh(Ph) but not with (PNP)Rh(X), we sought to explore the reactivity of

(PNP)Rh(Ph) toward a variety of electrophiles both to understand the basic reactivity of
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adducts of C-H activation and to find reagents amenable to (PNP)Rh catalyzed, non-

directed C-H functionalization (Figure 39).

Ar %\Nf\ SPPr, 11
P" Ar PiPT, | @
Ho-R w% /y

Bpin Me

Bopin; ?;h\ PR MeOCOMe
PR,
r =ipr
=1'Bu Q

Ar LN /P'Pr2 Ph-I > \Spipr,
+ RS =N. 1/
i 4°/ L’ ~
P|PI'2 o P|Pr2\ |

Figure 39 Reactivity of (PNP)Rh(Ph) with various electrophiles and oxidants and
ORTEPS of complexes 10, 11, and 13 with 50% thermal ellipsoids and hydrogens omitted
for clarity (except OH).

A recent report of oxidative addition of O, to (PNP)Ir(Ph) suggested that 1 might
react with O, to afford dearomatized Rh(Ill) hydroxo complex 10.”° Moreover, reductive
elimination of phenol from 10 would afford the requisite dearomatized complex (Figure
35A) and thereby circumvent the need for harsh exogenous bases. Complex 1 did indeed
react with O, to give a dearomatized species consistent with complex 10 as the major
product. Crystals of complex 10 suitable for x-ray diffraction were obtained, but attempts
to purify and isolate complex 10 in bulk were not successful. Moreover, reductive
elimination of phenol from the crude mixture was not observed with prolonged heating. In
an attempt to lower the barrier to reductive elimination, we next explored the reactivity of
5 with Cg3-X electrophiles. When 5 was treated with p-tolyl-benzylchloride, an
intermediate consistent with the desired oxidative addition product was observed by 'H

NMR, but this compound disproportionated to complex 11 and 4,4'-dimethyl-dibenzyl
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rather than undergoing the desired reductive elimination. In contrast, reaction of 5 with

dimethylcarbonate afforded alkylated arene (toluene) in good yield (76%).

. O& TS PiPr.
"3 P'Pr ! =N._~ 2
(A) N\Rh/ 2 6 eq szinQ BNO ,Rh~ ,O
PiPr, 4 hrs, 140 °C 2.0
97%

5 93%
preliminary assignment

_N._ PP 0.8 M B,Pin 0
(B) g}t/h\’ 2 a. 91%
PiPT, 170 °C, 10 days a5 N @) 91 turnovers
CeDs S
8 mM (1 mol%)

Figure 40 (A) Reaction of (PNP)Rh(Ph) with B2Pin, (B) Rhodium catalyzed C-H borylation
of CeDs with BzPing,

'Pr(PNP)Rh(Ph) reacted with Bopin; at 140 °C yielding phenylboronic acid-pinacol
ester in excellent yield (97%) and very clean conversion by *'P{'"H} NMR to a new rhodium
complex with a '"H NMR spectrum consistent with the rhodium boryl 'Pr(PNP)Rh(Bpin)
(Figure 39 and Figure 40A). Notably, when 'Pr(PNP)Rh(Ph) was treated with an excess
of Bopinz in CgDeg, it was able to slowly catalyze 91 turnovers of C-H borylation at elevated

temperatures (Figure 40B).

(A) 12
‘—N. /PiPr2 2 eq. BUOK
Rh,, ————»
PPr, 23 °C, CgDg
43%
95% 120 °C, CGDG

O~

Figure 41 (A) C-H activation with complex 12 and functionalization of C-H activation
adduct 5 with 4-fluoro-iodobenzene. (B) ORTEP of complex 12 with 50% thermal
ellipsoids (C) ORTEP of complex 5 with 50% thermal ellipsoids.

Previous studies on oxidative addition of aryl halides to pincer complexes and on

the stability of aryl halides to base led us to pursue reactions of 5 with aryl iodides (Figure
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39 and Figure 41).”°"° To our delight, 5 reacted with aryl iodides at elevated temperature
(120 °C) to yield the desired biaryl product and (PNP)Rh(I) (12) (Figure 41). Among the
electrophiles assessed in Figure 39, aryl iodides stood out as the least likely to undergo
further unproductive addition to the organometallic product (PNP)Rh(X). To confirm this,
we heated 12—the product of the reaction of 5 with aryl iodides—with excess
iodobenzene (Figure 39). After 40 hours at 140 °C, only 4% of unproductive oxidative
addition product 13 was formed as confirmed by independent synthesis of 13 via reaction
of 5 with I, (Figure 39). Moreover, iodo complex 12 reacted with C¢Ds to give the desired
C-H activation adduct 5 (Figure 41). In contrast to the C-H activation reactions in Figure
35, which were conducted in sealed tubes with evacuated head space to reduce N
inhibition, C-H activation with complex 12 was conducted under N, atmosphere, indicating
that isopropyl ligand substitution effectively resolved the problem of Ny inhibition. C-H
activation with complex 12, coupled with the reaction of 5 with aryl iodides as shown in

Figure 41, demonstrates the feasibility of steps in the desired cycle outlined in Figure 34.

(PNP)Rh catalyzed direct arylation of aryl iodides

With an improved complex for rhodium mediated C-H activation (3) in hand and a
deeper understanding of the reactivity of C-H activation adducts 1 and 5 in mind, we
sought to determine whether these complexes were capable of catalytic C-H
functionalization of simple arenes. Gratifyingly, complex 3 catalyzed direct C-H arylation
of benzene with a variety of aryl iodides (Figure 42A). Control reactions revealed that in
the absence of rhodium catalyst there is a minor background reaction (reported

parenthetically for each reaction). Complex 3 also catalyzes arylation of several simple
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arenes with moderate electronic and steric variation (Figure 42B). Importantly, this system
enables functionalization of all C-H bonds (ortho, meta, para, benzylic, and methoxy) in
each substrate tested with only minor contributions from substituent directing effects. As
noted above, the design of catalysts which can override functional group directing effects
and electronic bias to give catalyst controlled selectivity first requires the development of

catalysts that do not require particular functional groups to promote C-H functionalization.

| 5% Pr(PNP)Rh(CI) 5% Pr(PNP)Rh(CI) Ar
- | 1.5 eq BuOK, neat PhH Ph /©/ 1.5 eq BuOK, neat arene
R—\ MeO

100 °C, 3 hrs 100-140 °C, 3-9 hrs

© @ OMe

. 9

@’ O 73% (2%) 68% (5%) 53% (12%)
o:rm:p

ompsp3

71% (2%) 89% (6 66% (1%) 3:5:1 10:4:3:1
OMe : Me |
i 40% (1%) 26% (1%) 20% (2%)
73% (2%) 65% (2%) 24% (1%) 0:m:p:spd o, sp°3 sp; sp3
3:2:1:2 2:1 3:1

Figure 42 (A) Direct arylation of benzene with various aryl iodides: yield in bold and yield
of background reaction (no Rh) in parentheses; (B) Direct arylation of various arenes with
4-iodoanisole: yield in bold and yield of background reaction (no Rh) in parentheses.

Given reports of direct arylation reactions using aryl iodides in the presence of
'BUOK and an organic catalyst,?® control reactions were conducted to compare the yield
of 'BuOK-mediated benzene arylation in the presence of no additives, 5 mol%
'Pr(PNP)Rh(CI), or 5 mol% of the 'Pr(PNP) ligand (Figure 43A, entries 2, 4, and 5). These
reactions revealed comparable and dramatically reduced yields under the latter two
conditions relative to the former, indicating that the reaction is not catalyzed by

demetallated ligand alone.®® Whereas organocatalytic transformations of this type show
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no activity in the presence of a catalytic radical trap (TEMPO),?' the (PNP)Rh catalyzed
reaction maintained substantial activity under the same conditions (Figure 43A, entry 3).
Notably, the less hindered complexes (3 and 5) were much more efficient precatalysts

than bulkier complexes 2 and 'Bu(PNP)Ir(coe)(PFs)—consistent with metal centered

reactivity.
A 5% catalyst Ph 5% catalyst tol
(A) : 1.5 eq 'BUOK (B) : 1509 BUOK
neat PhH MeO neat PhMe MeO
MeO 100 °C, 4 hrs © MeO 140 °C, 9 hrs
entry catalyst additive % yield ortho sp3 meta para

: with Rh
1 Pr(PNP)Rh(Ph) — 85 f\ \ A 40% yield
2 Pr(PNP)Rh(C) — 73 )
3 Pr(PNP)Rh(C)) TEMPO (20%) 31 H A V\mo;lfjiteﬁh
5

PPr(PNP) — 3
— — 2

Figure 43 (A) Control reactions with alternative pre-catalysts and TEMPO additive; (B)
extracted ion GCMS chromatograms of toluene reaction mixtures show no sp’
functionalization in the absence of rhodium

The sp? selectivity in rhodium catalyzed direct arylation is most consistent with
previously reported radical based arylations (Figure 43B).2° Notably, reactions in the
presence or absence of rhodium catalyst had similar sp? selectivity. This finding could
indicate that the rhodium complexes studied herein catalyze C-H functionalization by
initiating or accelerating the background reaction, which has been proposed to proceed
through radical intermediates (Figure 43B).2%%2 On the other hand, the sp® C-H
functionalization observed for toluene, anisole, p-xylene, and mesitylene was not
observed in the 'BuOK mediated background reaction, indicating that the rhodium catalyst
enables access to pathways that are not accessible to the active species in the

background reaction (Figure 43B).
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Conclusion

Overall, we harnessed the ability of the (PNP)Rh platform to mediate non-directed
C-H activation and translated this reactivity into a catalytic system that achieved our goal
of functionalizing all C-H bonds on a variety of substrates (Figure 34D and Figure 42B).
This was enabled by the fact that this complex does not require directing groups to enable
C-H activation and achieved by a ligand modification to dramatically enhance the rate of
C-H activation and expanding our understanding of stoichiometric reactivity of the C-H
activation complex (PNP)Rh(Ph) with a variety of electrophiles. Moreover, we found that
key drawbacks to the (PNP)Rh platform (nitrogen inhibition and dependence on strong
base) were readily mitigated by simple modifications (smaller phosphines and weakly
coordinating anions, respectively). The resulting catalytic method, like others based on

the PNP platform that emerged from stoichiometric reactions,**

sheds new light on the
reactivity of the (PNP)Rh platform in the form of unexpected sp® functionalization and

potential catalysis of radical based transformations.

Experimental

Unless otherwise noted, all reactions and manipulations were performed under a
circulating nitrogen atmosphere in an Innovative Technologies glovebox, or using
standard Schlenk technique. J. Young tubes were washed with base bath (prepared with
100 g KOH, 200 mL DI H»O, and 700 mL iso-propanol), followed by methanol, water, and
acetone. Glassware was oven dried prior to use.

Unless otherwise noted, all reagents were obtained from commercial suppliers and

used without further purification. Hydrocarbons and ethereal solvents were ketyl tested
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prior to use. Benzene (PhH) and C¢Ds were dried for 48 hours over activated 4A molecular
sieves, degassed by three cycles of freeze pump thaw and transferred to fresh sieves in
the glovebox. Arene solvents were dried over activated 4A molecular sieves, degassed
by three freeze-pump thaw cycles, passed over a pad of activated alumina in the glovebox
and stored over activated 4A molecular sieves. CD:Cl, was dried over calcium hydride
and vacuum transferred into bomb with a teflon cap. Liquid aryl halides were degassed
by three cycles of freeze pump thaw and passed over pad of activated alumina in the
glovebox. Acetone and acetone-ds were dried over 4A molecular sieves for 24 hour,
distilled, and stored over calcium sulfate. Tetrahydrofuran (THF), diethyl ether (Et,0),
dichloromethane (CH.Cly), toluene (PhMe), and pentane were obtained from an
Innovative Technologies solvent purification system (solvent deoxygenated by N, sparge
and dried over two columns of activated alumina). Molecular sieves and silica were
activated at 200 °C under dynamic vacuum (0.05 mm Hg) until visible water stopped
condensing in a trap immersed in liquid nitrogen, then for an additional 12 hours after
that. Alumina was activated at 350 °C under dynamic vacuum (0.05 mm Hg) until visible
water stopped condensing in a trap immersed in liquid nitrogen, then for an additional 12
hours after that. Methane sulfonic acid (MsOH) was dried by stirring 50 mL MsOH with 2
grams of P20Os, heating to 100 °C for 1 hour, and distillation under vacuum. 4-toluene
sulfonic acid was dried by azeotropic distillation with toluene followed by recrystallization
from warm, anhydrous, benzene in the glovebox. The concentrations of Grignards were
determined by titration in triplicate with salicylaldehyde phenylhydrazone.®

The nomenclature (PNP)* is used to indicate side arm deprotonated ligand.
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31P-*'P coupling in the pincer ligand, many 'H

As noted previously,® due to strong
and '°C signals appear as virtual triplets (vt) and are reported as such with the apparent
coupling constant noted. In *'P{'H} experiments the sweep-width of the decoupling

channel is insufficient to simultaneously decouple aliphatic and hydridic 'H resonances:

as such, *'P{"H} spectra of rhodium hydrides include coupling to Rh-H.

Yields for rhodium catalyzed direct arylation and background reactions are reported as
the average of three reactions run in parallel with respect to a calibration curve.
Calibration curves were prepared for all non-isomeric biaryl products. Calibration curves
were prepared for meta, para, and sp® functionalized products of toluene: the three
products had response factors within 10% of each other, so for the remaining substrates,
the response factor was determined for a single regio-isomer. All biaryl products that were
not commercially available (Combi-Blocks) were prepared by Suzuki-Miyaura reaction to
confirm their retention times by GC. Authentic standards of sp® functionalized positions
on toluene, p-xylene, and mesitylene were prepared by a literature procedure.®® Authentic
standard of sp® functionalization product of anisole was prepared by a reported
procedure.?’

Literature procedures were used to prepare[Rh(coe), (Cl)]2,%® Pr(PNP),% pyrr-Pr(PNP),3*
‘Bu(PNP),%° 'Pr(PNP)Rh(CI) 3,°" 'Bu(PNP)Rh(CI) 2,% 'Bu(PNP)Rh(Ph) 2,% potassium 2,6-

bis(tert-butyl)-4-methoxy-phenolate,* and ‘Bu(PNP)Ir(coe)(PFs)."?

Synthesis of 5 Pr(PNP)Rh(Ph)
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Figure 44: Synthesis of 5 'Pr(PNP)Rh(Ph)

A 500 mL round bottom flask was charged with 3 (4.778g, 10 mmol, 1 equiv.), a stir bar,
and 100 mL of THF. To the deep red, stirring solution was added phenyl magnesium
chloride in THF (10.4 mmol, 4.55 mL, 2.2M, 1.04 equiv.). Reaction progress was
monitored by *'P NMR of 50 uL aliquots dissolved in 500 uL C¢De. After 43 hours, all of
the starting material had been consumed and the solvent was removed under reduced
pressure. To remove any residual THF, the dark solid mixture was suspended in 10 mL
of toluene and concentrated in vacuo. The mixture was extracted with refluxing pentane
(40 mL) which filtered over a medium frit into a warm side arm flask. The mixture of
product and magnesium salts in the original reaction vessel was extracted 6 times in this
manner while gently warming the collection flask to prevent precipitation. Over the course
of the extractions approximately half of the pentane evaporated to give a saturated
solution of 5 in warm pentane. The filtrate was transferred to a 200 mL jar, sealed,
allowed to cool to room temperature, and transferred to a -35 °C freezer. After 48 hours
at -35 °C the supernatant was decanted to give 3.66g (70% yield) of large black-red
crystals of complex 5. Single crystals suitable for x-ray diffraction were grown by slow
evaporation of pentane from the supernatant solution at -35 °C. Anal Calcd for

CasHaoNP2Rh: C, 57.81; H, 7.76; N, 2.70. Found: C, 58.99; H, 8.02; N, 2.57. . Material
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prepared by this method gave carbon analysis outside the range viewed as establishing
analytical purity (A1.81%). Elemental analysis and graphical 'H, *'P, and "*C NMR data
are provided to illustrate the degree of purity of the bulk material obtained by this method
without additional purification.

"H NMR (500 MHz, CgDg) & 7.94 (d, i = 7.6 Hz, 2H, Rh-Ph ortho), 7.21 (t, *Uun = 7.4
Hz, 2H, Rh-Ph meta), 7.01 (t, *Uhn = 7.6 Hz, 1H, pyr-para), 6.93 (t, *Jun = 7.1 Hz, 1H, Rh-
Ph para), 6.51 (d, J=7.6 Hz, 2H, pyr-meta), 2.72 (vt, 8Jpn = 3.3 Hz, 4H, PCH>), 1.91 (m,
4H, 'Pr CH), 1.14 (m, (doublet by "H{*'P} ®Jun = 7.1 Hz), 12H, PrCH3), 1.04 (m, (doublet
by "H{*'P} ®Uun = 6.9 Hz), 12H, PrCHs).

31P{"H} NMR (202 MHz, CgDs) 5 42.64 (d, 'Jgnp = 168.8 Hz).

BC{'H} NMR (126 MHz, CsD¢) 5 167.64 (vtd, 2Jpc = 13.5, 'Jrnc 32.3 Hz, Rh-Ph C ipso),
161.20 (dvt, 2Jrnc = 1.4, 2Jpc = 6.6 Hz, pyr C-ortho), 141.11 (vt, ®Jpc = 3.1 Hz, Rh-Ph C
ortho), 130.35 (s, pyr C-para), 124.79 (m, Rh-Ph C meta), 119.13 (vt, Upc = 4.6 Hz, pyr
C meta), 118.13 (vt, ®Jec = 1.3 Hz, Rh-Ph C para), 37.03 (vt, 1Upc = 5.9 Hz, PCH,), 24.15
(dvt, 2Ugnc = 2.9, "Upc = 8.9 Hz, 'Pr CH), 18.85 (vt, 2Jpc = 3.6 Hz, 'Pr CHg), 17.77 (m, 'Pr
CHs).

Synthesis of 6 'Pr(PNP)Rh(OMs)

P'Pr
P'Pr — 2
/N Rh 2 MsOH - N Rh\O 95%
TRy e T
1 hr, 22 °C 6 Me” ~0

Figure 45: Synthesis of 6 'Pr(PNP)Rh(OMs)
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A J. Young tube was charged with 5 (100 mg, 0.192 mmol, 1 equiv.) and 500 L of CgDs.
To the blackish solution was added 12.5 uL of methane sulfonic acid. The tube was
capped, shaken, and analyzed by 'H and *'P NMR within 5 minutes of mixing. The
reaction was monitored one hour later, which revealed no further reaction. The contents
of the J. Young tube were poured into 10 mL of stirring pentane in a 20 mL scintillation
vial at -35 °C to give an orange-red precipitate. The precipitate settled to the bottom of
the vial overnight at -35 °C at which time the supernatant was decanted to give 97.2 mg
(95% vyield) of complex 6. Anal Calcd for C2oH3sNO3zSP2Rh: C, 44.70; H, 7.13; N, 2.61.
Found: C, 46.57; H, 7.52; N, 2.78. Material prepared by this method gave carbon analysis
outside the range viewed as establishing analytical purity (A1.87%). Elemental analysis
and graphical 'H, *'P, and "*C NMR data are provided to illustrate the degree of purity of
the bulk material obtained by this method without additional purification.

'H NMR (500 MHz, CgD¢) & 6.79 (t, *Jun = 7.4 Hz, 1H, pyr para), 6.22 (d, *Jun = 7.7 Hz,
2H, pyr meta), 2.76 (s, 3H, OMs-CHs), 2.39 (vt, *Jpy = 3.5 Hz, 4H, PCHy), 2.28 (m (septet
by 'H{*'P} 2y = 7.0Hz), 4H, 'PrCH), 1.55 (m, (doublet by 'H{*'P} Uy = 7.0 Hz), 12H,
'PrCHs), 1.03 (m, (doublet by "H{®'P} *Jun = 7.0 Hz), 12H, PrCHy).

31P{'H} NMR (202 MHz, CsDs) 5 47.88 (d, 2Urnp = 148.8 Hz, 2P).

BC{'H} NMR (126 MHz, CsD¢) 5 165.03 (vtd, 2Jpc = 6.3, 2Urnc = 1.1 Hz, ortho pyr), 129.76
(s, para pyr), 119.38 (vtd, ®Upc = 5.3, *Urnc = 1.2 Hz, meta pyr), 38.74 (s, OMs-CHg), 34.49
(vtd, "Jpc = 6.7, 2Jrnc = 1.5 Hz, PCHy), 24.25 (vtd, "Jpc = 9.6, 2Jrnc = 1.0 Hz, 'PrCH), 19.23
(vt, 2Jpc = 3.9 Hz, 'PrCHg), 17.70 (s (br), PrCHs).

Synthesis of 7 'Pr(PNP)Rh(OTSs)
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Figure 46: Synthesis of 7 'Pr(PNP)Rh(OTs)

To a J. Young tube was added a stock solution in CgDgs of 5 (14 umol, 583 uL, 24 mM, 1
equiv.) which also contained mesitylene (4.66 umol, 8 mM) as an internal standard. To
this solution was added a stock solution in CgDg of 4-toluene sulfonic acid (14 pmol, 93.3
mM, 150 pL). The mixture was immediately capped, shaken, and analyzed by '"H NMR
which revealed conversion to 7 with concomitant elimination of benzene as the major
products. However, during the first 6 minutes of the reaction, an intermediate was
observed with 'H and ®'P NMR spectra consistent with metal centered protonation (see
figure below)— specifically a rhodium hydride resonance (5 -18.94, m by 'H NMR, d by
"HE'PY NMR, "Jrnn = 19.0 Hz) and broken symmetry of the PCH, and 'Pr resonances.
After 12 hours at 21 °C the reaction had gone to 98% of the desired product by '"H NMR
with respect to mesitylene internal standard. The reaction mixture was poured into a 1
dram vial, concentrated under reduced pressure, and suspended in 1 mL of pentane.
After 12 hours at -35 °C the supernatant was removed by pipette to afford 5.8 mg (68%
yield) of complex 7. The precipitated material contains several minor (PNP)Rh impurities

and is estimated to be 80% pure as determined by integration of the *'P NMR spectrum.
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Observation of an intermediate in the synthesis of 7 'Pr(PNP)Rh(OTSs)

- PIP o P! Prz
N Rh TsOH ?\ / TN plpr2
PIPT, PIPT, @ ot Rl

CeDs PiPr rs
14 ymol

3 min, 21 °C 36% 50%

6 min, 21 °C 10% 86%

12 hr, 21 °C 0% 98%

Figure 47: Observation of an intermediate in the synthesis of 7 'Pr(PNP)Rh(OTs)

"H NMR (500 MHz, CsDsg) d 8.17 (d, 2y = 7.9 Hz, 2H, OTs CH), 6.91 (d, ®Jun = 7.8 Hz,
2H, pyr meta), 6.85 (t, *Jun = 7.6 Hz, 1H, pyr para), 6.28 (d, *Jun = 7.6 Hz, 2H, OTs CH),
2.43 (m, 4H, PCHy), 2.27 (m, (septet by "H{*'P} ®Uuy = 7.0 Hz), 4H, 'PrCH), 1.97 (s, 3H,
OTs CHa), 1.56 (m, (doublet by "H{®'P} ®Ju = 7.0 Hz), 12H, 'PrCHs), 1.02 (m, (doublet by
"HE'PY 3y = 6.9 Hz) 12H, 'PrCHa).

31P{'H} NMR (202 MHz, CgDs) 5 48.41 (d, 'Jgnp = 147.8 Hz).

BC{'H} NMR (126 MHz, CsDg) 5 165.10 (vtd, 2Jpc = 6.4 Hz, 3Urnc = 1.1 Hz, pyr ortho),
143.74 (s, OTs quaternary), 138.48 (s, OTs quaternary), 130.04 (s, pyr para), 128.21
(s,0Ts CH), 126.65 (s, OTs CH), 119.49 (vtd, 3Jpc = 5.4, “Jrnc = 0.9 Hz, pyr meta), 34.48
(vtd, "Jpc = 6.9, 2Upc = 1.4 Hz, PCHy), 24.26 (vt, 'Jpc = 9.5 Hz, 'PrCH), 20.74 (s, OTs CHa),

19.32 (vt, 2Upc = 3.9 Hz, 'PrCHg), 17.70 (s, 'PrCHa).
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Synthesis of 8 'Pr(PNP)Rh(H)(OTs)

\éc’io
SPiPr N PV
L=N. R, 2 TsOH N;Rﬁ’ 94%
PIPr2 3 piprzl 8.1 mg
24 hr 100 °C g M
Me

Figure 48: Synthesis of 8 Pr(PNP)Rh(H)(OTs)

To a J. Young tube was added a stock solution in CgDgs of 5 (14 umol, 583 uL, 24 mM, 1
equiv.) which also contained mesitylene (4.66 pumol, 8 mM) as an internal standard. To
this solution was added a stock solution in CgDg of 4-toluene sulfonic acid (14 pmol, 93.3
mM, 150 pL). The mixture was immediately capped, shaken, and analyzed by '"H NMR
which revealed conversion to 7 with concomitant elimination of benzene as the major
products. After 12 hours the reaction had gone to complete conversion to complex 7. The
reaction mixture was heated to 100 °C for 12 hours, during which time a white solid
precipitated from the reaction mixture. The suspension was transferred to a 1 dram vial
and the supernatant removed by pipette. The precipitate was washed with diethyl ether
and dried under vacuum to give 8.1 mg (94% yield) of 8 as an off-white precipitate. Anal
Calcd for C26H42NO3SP2Rh: C, 50.90; H, 6.90; N, 2.28. Found: C, 51.09; H, 6.94; N, 2.22.
'H NMR (500 MHz, CDxCly) 8 7.68 (t, *Jun = 7.7 Hz, 1H, pyr para), 7.34 (d, 2Jun = 7.6 Hz,
1H, pyr ortho), 7.23 (s, 1H, OTs), 7.19 (d, ®Jin = 7.8 Hz, 1H, OTs), 6.71 (d, 3Uhn = 7.7 Hz,
1H, OTs), 3.73 (d br, 2Uhn = 16.2 Hz, 2H, PCHy), 3.49 (d br, 2Uuy = 16.2 Hz, 2H, PCH,),

2.93 (m, 2H, 'PrCH), 2.24 (m, 5H, 'PrCH' overlapped with OTs-CHs), 1.10 (m, (doublet by
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"HE'PY SUin = 7.1 Hz), 6H, 'PrCHs), 1.05 (m, 12H, 'PrCHs), 0.86 (m, 6H, 'PrCHs), -18.65
(vtd, 2ukp = 12.7, "dhmn = 32.4 Hz, 1H, Rh-H).

¥1P{'H} NMR (202 MHz, CDCly) d 58.55 (td, 2Jpr = 12.7, 'Jprn = 109.2 Hz).

BCc{'H} NMR (126 MHz, CD,Cl,) 5 161.42 (m, pyr ortho), 145.57 (s, OTs quaternary),
143.46 (m, OTs CH), 137.84 (s, pyr para), 137.08 (s, OTs quaternary), 129.80 (m, Rh-C),
124.82 (s, OTs CH), 122.14 (s, OTs CH), 120.34 (vt, °Jpc = 4.1 Hz, pyr meta), 38.02
(vt, "pc = 9.7 Hz, PCHy), 23.54 (vt, 'Jpc = 10.0 Hz, 'PrCH), 22.82 (vt, 'Jpc = 13.8 Hz,
'PrCH), 20.99 (s, OTs-CHs), 18.75 (m, 'PrCHs), 18.51 (s br, 'PrCHa), 17.73 (s br, 'PrCHa),
17.16 (s br, 'PrCHy).

Synthesis of 9 Pr(PNP)Rh(H)(OTs)

H
| S\ TS PP
S Pip ! — ~\ 2
= NNRh/ 2 2 TsOH N’Rh/\ 78%
-, \© > PiPI’Q\ OTs 8.6 mg

PiPr, CeDe+ OTs
s 1 hr, 22°C 9

Figure 49: Synthesis of 9 Pr(PNP)Rh(H)(OTs).

To a J. Young tube was added a stock solution in CgDg of 5 (14 umol, 583 uL, 24 mM, 1
equiv.) which also contained mesitylene (4.66 umol, 8 mM) as an internal standard. To
this solution was added a stock solution in CgDg of 4-toluene sulfonic acid (28 pmol, 93.3
mM, 300 pL). The mixture was immediately capped, shaken, and analyzed by '"H NMR
which revealed complete conversion to 9 with concomitant elimination of benzene as the
major products. The reaction was monitored again one hour later and revealed no further

reaction. The reaction mixture was transferred to a 1 dram vial, concentrated in vacuo
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and washed with pentane, and dried under vacuum to give 8.6 mg (78% yield) of 9 as an
off-white precipitate. Anal Calcd for C33Hso0NOsS2P2Rh: C, 50.44; H, 6.41; N, 1.78. Found:
C, 50.72; H, 6.49; N, 1.78.

'H NMR (500 MHz, CgDs)  8.12 (d, 3Jin = 8.0 Hz, 2H, OTs), 8.07 (d, 3Uhn = 8.1 Hz, 2H,
OTs), 7.03 (t, *Jhn = 7.7 Hz, 1H, pyr para), 6.87 (d, ®Jun = 7.8 Hz, 2H, OTs), 6.83 (d, *Jun =
8.0 Hz, 2H, OTs), 6.62 (d, 8Jhn = 7.7 Hz, 2H, pyr meta),

4.49 (vtd, dp = 4.4, 2Juy =17.0 Hz, 2H, PCH,), 3.30 (m, (septet by 'H{*'P} Suy = 7.2
Hz), 2H, 'PrCH), 2.77 (vtd, ®Jup = 3.5, 2Uun = 17.1 Hz, 2H, PCH,), 2.20 (m, (septet by
"HE'PY Uiy = 7.1 Hz), 2H, 'PrCH), 1.94 (s, 3H, OTs-CHs), 1.92 (s, 3H, OTs-CHs), 1.55
(m, (doublet by "H{®'P} 3uhn = 7.2 Hz), 6H, 'PrCH3), 1.47 (m, (doublet by "H{®'P} ®uy =
7.0 Hz), 6H, 'PrCHs), 1.29 (m, (doublet by 'H{*'P} %Uiy = 7.2 Hz), 6H, 'PrCHs), 0.88
(m, (doublet by "H{*'P} ®Jun = 6.8 Hz), 6H, 'PrCHg), -18.97 (vtd, 2Jup = 10.2, "hipn = 19.5
Hz, 1H,Rh-H).

31P{'H} NMR (202 MHz, CsDs) & 49.85 (dd, 2Jpri = 9.1, 'Jprn 100.6 Hz, 2P).

BC{'H} NMR (126 MHz, CsDs) 5 167.06 (vt br, 2Jop = 4.5 Hz, pyr ortho), 141.32 (s, OTs
quaternary), 139.47 (s, OTs quaternary), 137.71 (s, pyr para), 128.52 (s br, OTs CH),
128.47 (s, OTs CH), 126.63 (s, OTs CH), 126.33 (s br, OTs CH), 120.59 (vt, 8Jep = 5.5
Hz, pyr meta), 36.01 (vt, 'Jcp = 9.4 Hz, PCH,), 25.87 (vt, 'Jop = 12.7 Hz, 'PrCH), 25.49
(vt, "Jop = 11.0 Hz, PrCH), 20.72 (br, 2xOTs-CHa), 19.03 (vt, 2Jcp = 2.0 Hz, 'PrCH3), 18.64

(br, 'PrCHz),18.17 (br, 'PrCHgz), 17.86 (br, PrCHs).
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Synthesis of 10 '‘Bu(PNP)*Rh(OH)(Ph)

PBu, CeDe, 23 °C »_Rh<oq 34% 1 remaining
e-e PBu,
10

I PBu
=N._/ 2 . .

1 24 hr.

Figure 50: Synthesis of 10 ‘Bu(PNP)*Rh(OH)(Ph)

Following a previously reported procedure for the iridium congener® a J. Young tube was
charged with a CgDsg stock solution of 1 (25 pmol, 50 mM, 500 uL) which also contained
1,3,5-trimethoxybenzene (2.5 umol, 5 mM) as internal standard. The tube was removed
from the glovebox, degassed by 3 cycles of freeze pump thaw, and sealed with the
headspace under vacuum while the solution was frozen in a -78 °C bath. With the sample
still in the -78 °C bath, a J. Young adaptor was removed from the vaccuum manifold and
fitted with a rubber septum and the space between the septum and J. Young cap was
evacuated. Immediately after the needle attached to vacuum was removed from the
septum, a gas tight syringe containing O, gas (11.25 umol, 250 uL, 0.45 eq) was plunged
into the septum. The O, was immediately drawn into the evacuated space between the
J. young cap and the septum. Then the J. Young cap was opened, to expose the contents
of the J. Young tube (still under static vacuum) to the oxygen enriched space between
the cap and septum. The sample was immersed in liquid nitrogen to condense oxygen in
the J. Young tube. After 30 seconds of equilibration, the J. Young cap was sealed and

the sample removed from liquid nitrogen. Upon thawing, the sample immediately changed
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color from dark red to dark brown (experiments with greater than 0.5 equivalents O,
resulted in a green reaction mixture, complete consumption of starting material, and
multiple rhodium containing products by 3'P NMR). Most of the reaction occurred in the 5
minutes between thawing the sample and acquiring the first NMR spectrum, but the yield
with respect to 1,3,5-trimethoxybenzene is reported after 24 hours because of better peak
shapes (likely due to paramagnetic intermediates or side reactions early in the reaction
progress). Vapor diffusion of pentane into the reaction mixture afforded single crystals
suitable for x-ray diffraction experiments. Unfortunately, clean bulk material for complete
NMR characterization could not be obtained. Instead, complex 10 was characterized in
the reaction mixture which contains highly diagnostic resonances consistent with a
rhodium hydroxide complex on a dearomatized PNP ligand with an apical phenyl group:
Rh-OH 3 0.32 (vt, 3Jpy = 3.6 Hz, 1H), inequivalent benzylic PCH, & 2.99 (dd, 2y = 16.2
Hz, 2Jpr = 6.7 Hz, 1H), & 2.58, (dd, 2Jun = 16.2 Hz, Upy = 8.9 Hz, 1H), one downfield
PCH corresponding the deprotonated "arm" & 3.56, (d, 2Jen = 4.9 Hz, 1H, obscured by
impurity in spectra below, visible when impurity is consumed in the presence of 0.7 eq.
0O,), and dramatically upfield and downfield shifted aromatic doublets (8.10 and 6.39 ppm)
corresponding to the two ortho C-H's on the apical phenyl (note similarity to apical phenyl
in complex 13.). In the NMR spectra portion of the Sl is a complete series of selective
NOE experiments on the diagnostic resonances described above (mixing time 300 ms):
the proton that was irradiated is emphasized with a bold circle and the protons with which
it interacts are highlighted with color coded boxes. These selective NOE experiments are

fully consistent with the assigned structure.
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Synthesis of 11 ‘Pr(PNP)Rh(Ph)(Cl).

3 eq.
q\P'Prz /©/\ " —N. \/P'Prz /
Rh
Pip
PPry @ 80 °C, CSD6,12h r2\© /©/\

5

o,
749% wrt Rh 95% wrt Rh

Figure 51: Synthesis of 11 'Pr(PNP)Rh(Ph)(Cl)2

To a J. Young tube was added a stock solution in C¢Dg of 5 (6.8 pmol, 200 L, 35 mM, 1
equiv.) which also contained 1,3,5-trimethoxybenzene (1.4 umol, 7 mM) as an internal
standard. The solution was diluted with 250 pL of CgDs. To this solution was added a
stock solution in Cg¢Dg of 4-methyl-benzylchloride (20.4 umol, 204 mM, 100 uL, 3 eq.).
The mixture was immediately capped, shaken, and analyzed by 'H and *'P NMR which
revealed complete consumption of 5, major conversion to 11 and 4,4'-dimethyl-bibenzyl,
and an additional (PNP)Rh product consistent with oxidative addition of benzylchloride
(see section S1.5 for spectra: broken symmetry about 'Pr and PCH,, Rh-CH; (5 4.20 (m
by 'H, d by "H{®'P} 2Urnt = 2.4 Hz), *'P{'H} (5 34.35, d, "Jrnp = 113.0 Hz)). After 5 hours,
the concentration of the intermediate had decreased and a yellow precipitate (11) began
to form. Solution was heated to 80 °C for 12 hours which gave 74% yield of 11 and 95%
of 4,4'-dimethyl-bibenzyl by "H NMR with respect to trimethoxybenzene internal standard.
The product mixture was transferred to a 1 dram vial, and dichloromethane was added

dropwise until the yellow precipitate dissolved. This mixture was layered with diethyl
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ether, which afforded yellow single crystals of 11 suitable for X-ray diffraction. The
supernatant of the crystallization mixture was analyzed by GCMS which revealed a single
organic product with a mass consistent with 4,4'-dimethyl-bibenzyl. Anal Calcd for
C2sH4oNP2RhCI,: C, 50.86; H, 6.38; N, 2.37. Found: C, 51.93; H, 6.57; N, 2.28. Material
prepared by this method gave carbon analysis outside the range viewed as establishing
analytical purity (A1.07%). Elemental analysis and graphical 'H, *'P, and '*C NMR data
are provided to illustrate the degree of purity of the bulk material obtained by this method
without additional purification.

'H NMR (500 MHz, CDCly)  8.06 (d, i = 7.8 Hz, 2H, Rh-Ph ortho), 7.71 (t, *du = 7.7
Hz, 1H, pyr para), 7.39 (d, ®Jun = 7.4 Hz, 2H, pyr meta), 6.89 (t, *Jyn = 7.3 Hz, 2H, Rh-Ph
meta), 6.83 (t, Uy = 7.0 Hz, 1H, Rh-Ph para), 3.92 (vt, 2Jpc = 4.2 Hz, 4H, PCH>), 2.89
(m, (septet by "H{*'P} ®Uun = 7.3 Hz), 4H, 'PrCH), 1.32 (m, (doublet by "H{*'P} *uy = 7.2
Hz), 12H, 'PrCHs), 1.05 (m, (doublet by "H{*'P} ®Jun = 7.3 Hz), 12H, 'PrCHs).

31P{"H} NMR (202 MHz, CDCly) 8 37.02 (d, 'Jrnp = 93.7 Hz).

Bc{'H} NMR (126 MHz, CD.Cl,) 5 160.88 (vt, Jpc = 3.2 Hz, pyr ortho), 144.11
(vtd, 'Urnc = 8.6, 2Upc = 24.8 Hz, Rh-Ph ipso), 139.98 (vtd, 3Jpc = 2.4, 2Urnc = 0.7 Hz, Rh-
Ph ortho), 137.86 (s, pyr para), 125.05 (s, Rh-Ph meta), 121.47 (s, Rh-Ph para), 120.78
(vt, 3Jpc = 4.4 Hz, pyr meta), 40.28 (vt, 'Jpc = 11.4 Hz, PCHy), 24.00 (vtd, 'Jpc = 10.5,

2Janc =1.1 Hz, 'PrCH), 19.08 (s, 'PrCHa), 18.67 (s, 'PrCH).
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Synthesis of 12 'Pr(PNP)Rh(l)

2 eq. Nal

20 min. 23 °C
acetone

Figure 52: Synthesis of 12 'Pr(PNP)Rh(l)

To a 20 mL glass vial charged with a stir bar was added 0.5 mL acetone solution of
'Pr(PNP)Rh(CI) (72 mg, 0.15 mmol, 1 eq.) and 0.6 mL acetone solution of Nal (45 mg,
0.30 mmol, 2 eq.). After stirring at room temperature for 10 min, *'P NMR analysis
indicated complete consumption of 'Pr(PNP)Rh(CI). The acetone solvent was removed
by vacuum. The remaining solids were suspended in a minimal amount of benzene and
syringe filtered. The filtrate was then concentrated and transferred to a small vial. Vapor
diffusion of pentane was used to crystalize the product, 'Pr(PNP)Rh(l). Suitable elemental
analysis was not obtained for complex 12. Graphical 'H, *'P, and '*C NMR data are
provided to illustrate the degree of purity of the bulk material obtained by this method;
however, the possible presence of residual sodium iodide cannot be excluded.

"H NMR (500 MHz, CgDs): & 6.98 (t, *Uhn = 7.8 Hz, 1H, pyr para), 6.4 (d, *Jun = 7.69 Hz,
2H, pyr meta), 2.47 (vt, 2Jpy = 3.5 Hz, 4H, PCHy), 2.18 (m, (septet by '"H{*'P} ®Jun = 6.9
Hz), 4H, 'PrCH), 1.52 (m, (doublet by 'H{*'P} %y = 7.0 Hz), 12H, 'PrCHjs), 0.97
(m, (doublet by "H{*'P} ®Uh = 6.9 Hz), 12H, 'PrCHs).

31P{'H} NMR (202 MHz, CgD¢): d 50.40 (d, 'Jrnp = 139.4 Hz).
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BC{'H} NMR (126 MHz, CsDs) 3 163.29 (vt, °Jop = 7.0 Hz, pyr ortho), 129.45 (s, pyr para),
119.69 (vt, ®Jcp = 6.1 Hz, pyr meta), 36.57 (vt, 'Jpc = 6.0 Hz, PCHy), 24.18 (vt, "Jpc = 10.5
Hz, 'Pr CH), 19.35 (t, °Jpc = 3.2 Hz, 'Pr CHg), 17.58 (s br, 'Pr CHg).

Synthesis of 13 Pr(PNP)Rh(Ph)(l).

\

PiPT, CeDg, 23°C RH
90 min. PiPr, \

N PiPr, 98% NMR
@:/Rh\/ 1eql, _ N -\PiPr2 9.4 mg
=N.1l/ 87% isolated

Figure 53: Synthesis of 13 'Pr(PNP)Rh(Ph)()2

To a J. Young tube was added a stock solution in CgDg of 5 (14 umol, 500 pL, 28 mM, 1
equiv.) which also contained mesitylene (4.0 umol, 8 mM) as an internal standard. The
solution was diluted with 100 uL of CgDs. To this solution was added a stock solution in
CeDs of iodine (14 umol, 140 mM, 100 uL). The mixture was immediately capped, shaken,
and analyzed by 'H NMR which revealed complete consumption of starting material,
major conversion to 13, and an additional species with a '"H NMR spectrum consistent
with the trans isomer of 13 (*'P{'H} NMR & 27.94 ppm, d, 'Jprn = 94.2 Hz). After 90
minutes the mixture had undergone complete conversion to 13 in 98% yield by 'H NMR
with respect to 1,3,5-trimethoxybenzene internal standard. The reaction mixture was
transferred to a 1 dram vial, concentrated in vacuo and washed with pentane, and dried
under vacuum to give 9.4 mg (87% yield) of 13 as an orange solid. Graphical 'H, *'P, and

'3C NMR data are provided to illustrate the degree of degree of purity of the bulk material
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obtained by this method; however, the possible presence of residual iodine cannot be
excluded.

"H NMR (500 MHz, CD,Cl,) d 8.86 (d br, ®Juy = 7.0 Hz, 1H, Ph ortho), 7.76 (t, 3Jhn = 7.7
Hz, 1H, pyr para), 7.45 (d, 3Jun = 7.7 Hz, 2H, pyr meta), 6.94 (t br, 3Juy = 7.3 Hz, 1H, Ph
meta), 6.89 (t, *Jun = 6.9 Hz, 1H, Ph para), 6.70 (t br, 2Jyy = 7.1 Hz, 1H, Ph meta), 5.59
(d br, 3Jhn = 7.3 Hz, 1H, Ph ortho), 4.28 (vtd, 2Uup = 4.3, 2Uy = 17.2 Hz, 2H, PCH), 3.79
(m, (septet by "H{®*'P} Uy = 7.3Hz), 2H, 'PrCH), 3.63 (vtd, 2kp = 4.0,°Jun = 17.2 Hz, 2H,
PCH), 2.02 (m, (septet by "H{®'P} *uhn = 7.2Hz) 2H, 'PrCH), 1.69 (m, (doublet by "H{®'P}
8Jun = 7.4 Hz), 6H, 'PrCHa), 1.49 (m, (doublet by "H{®'P} ®Ju = 7.3 Hz), 6H, 'PrCHs), 1.18
(m, (doublet by "H{®'P} 3uhn = 7.3 Hz), 6H, 'PrCHj), 1.13 (m, (doublet by "H{®'P} ®uy =
7.3 Hz), 6H, 'PrCHs3).

31P{"H} NMR (202 MHz, CDCly) 8 33.56 (d, 'Jrnp = 96.1 Hz).

BC{'H} NMR (126 MHz, CDxCl,) & 163.19 (vt, “Jpc = 4.1 Hz, pyr ortho), 145.78 (br, Ph
ortho), 145.00 (vtd, 2Jpc = 8.8, 'Jrnc = 30.5 Hz, Ph ipso), 137.59 (s, pyr para), 132.16 (br,
Ph ortho), 127.30 (br, Ph meta), 127.07 (br, Ph meta), 123.24 (s, Ph para), 122.21
(vtd, 3Jpc = 5.1, *Urnc = 0.8 Hz, pyr meta), 41.76 (vt, 'Jpoc = 10.9 Hz, PCH,), 30.99
(vt, '"Upc = 11.7 Hz, 'PrCH), 26.45 (vtd, 'Jpc = 11.1 Hz, 2Jrnc = 1.9 Hz, 'PrCH), 21.33 (br,

'PrCHs), 20.28 (br, 'PrCHa), 19.48 (br, 'PrCHs), 18.77 (br, PrCHa).
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Computational methodology

A description of the computational methodology is included below. All calculations were
performed by Yehao Qiu. A more detailed discussion of the calculations can be found in
Mr. Qiu's undergraduate research thesis. The Gaussian 09 program package® was used
for all described calculations. Geometry optimization and frequency calculations for all
reported structures were performed under the B3LYP-D3BJ/[6-31G(d,p) + Lanl2dz (for
Rh)] level of theory (B3LYP-D3BJ/BS1) using an ultrafine pruned (99,590) integration grid
with the corresponding Hay-Wadt effective core potential for Rh and Grimme’s empirical
dispersion-correction with Becke-Johnson damping for B3LYP.%’

Bulk solvent effects were taken into consideration for geometry optimization and
frequency calculations using the self-consistent reaction field polarizable continuum
model (IEF-PCM) %1% with benzene as the solvent. Thermal corrections for Gibbs free
energy (G) and enthalpy (H) were calculated at the B3LYP-D3BJ/BS1 level of theory and
the free energies were corrected to a solution standard state of 1 M at 298.15 K.'%1%
The electronic energy of every B3LYP-D3BJ/BS1 optimized structure was further
recalculated under the B3LYP-D3BJ/[6-311++G(d,p) + SDD (for Rh)] level of theory
(B3LYP-D3BJ/BS2), with PCM model of benzene incorporated. The thermal corrections

(calculated under B3LYP-D3BJ/BS1) were applied to the recalculated electronic energies

to give the final Gibbs free energy and enthalpy values.
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Figure 54: Images of optimized reactants, products, and transition states.
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Effect of alkali metal counter ion on stoichiometric C-H activation

. ’\N~ /piprz 1.25 e_q baf,Ce - ’\N /PiPrz
RH 3-70 ~
-’ ~C| > Rh@

PiPr, CeDe PiPT,

3 20% THF-dg -

Figure 55: Effect of alkali metal counter ion on stoichiometric C-H activation

Table 3: Effect of alkali metal counter-ion on yield of stoichiometric C-H activation

time (temp) | 'BuOK | 'BuONa | 'BuOLi
2hr (23°C) | 75% | 0% 0%
16 hr (23 °C) | 96% | 8% 0%
1hr (70 °C) |- 34% | 0%
3hr(70°C) |- 42% | 0%
16 hr (70 °C) | - 49% | 0%
48 hr (70 °C) | -- 55% 0%

To a medium-wall glass tube was added a CsDg stock solution of 'Pr(PNP)Rh(CI) (8 umol,
400 pL, 20 mM, 1 eq.) which also contained mesitylene (8 pmol, 1 eq.) as the internal
standard. To this mixture was then added a THF-d8 stock solution of the appropriate alkali
metal salt of tert-butoxide (12 pmol, 100 uL, 120 mM, 1.5 eq.). The medium-wall tube was
immediately capped, frozen in liquid nitrogen, and flame sealed. Subsequently, the
mixture was thawed and 'H, *'P NMR analysis was performed within 5 min. The reaction
was periodically monitored during the next 24 hours and the yields reported above were

determine with respect to mesitylene internal standard.
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Stoichiometric C-H activation with phenolate base

TS PiPr, OK 3:2 CgDg: THF-dg ’ ’\N /PiPI’Z time (hrs) yield
g\l:h\/ > “RH =~ 0.5 67%
~ \ /’d5 5 91%

. O o i
PPr; 2.0 MeO 24 hr, 22°C PiPra 24 97%

20mM Me’ O . 97%
4 eq. suspension

Figure 56: Stoichiometric C-H activation with phenolate base

To a J. Young tube was added a stock solution in C¢Dg of 'Pr(PNP)Rh(OMSs) (10 umol,
200 uL, 50 mM, 1 equiv.) which also contained 1,3,5-trimethoxybenzene (2.0 pmol, 10
mM) as an internal standard. This solution was diluted with 100 uL CgDe. To this solution
was added a concentrated suspension of potassium 2,6-bis(tert-butyl)-4-methoxy-
phenolate (40 umol, 200 mM, 200 pL). The mixture was analyzed by 'H NMR at 0.5, 5,
and 24 hours which revealed conversion to 5 in 67, 91, and 97% respectively. When
'Pr(PNP)Rh(CI) (3) was treated with potassium 2,6-bis(tert-butyl)-4-methoxy-phenolate,

no conversion to 5 was observed.
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Intermediate in reaction of ‘Pr(PNP)Rh(Ph) with benzyl chloride

Me A B C
N PiPr N ~p
=N. », 2 ‘=
?',/Rh\ Me E N‘Rh/ " =N. \/ /©/\ /
PiPT, CeDs P\ \@ Me
. |
5hrs, 21 °C or isomer ¢
c
CHs
c
CHz
trimethoxybenzene
sM
CHas
P
sM
CHz
A
A A A
A 5 ArCHs PPrCHs ,HU[ iPrCHs iPrCHs
RhCHzJ PCHZ J PCH, PrCH M“, A frU' M I M
WN - - AN AN o N MW/ N PR
T T T T T T
4.0 3.5 3.0 25 2.0 1.5 1.0 ppm
o N < (] 0 [ A ild 0|0 [e] N < 0 o

Figure 57: "H NMR of reaction of ‘Pr(PNP)Rh(Ph) with benzyl chloride
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Reaction of 'Pr(PNP)Rh(l) with iodobenzene

AN PiPr, 3 eq Phl -~ pi
— /] P'Pr
N:Rh/\l > PN
. o P ~
PiPT, 43 hr, 140 °C pipr, |
I
12, 75% remains 13, 4%

Figure 58: Reaction of Pr(PNP)Rh(l) with iodobenzene

To a J. Young tube was added a stock solution in C¢Dg of 12 (13.2 umol, 500 uL, 26.4
mM, 1 equiv.) and 1 L dioxane as internal standard. A preliminary '"H NMR was acquired
to determine the ratio of 12 to dioxane. lodobenzene (39.6 pmol, 4.4 pL, 3 equiv.) was
added to the reaction mixture and the tube was heated to 140 °C and monitored by 'H
and 3P NMR. After 43 hours, 4% of oxidative addition product 13 had formed as
determined by integration with respect to dioxane internal standard (diagnostic '"H NMR

resonances in C¢Dg at 9.5 and 5.6 ppm and *'P NMR at 33.64 ppm, d, 'Jrnp = 96.2 Hz).
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Catalytic reactions in the presence of TEMPO

Direct arylation of aryl iodides in the presence of potassium tert-butoxide and an organic
catalyst are reported to have zero activity in the presence of 20 mol% TEMPO. ®' In
contrast, the rhodium catalyzed reactions reported herein, maintain substantial reactivity

in the presence of 20% TEMPO under similar reaction conditions.

=20 TEMPO
' 1.5 eq ‘BUOK O
100 °C. 4 hr + TEMPO : 31%
MeO ) ’ - TEMPO: 71%
5% 'Pr(PNP)Rh(Ph) MeO

100 mM in PhH

Figure 59: Catalytic reactions in the presence of TEMPO

Catalytic reactions with various (PNP)M pre-catalysts
5% pre-cat.
| 1.5 eq BuOK O
—>
Me0/©/ 30 min, 100 °C O
1 mL CgHg MeO

Figure 60: Reaction scheme for catalytic reactions with various (PNP)M pre-catalysts

Direct arylations were attempted with a variety of precatalysts. The reactions were
conducted according to the general procedure, but were stopped early (30 minutes) to

detect any major differences in initial rate.
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reaction distributions with various precatalysts

4-methoxy-biphenyl M anisole B homo-coupled M 4-iodo-anisole
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Figure 61: Product disctributions for reactions with various pre-catalysts.

Toluene product distributions with and without rhodium catalyst

+ 5% iPr(PNP)Rh(CI)
| 1.5 eq BuOK, toluene Ar 40% (1%)
/©/ > /@ o:m:p:sp?
MeO 140 °C, 9 hrs MeO 3:2:1:2

Figure 62: Toluene product distributions with and without rhodium catalyst

GCMS trace of reaction of toluene with and without Rh catalyst. Because the yield of the
background reaction is so low (1%), the product mixture is difficult to see in the total ion
count, but is readily apparent when the molecular ion of the product (m/z 198.1) is
extracted. In extracted ion mode, it is clear that the Rh catalyze reaction contains all four

regio-isomers, but the background reaction only includes the sp? regio-isomers.
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GCMS traces of toluene reaction mixtures

. . N ortho meta
anisole  decane starting material sp? para
A A total ion count with (PNP)Rh(CI) M AA

A
L

extracted ion (m/z 198.1) with (PNP)Rh(CI)

total ion count without (PNP)Rh(CI)

extracted ion (m/z 198.1) without (PNP)Rh(CI) [I
T

25 3.0 3.5 4.0 4.5 5.0 time (minutes)

Figure 63: GCMS traces of toluene reaction mixtures

General procedure for (PNP)Rh catalyzed direct arylation of various aryl iodides

5% iPr(PNP)Rh(CI)

|

. z | 1.5 eq BuOK, neat PhH < Ph

\ » R |
100 °C, 3 hrs

Figure 64: General procedure for (PNP)Rh catalyzed direct arylation of various aryl
iodides

Six 2 mL Kimble-Chase Kontes graduated micro-vial were charged with potassium tert-
butoxide (0.15 mmol, 16.8 mg, 1.5 eq.). Each the vial was added a stock solution of aryl

iodide in benzene (0.1 mmol, 0.5 mL, 200 mM, 1 eq.). Three of the vials were diluted with
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an additional 0.5 mL of benzene (control reaction with no Rh): to the remaining three vials
was added a stock solution of 5 in benzene (0.05 mmol, 0.5 mL, 10 mM, 5 mol%). Each
vial was equipped with a triangular spin vane and a Kimble-Chase Kontes 15 mM nylon
compression cap with a Mininert teflon lined valve. The vials were removed from the
glovebox and heated for 3 hours in an aluminum heating block equilibrated to 100 °C.
The vials were removed from the heating block, quenched with 1 mL of water at 4 °C. To
each vial was added hexamethylbenzene as a stock solution in toluene (0.01 mmol, 200
uL, 50 mM). The vials were recapped, shaken, and their contents transferred by pipette
to 3mL Chem-Elut columns. The columns were eluted by gravity with 4x3 mL ethyl
acetate. An aliquot of the eluent was analyzed by GCMS and the yield of each reaction
was determined by GCMS with respect to a calibration curve.

General procedure for (PNP)Rh catalyzed direct arylation with various arenes

| 5% iPr(PNP)Rh(CI)
/©/ 1.5 eq BuOK, /@l
MeO MeO

100-140 °C, 3-9 hrs

Figure 65 General reaction scheme for (PNP)Rh catalyzed direct arylation with various
arenes

Six 2 mL Kimble-Chase Kontes graduated micro-vial were charged with potassium tert-
butoxide (0.15 mmol, 16.8 mg, 1.5 eq.). To each the vial was added a stock solution of 4-
iodo-anisole in arene solvent (0.1 mmol, 0.5 mL, 200 mM, 1 eq.). Three of the vials were
diluted with an additional 0.5 mL of arene solvent (control reaction with no Rh): to the

remaining three vials was added a stock solution of 5 in arene solvent (0.05 mmol, 0.5
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mL, 10 mM, 5 mol%). Each vial was equipped with a triangular spin vane and a Kimble-
Chase Kontes 15 mM nylon compression cap with a Mininert teflon lined valve. The vials
were removed from the glovebox and heated in an equilibrated aluminum heating block.
Benzene and fluorobenzene gave complete conversion in three hours at 100 °C;
however, anisole, toluene, p-xylene, and mesitylene required heating to 140 °C for 9
hours to achieve complete consumption of starting material. The vials were removed from
the heating block, quenched with 1 mL of water at 4 °C. To each vial was added internal
standard (tetradecane for anisole and mesitylene, n-decane for all other arenes) as a
stock solution in toluene (0.01 mmol, 200 uL, 50 mM). The vials were recapped, shaken,
and their contents transferred by pipette to 3mL Chem-Elut columns. The columns were
eluted by gravity with 4x3 mL ethyl acetate. An aliquot of the eluent was analyzed by
GCMS and the yield of each reaction was determined by GCMS with respect to a
calibration curve. The products of reaction with fluorobenzene were not separable by
GCMS so their selectivity was determined by 'F NMR with comparison to the chemical

shifts of the independently synthesized authentic standards.

Stoichiometric reaction of 5 with dimethylcarbonate

30 eq
%\N'/\PIP 2 )L Me
Rh
PPra @ 16 hr, 140 °C @ 76%

5

Figure 66: Stoichiometric reaction of 5 with dimethylcarbonate
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To a J. Young tube was added a stock solution in C¢Dg of 5 (7 pmol, 200 uL, 35 mM, 1
equiv.) which also contained 1,3,5-trimethoxybenzene (1.4 umol, 7 mM) as an internal
standard. To this solution was added a stock solution in C¢Dg of dimethylcarbonate (210
pmol, 0.7M, 300 pL). The tube was sealed, heated to 140 °C, and monitored by 'H and
%P NMR. After 16 hours, no 5 remained and the desired methylated product (toluene)
had formed in 76% yield as determined by integration with respect to 1,3,5-
trimethoxybenzene internal standard. The reaction mixture was further analyzed by
GCMS which confirmed the presence of toluene as the only observed organic product by
comparison of the retention time and mass spectrum to a sample of toluene. There were
several (PNP)Rh products of this reaction which resulted in a series of broad resonances

between 56 and 66 ppm by *'P NMR.

Stoichiometric reaction of 5 with B,pin,

G ’\ PIPrz
7 ’\N /PiPrz ) QJQ g:/Rh\{B,O
“RH 6 eqBpiny o Bg PiPr, b‘?
PiPry, @ 4 hrs, 150 °C ©/

97% 93%

5 preliminary assignment

Figure 67: Stoichiometric reaction of 5 with B,pin,

To a J. Young tube was added a stock solution in C¢Dg of 5 (7 pmol, 200 uL, 35 mM, 1
equiv.) which also contained 1,3,5-trimethoxybenzene (1.4 umol, 7 mM) as an internal
standard. To this solution was added a stock solution in CgDg of Bopins (42 umol, 140
mM, 300 pL). The tube was sealed, heated to 150 °C and monitored by 'H and *'P NMR.

After 4 hours, no 5 remained and phenylboronic acid pinacol ester (PhBpin) had formed
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in 97% vyield as determined by integration with respect to 1,3,5-trimethoxybenzene
internal standard. The reaction mixture was further analyzed by GCMS which confirmed
the presence of PhBpin as the only observed organic product by comparison of the
retention time and mass spectrum to a sample of commercial PhBpin. The (PNP)Rh
complex undergoes clean conversion to a new (PNP)Rh product. The reaction progress
by 3'P NMR is shown below as well as the 'H{*'P} NMR of the product with peaks

consistent with the hypothesized rhodium boryl complex shown above.

Bpin

31P NMR reaction progress anLent Data Paraneters 1H{3'P} NMR products
EXPNO - integrated peaks consistent with iPr(PNP)Rh(Bpin)

PROCNO

j‘L PrCHs

A-,MWU__.-WW SN | S

trimethoxybenzene

PCHz

I trimethoxybenzene

para
‘\

meta ’ IPrCH

iy
_J‘J.,‘,,,, N e M \JM

: .

\ : : \ : : : \ \ \ : \
60 40 70 65 6.0 55 5.0 45 40 35 3.0 25 20 ppm
I
3

Figure 68: Product mixture from stoichiometric reaction of 5 with Bpin,

Catalytic reaction of 5 with B,pin;

, 91%
‘=N, P 0.8 M B,Pin, o)

_Rh > B~
PiPr, 170 °C, 10 days gt N 9) 91 turnovers
CeDg S¢

8 mM (1 mol%)

Figure 69: Catalytic reaction of 5 with Bopiny
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To a 1 dram vial was added Bypinz (0.4 mmol, 101.6 mg, 1 equiv.), a stock solution in
CeDg of 5 (4 umol, 80 uL, 50 mM, 1 mol%), 1,3,5-trimethoxybenzene (4 umol, 20 uL, 200
mM) as an internal standard, and an additional 400 uL of C¢De. The mixture was
transferred to a medium wall NMR and connected to a Swage ultra-torr Cajon adaptor.
The sample was flame sealed under active vacuum and alternately monitored by '"H NMR
and heated in 20 °C increments. While the reaction began to give conversion to PhBpin
as low as 80 °C, practical rates were not observed until 170 °C, which still required 10
days for complete consumption of starting material, at which time the reaction had given
91% yield as determined by integration of product methyl resonance with respect to 1,3,5-

trimethoxybenzene internal standard.
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Stoichiometric reaction of 5 with 4-fluoro-iododbenzene

< ’\N~ /P'Pr2 I CeDg, 120 °C / ,\N /PiPr2
ﬁk@ " _— X ¥ R,
F ~Z

PiPr, time | PiP’rz

n equiv.

Figure 70: Stoichiometric reaction of 5 with 4-fluoro-iododbenzene

Table 4: Yields of arylations at various times and aryl iodide loadings

nequiv |[15| 1.5 1.5 3 3 3 9 9 9

time (hr) |1.5| 3.5 12 1.5 3.5 12 1.5 3.5 12

% yield A | 31 52 70 52 89 95 74 77 84

% yield | 20 35 48 36 46 43 47 46 48

12

To a J. Young tube was added a stock solution in CgDgs of 5 (14 umol, 500 pL, 28 mM, 1
equiv.) which also contained mesitylene (4 umol, 8 mM) as an internal standard. To this
solution was added a stock solution in CgDs of 4-iodo-fluorobenzene (14*n umol, 1M, 14*n
bL, n eq., where "n" refers to the number of equivalents indicated above). The reaction
mixture was heated to 120 °C and monitored periodically. The yields of both the organic
and rhodium products were determined by 'H NMR with respect to mesitylene internal

standard and are reported in the table above.

Notably, there is a second rhodium product that accounts for much of the mass balance
in these reactions, which has diagnostic 'H and %'P resonances consistent with

subsequent oxidative addition of aryl iodide to 12 to give Rh(lll) products like 13 ('H
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doublets at 9.5 and 5.6 ppm consistent with two ortho C-H's on apical Rh-aryl and *'P
doublet at 33.61 ppm with "Jgnp = 96.7Hz: compare to 13 which has 'H doublets at 9.5
and 5.6 ppm and ®'P 33.64 ppm, d, "Jrnp = 96.2 Hz). Thus, we hypothesize that in the
absence of base, complex 12 reacts with excess aryl iodide to give Rh(lll), but in the
presence of base (catalytic conditions) this unproductive reactivity is mitigated by fast C-
H activation at 12 to regenerate 'Pr(PNP)Rh(Ph) (5).

Stoichiometric C-H activation of CsDs with 'Pr(PNP)Rh(l) 12

time %P %SM

_ 92% "N, PPre 5min 7 93

%TL/?P'PFZ 2 eq. BUOK ZRh~© on" 85 s
Rh{ S PiPr,

SO e g

Figure 71: Stoichiometric C-H activation of CsDs with 'Pr(PNP)Rh(l) 12

To a J. Young tube was added a stock solution in CgDg 0f 12 (9.12 umol, 120 pL, 76 mM,
1 equiv.) which also contained 1,3,5-trimethoxybenzene (1.8 umol, 15 mM) as an internal
standard. This solution was diluted with 280 uL CgDs. To this solution was added a stock
solution of potassium tert-butoxide (19 pmol, 95 mM, 200 pL, 2 eq). The mixture was
analyzed by '"H NMR monitored over 29 hours after which, no further reaction occurred.
The yield of product and amount of starting material remaining at the observed time points

are reported above with respect to 1,3,5-trimethoxybenzene internal standard.
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Chapter 4: Characterization and Theoretical Investigation of a Transition State
Analog for Proton Transfer During C-H Activation by a Rhodium Pincer Complex
Foreword

In this chapter, we present the synthesis, characterization, and bonding analysis
of a putative isolobal transition state analogue. A comparative analysis of the bonding
interactions in the calculated transition state and the observed transition state analogue
validate our hypothesis that the transition state is indeed isolobal to the isolated analogue.
Notably, the transition state of interest was dismissed in a prior publication in favor of
alternatives transition states with lower calculated barriers. Reevaluation of the energies
of the proposed transition states in the context of the relevant rate equations indicates
that the previously dismissed transition state is the most relevant under the prescribed
reaction conditions. This work was conducted in collaboration with Natalie Chan, Dr.
Alexander Filatov, Dr. Rahul Khade, Yehao Qiu, and Prof. Yong Zhang (*in the
Department of Chemistry and Chemical Biology, Stevens Institute of Technology,
Hoboken, NJ). A manuscript is in preparation.
Introduction

In stable molecules, the identification of novel bonding interactions starts with the
observation of unique structural features (contracted interatomic distances, unexpected
geometries, etc.) followed by rigorous characterization using quantum chemical
calculations and comparison of the experimental and computed structures. Bonding
interactions in transition states, on the other hand, are less amenable to this cooperative

back and forth between experiment and theory because the geometries of transition
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states cannot be experimentally observed for any but the simplest of reactions. Insight
into bonding interactions in a transition state structures therefore relies entirely on
computational methods. Specifically, several possible transition state structures are
calculated and analyzed based on experimental outcomes, calculated energies, and
chemical intuition. The element of human judgement in determining which calculated
geometries merit further analysis, however, limits our understanding of transition state
bonding to the bonding interactions present in structures with geometries that conform to
our current understanding of molecular structure and bonding. In contrast to structural
studies of stable molecules, which can reveal unexpected geometries that spark new
insights into how atoms and molecules interact, our understanding of bonding in transition
states is limited to the concepts that can be derived from analysis of transition state
geometries that match our observations in stable molecules. Therefore, a strategy for
directly observing unusual transition state geometries, which could then be subjected
computational bonding analysis, would provide a first step toward the cooperative back
and forth between observation and computation that has driven our current understanding
of bonding interactions.

Transition state analogues are stable molecules designed to mimic the van der
Waals geometry and electrostatic potential surfaces of transition states.'® Based on the
large effective binding constants calculated for enzymes and transition states for the
reactions that they catalyze, it was hypothesized and subsequently demonstrated that

transition state analogues can be exquisite enzyme inhibitors.'**'%” Bonding in transition
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state analogues is, however, necessarily different than that in the corresponding transition
states because the later are non-equilibrium species.'®

Whereas transition state analogues mimic structure but not necessarily bonding,
the isolobal analogy was put forward to describe bonding similarities between structurally
diverse molecular fragments.’®® Specifically, Hoffmann defined two fragments as being
isolobal "if the number, symmetry properties, approximate energy, and shape of the
frontier orbitals and the number of electrons in them are similar-not identical, but
similar".'%® Combining these two concepts, one arrives at the idea of isolobal transition
state analogues—stable compounds that mimic the geometry and orbital interactions in a
transition state. The structural characterization of such compounds, in parallel with
comparative analysis of the calculated bonding interactions in the transition state and
transition state analogue, provides a model for the type of synergistic feedback between
observation and computation that can both motivate and validate our understanding of

the unique geometries and bonding interactions present in transition states.*®'"

Background

Our group and others have been investigating the reactivity of 2,6-bis(di-t-butyl-
phosphinomethyl)pyridine (PNP) complexes due to their ability to mediate challenging
bond activations via metal ligand cooperativity.?33%7%111114 |n particular, (PNP)Rh
complexes are capable of cleaving aromatic C-H bonds at room temperature without the
assistance of directing groups (Figure 2A).>”" This reactivity is uniquely enabled by
deprotonation of the benzylic methylene in the PNP ligand (e.g. 1 to 2), which leads to

charge delocalization between the benzylic site and rhodium. In a remarkable example of
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metal ligand cooperativity, the increased electron density on rhodium promotes C-H
cleavage via greater donation to the substrate C-H o* orbital to generate Rh(lll) hydride
3. After C-H oxidative addition, the deprotonated methylene acts as a base and
reductant by accepting a proton to give Rh(l) complex 4.%” The metal to ligand proton
transfer has been proposed to proceed via transition state 5 (Figure 2B and Figure
76).""%""7 Herein, we describe the synthesis and characterization of heterobimetallic
complex, 6, which has similar Cpenzy-Z-Rh connectivity to 5, where Z = H or ZnPh for 5
and 6, respectively. We reasoned that, if the LUMOs of the bridging Z ligands (4s and 1s,
respectively) are similar (but not identical), 6 would constitute an isolobal analogue for

transition state 5 (Figure 1C).'%% 118121

(A) (B) s 6
1 2 H - 1
7 N PtBU S PtB ! :_'I'I\T\\ /PtBUZ n
—=N__ /' °“2 1BuOK !__N. , Bu 7 “RA 7 T PBu,
Rh. E— 7 Rh H c NG
v Cl H o P'Bu, Rh
P'Bu P BU2 H PtBU
Ph-H
H 1s acceptor Zn 4s acceptor
4
N P'B 2 |-\| t
u P'Bu
=N._~/ 2 «— U 2 -5
?//Rh\ 1 Rh
P'Bu, H™ pigy,
Cp donor  Rhy donor Cp donor  Rhy donor

Figure 72. (A) Mechanism of C-H activation via metal ligand cooperation; (B) Transition
state 5 and transition state analogue 6; (C) Representation of hypothesized isolobal
relationship between bridging fragments in 5 and 6.
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Synthesis and Characterization of the Transition State Analogue

Complex 6 was prepared by heating 4 with diphenylzinc at 70 °C for 18 hours
(Figure 73A). We originally isolated 6 as a byproduct of a previously reported procedure
for synthesis of 4.%'%2 The purest batch of material we were able to obtain was
contaminated by 2% biphenyl and 4% compound 4. The solid-state structure of 6 was
determined by single crystal X-ray diffraction (Figure 73B). The contracted C1-C2
interatomic distance (C1-C2 1.44A vs C3-C4 1.51A) is consistent with partial double bond
character and supports the assigned dearomatized structure.'®® The most notable
structural feature of 6 is the zinc fragment which bridges between C1 and Rh, 12121124127
The C1-Zn distance (2.20A) is greater than the sum of the covalent radii (1.98A)'?® and
the geometry about C1 is distorted away from sp® and most closely resembles an sp?
carbon with a lone pair localized in a p orbital donating to Zn (C2-C1-Zn 89°, P1-C1-Zn
87°, P1-C1-C2 114°). The long C1-Zn distance positions Zn in proximity to rhodium (Rh-
Zn 2.52A) and within the sum of Rh and Zn covalent radii (2.64A)."?® The structure of 6 in
solution was determined by multinuclear NMR, COSY, and NOESY. The most diagnostic
features of the 'H{®'P} NMR spectrum are the three resonances corresponding
corresponding to the protons on C1 and C4 which clearly indicate the complex is
dearomatized (C1, no 2Jin coupling) and that the two faces of the molecule (with respect

to the original P-Rh-N plane) are not equivalent (C4, H?# H®).
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Figure 73 (A) Synthesis of 6 (B) ORTEP of compound 6 with 50% thermal ellipsoids and
non-essential hydrogens omitted for clarity (C) "H{*'P} NMR of compound 6 in C¢De.

Comparative Analysis of Bonding in Transition State and Analogue

To compare bonding between the Cyenzy-Z-Rh fragments in compound 6 and
transition state 5, the structures of both compounds were optimized using density
functional theory calculations. The calculated structure of 6 agreed well with the observed
solid state geometry. The structure of 5 was also similar to the previously calculated
transition state of the iridium congener.'’® The calculated wave functions of these
compounds were analyzed using the quantum theory of atoms in molecules (QTAIM),
which holds that bonded atoms are linked by a bond path (a vector defined by maximal
electron density, p(r)) and that on the bond path lies a bond critical point (BCP) at which
the first derivative of p(r) is zero.'?*'*" Importantly, the topological features of p(r) and the

Laplacian of this value, VZp(r), offer insight into the nature of bonding interactions.'® As
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shown in Figure 74, bond paths and BCPs between C~Z and RhZ (Z = H and Zn) were
successfully located, indicating that the Rh"H, RhZn, CH, and CZn interactions are
bonding in nature. Based on their positive V2p(r) values and negative total energy
densities, H(r)’s, bonding between these atoms can be classified as electrostatic with
partial covalence (Table 1). These data suggest that this transition state analogue 6 bears

qualitatively similar bonding features with 5.

(B) (C) Complex Bond R (A) p(r) (au) V2p(r) (au)  H(r)(au)

Zn

7 N m 5 Rh:+-H 1.742 0.10277 0.03316 -0.0489
< 6 Rh:+-Zn 2.582 0.04897 0.06868 0.0172

70 Preagostic  2.3~3.0 0.01~0.03  0.03~0.07  -0.001

C-H..M ~0.001

C 8cl Agostic 1.8~23 0.04~0.05 0.15~0.25 nla
/ C-H..M
~J N \ /

9 M-H 14~19  0.13~0.16 0.01~0.2 n/a

Figure 74 Contour line diagram of V2p(r) for (A) complex 6 in the Rh-Zn-C plane and (B)
transition state 5 in the Rh-H-C plane. Green lines connecting atoms in blue are bond
paths and red circles are bond critical points. (C) Selected bond critical point properties:
l[lSee experimental section for full list of properties. P!Data are for M...H preagostic and
hydrogen bonding (HB) interactions from Ref.'* [!Geometric data and AIM results are
from Ref."®® and Ref.'®* respectively. "Geometric and QTAIM data for metal hydrides are
from Ref'® and Ref '3¢1%" 138 regpectively.

Charge density may also be used to assess bonding strength in similar systems,
with stronger bonds usually having larger p(r) and shorter bond distance.'*® This allows
for comparison of 5 to other complexes in which a hydrogen atom interacts with a
transition metal, including metal hydrides and complexes that exhibit hydrogen
bonding,'*° preagostic, or agostic interactions.’' The p(r) data in Table 1 show that the
RhH interaction in 5 has greater charge density at the BCP than typical MH interactions
and is more similar to a metal hydride, consistent with relatively little M-H bond cleavage
in the metal to ligand proton transfer transition state. The magnitude of the charge density

at the BCP for the RhZn interaction in 6 is less than that for the RhH interaction in 5—
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perhaps due to the larger atomic radius of Zn. Overall, however, the topology of the
charge density at the BCPs between Rh-Z and C-Z indicates similar bonding in 5 and 6.
In light of the similar geometry and bonding about the bridging Cpenzyi-Z-Rh fragments in
5 and 6, we sought to assess whether the orbital interactions that stabilize the unusual
geometry of 6 are similar to those that enable metal ligand cooperativity in transition state
5. In particular, we aimed to computationally evaluate the hypothesis—introduced
qualitatively in Figure 2C—that the bridging zinc fragment in 6 is isolobal to the bridging
proton in 5 by virtue of the analogous LUMOs in the bridging ligands, 4s and 1s for Z =
ZnPh and H, respectively. Key interactions of the bridging fragments in 5 and 6 were
therefore assessed using second order natural bond orbital (NBO) perturbation theory to

identify stabilizing donor-acceptor pairs of NBOs (Figure 75).'*

H t
TSP,
2\

5 |y »  _Rh
PBu,

) :97%d, 2% s, 1% p LP*(H) : 100% s m(C-C) :95% p, 5% s

donor-acceptor pairs of NBOs
donor: Rh lone pair acceptor: H1s/Zn 45 donor: C-C 11/ C lone pair contributing to primary stabilizing

© LP(Rh) : 95% d, 3% s, 2% p LP*(Zn) : 98% s, 2% d LP(C):89%p, 11% s interactions with bridging H/Zn

©)

Figure 75 Summary of stabilizing donor acceptor pairs from second order NBO
perturbation theory (A) representation of transition state 5 (B) Donor NBO in 5, 4d(Rh)
(C) Acceptor NBO in 5, 1s(H) (D) Donor NBO in 5, 1i(C-C) (E) Overlaid NBO donors and
acceptor that contribute to stabilizing the bridging proton in 5 (F) representation of
transition state analog 6 (G) Donor NBO in 6, 4d(Rh) (H) Acceptor NBO in 6, 4s(Zn) (I)
Donor NBO 6, 2p(C) (J) Overlaid NBO donors and acceptor that contribute to stabilizing
the bridging Znin 6 .

The bridging fragments in both 5 and 6 are stabilized by two major donor-acceptor

interactions. In transition state 5 a rhodium d orbital donates to the 1s orbital on the
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bridging hydrogen: 4d(Rh) — 1s(H) (Figure 75B — C). The second stabilizing pair in
transition state 5 involves donation from a 1(C-C) bonding NBO on the dearomatized

ligand to the LUMO of the bridging proton: (C-C) — 1s(H) (Figure 75D — C). These

donor-acceptor interactions to the bridging hydrogen in transition state 5 are overlaid in
Figure 75E. In complex 6, a rhodium d orbital donates to the empty non-bonding orbital

on the bridging Zn: 4d(Rh) — 4s(Zn) (Figure 75G — H). The second stabilizing pair in

complex 6 involves donation from a lone pair localized in a primarily p orbital on the

deprotonated ligand to the LUMO of the bridging ZnPh: 2p(C) — 4s(Zn) (Figure 751 —

H). These donor-acceptor interactions to the bridging ZnPh fragment in transition state
analog 6 are overlaid in Figure 75J.

As hypothesized above, this analysis is consistent with an isolobal relationship
between the NBOs localized on the bridging fragments in 5 and 6 that contribute to the
largest stabilizing interactions on those fragments. Specifically, in both interactions (and
in both structures) the acceptor is an s type NBO localized on the bridging atom; namely,
a low occupancy 1s type NBO on H* in 5 and a low occupancy 4s type NBO on PhZn™ in
6. The four NBOs which donate into bridging s-type NBOs, on the other hand, are
somewhat varied. It is worth noting, however, that despite the variation in their
composition, all four donor NBOs interact with the bridging acceptors with the same (0)
symmetry.

Discussion of Alternate Metal to Ligand Proton Transfer Pathways

Alternatives pathways for metal to ligand proton transfer were explored in a prior

publication using density functional theory.''® The paper posits that one or two bridging
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water molecules may facilitate metal to ligand proton transfer (Figure 76). The claim is
made based on lower calculated barriers to proton transfer in the presence of one or two
bridging water molecules. The authors do not, however, comment on the fact that rates
are the products of rate constants and concentrations. Given that water is present in low
concentrations in nominally anhydrous benzene, one should expect that a water
dependent pathway may become negligible under the reaction conditions.

Metal to ligand proton transfer is thought to be a fast step after rate limiting
oxidative addition; in this case, it is not possible to kinetically determine the effect of water
on the rate of metal to ligand proton transfer. To offer a more complete sense of the
dominant reaction pathways over a range of water concentrations, an analysis of the

relevant rate equations is given below.

AG¥ = 29.2 kcal/mol
pathway 1: no water rate = k[3] (relative to 3)

3 5 4

H T SPBu

"~ pt N7 o2 1

4 \,\k\/PBuz k Hg “RA '/\N\ ,P'Bu,
{ P'Bu, — -

pathway 2: one water rate = k’[3’] = k’ K; [3][H,0] AGH= 17.5 kcal/mol
(relative to 3’)
3 AG, =5.5 keal/mol 3 5 t 4 G 1.5 kealmol
~ Ky K o H Ks 4
4 P'Bu. » H 2 X~ pt "S- pig
q N‘F!h’ S =2 L1 P8 EN P FN PR HO =N__/PBu
H 7 Rh

-
P'Buy -H,0 H

—N< H ~5
/( — T RR _» )( ',Rh — ?//Rh\
PIEL @ HPBu, HPBup H0 PlBu
2

AG*” =12.1 kcal/mol
(relative to 3”)

pathway 3: two waters rate = k” [3”] = k” K, [3][H,0]?

3 AG, = 5.4 kcalimol - 5" t 4n AG = -1.9 kcal/mol
K 4
H 2 P 4
~pt . H ~ g
TN IDPBu oo e NP, NP8 2H,0 N P8
R — SNy T A — bl ~Zho o
P'Bu, -2 H,0 H P‘B/u? H” "P'Bup H” "P'Bu, 2 P'Bu,

Figure 76 Three possible pathways for metal to ligand proton transfer, labeling of their
associated rate constants and equilibrium constants, and DFT calculated energies of the
relevant species.
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By assuming rapid pre-equilibrium between the reactant 3 and water bound complexes
(3' and 3") the rates of all three pathways can be written as follows:

Equation 1: rategygter = k[3]

Equation 2: rate; yarer = Kik'[3][H,0]

Equation 3: rate,yqeer = Kok"[3][H,0]?

The calculated AG+ and AG: of water binding can be used with equation 4 to determine
K7 and Ka.

Equation 4: AG®° = —RTIn(K,,)

The calculated AG* of each elementary reaction can be used with equation 5 to determine

k, k', and k"

KkpT ——
B " RT

Equation 5: k =

After determining Ky, Kz, k, k' and k" from AG:, AGz AG!, AG*, and AG*"
respectively; we can plot the rate of each pathway as a function of [H>O] by setting [3] to
an arbitrary low value. (Because the concentration of 3 is a constant across equations 1-
3 it will not affect which of the three pathways is dominant at a given [H20O].) By arbitrarily
setting [3] = 100 nm and plotting the rate of all three pathways as a function of [H>O]
spanning from 0.001-1.0 ppm we obtain Figure 77. This range of water concentrations
was chosen because it represents the concentration of water in benzene when dried for
24 hours by a variety of standard dessicants: for example benzene dried for 24 hours
over alumina, sieves, and silica has been reported to contain 0.006, 0.03, and 0.3 ppm of
water, respectively.'*® This analysis suggests that under rigorously anhydrous conditions,

which were used in this work, direct metal to ligand proton transfer dominates, whereas
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moderately dry benzene enables contributions from zero, one and two water pathways to

the overall transformation.
[water] (ppm) (log scale)
0.001 0.010 0.100 1.000
5E-16

4E-16

3E-16

2E-16

®

®

®
relative rate

1E-16

rate no water rate 1 water rate 2 water

Figure 77 Plot of rates of 0, 1, and 2 water pathways for proton transfer from 0.001-1.0
ppm H>O based on DFT calculated energies of water binding and proton transfer: colored
circles indicate the relative rates of each pathway in benzene dried by alumina, sieves,
and silica from left to right respectively.'*®

Conclusion

Structural characterization of 6 and analysis of bonding in both this complex and
isolobal transition state 5 revealed that the same type of orbital interactions that stabilize
the unusual geometry of 6 also lower the energy of transition state 5 and, in so doing,
enable otherwise inaccessible C-H activation reactivity via metal ligand cooperativity.
Moreover, isolobal substitution of H in transition state 5 for ZnPh in 6 appears to warp the
energy landscape of the latter such that it lies in an energetic well rather than at a saddle
point (Figure 78). The idea of an isolobal transition state analogue builds upon the two

seminal concepts for which it is named, which, together, provide a framework for
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conceptualizing and illustrating the stabilizing orbital interactions that occur in transition

states.

calculated
transition state

1s £
&D‘Buz
PtBuZ Ph

cooperative metal to
ligand proton transfer

isolobal transition state analogue

Figure 78 Substitution of an isolobal fragment distorts the energy surface about a
transition state from a saddle point to an energetic well.

In this work, structural characterization an isolobal transition state analogue, in
parallel with computational analysis of bonding in the transition state and the analogue,
provides a model for the type of synergistic feedback between observation and
computation that can both motivate and validate our understanding of the unique
geometries and bonding interactions present in transition states. Reevaluation of several
proposed pathways revealed that the previously dismissed transition state for direct metal
to ligand proton transfer is the most favorable of the calculated pathways under the
prescribed reaction conditions. This new understanding of metal-ligand cooperativity

underscores the value of structural characterization for its ability to surprise and generate

new hypotheses which are tested and provide unforeseen chemical insights.
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Experimental

Methods and Materials

Unless otherwise noted, all reactions and manipulations were performed under a
circulating nitrogen atmosphere in an Innovative Technologies glovebox, or using
standard Schlenk technique. J. Young tubes were washed with base bath (prepared with
100 g KOH, 200 mL DI H,O, and 700 mL iso-propanol), followed by methanol, water, and
acetone. Glassware was oven dried prior to use.

Unless otherwise noted, all reagents were obtained from commercial suppliers and used
without further purification. Hydrocarbons and ethereal solvents were ketyl tested prior to
use. Benzene (PhH) and C¢Dgs were dried for 48 hours over activated 4A molecular
sieves, degassed by three cycles of freeze pump thaw and transferred to fresh sieves in
the glovebox. Pentane was obtained from an Innovative Technologies solvent purification
system (solvent deoxygenated by N, sparge and dried over two columns of activated
alumina). Molecular sieves were activated at 200 °C under dynamic vacuum (0.05 mm
Hg) until visible water stopped condensing in a trap immersed in liquid nitrogen, then for
an additional 12 hours after that. The concentrations of Grignard reagents were
determined by titration in triplicate with salicylaldehyde phenylhydrazone.®

$1P-31P coupling in the pincer ligand, many 'H and

As noted previously,®® due to strong
'3C signals appear as virtual triplets (vt) and are reported as such with the apparent
coupling constant noted. (https://www.chem.wisc.edu/areas/reich/chem605/)

The nomenclature (PNP)* is used to indicate side arm deprotonated ligand.
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Literature procedures were used to prepare [Rh(coe)s(Cl)]2%® Bu(PNP),*
‘Bu(PNP)Rh(CI),*? ‘Bu(PNP)Rh(OT),*® and ‘Bu(PNP)Rh(Ph).*

Synthesis and Characterization

‘Bu(PNP)*Rh(Ph)(ZnPh) was prepared by two different methods, which are described
below. Both methods give the same product (by NMR spectroscopy) with varying degrees
of purity and reproducibility. Neither method gave analytically pure material, but material
of >90% purity (by 'H NMR spectroscopy) was obtained by Method 1. Notably, while
method 1 gave the purest material in a single run, method 2 gave a more reproducible
means of obtaining ‘Bu(PNP)*Rh(Ph)(ZnPh). Complete graphical NMR data are provided
in the NMR spectra section to support the identity and purity of complex 6 as prepared by
method 1.

Method 1: Synthesis of '‘Bu(PNP)*Rh(Ph)(ZnPh) from [Rh(coe)>(Cl)]>

SF

n

AgOTf PB .) ZnPh S 7\’\ t
[Rh(Coe)2C|]2 t ?/\ Us 2 / N Rh PBUZ

) BUPNP )2,2- blpy H PtBu @
Figure 79: Method 1: Synthesis of 'Bu(PNP)*Rh(Ph)(ZnPh) from [Rh(coe)2(Cl)]2

‘Bu(PNP)*Rh(Ph)(ZnPh) was prepared by a modified procedure for preparation of
‘Bu(PNP)Rh(Ph).?® To a 25 mL Schlenk flask was added [Rh(coe):Cl]» (326 mg, 0.454
mmol, 1.0 equiv.), silver trifluoromethanesulfonate (234.6 mg, 0.912 mmol, 2.01 equiv.),
and a stir bar. The flask was sealed, removed from the glovebox, and evacuated and

refilled three times under argon. 10 mL of degassed THF was transferred via cannula into
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the Schlenk flask and the orange solution with grey precipitate was stirred at room
temperature for 10 minutes. The solution was transferred and the solid was washed with
an additional 3x4 mL THF via cannula filtration into a 100 mL Schlenk flask containing
'Bu(PNP) (358.6 mg, 0.908 mmol, 2.0 equiv.) under argon. The solution turned deep
red/orange and was stirred for 10 minutes at room temperature at which time the solvent
was removed under reduced pressure. The orange, nitrogen-sensitive solid was washed
with degassed pentane (3x10 mL) under argon. The Schlenk flask was brought into the
glovebox and charged with diphenylzinc (600 mg, 2.73 mmol, 3.0 equiv/Rh). The flask
was sealed with a septum, removed from the glovebox and charged with 60 mL of
benzene. The septum was replaced with a glass stopper under argon and the flask was
degassed under argon by three cycles of freeze pump thaw. The mixture was heated to
60 °C for 17 hours during which time it turned dark brown. 2,2'-bipyridine (426.4 mg, 2.73,
3.0 equiv./Rh) was added under argon and the solvent was removed under reduced
pressure. The brown solid was extracted with 10x5 mL warm pentane in the glove box,
filtered, concentrated under reduced pressure, and dissolved in 0.5 mL benzene. Vapor
diffusion of pentane into the concentrated benzene solution yielded 188 mg (29%) of
complex 6 contaminated with 4% ‘Bu(PNP)Rh(Ph) and 2% biphenyl as determined by 'H
NMR. The supernatant of this mixture was cooled to -35 °C to afford single crystals
suitable for x-ray diffraction.

"H NMR (500 MHz, CsDs) 3 8.04 (d br, Uy = 6.9 Hz, 2H, Rh-Ph ortho), 7.72 (d, ®Jun =
6.6 Hz, 2H, Zn-Ph ortho), 7.31 (t, 8Jun = 7.4 Hz, 2H, Zn-Ph meta), 7.23 (m, 3H, Rh-Ph

meta overlapped with Zn-Ph para), 6.97 (t, iy = 7.2 Hz, 1H, Rh-Ph para), 6.86 (t, *Jqn =
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7.7 Hz, 1H, pyr para), 6.54 (d, ®Jun = 8.2 Hz, 1H, pyr meta), 6.06 (d, iy = 7.2 Hz, 1H,
pyr meta'), 3.47 (m, ("H{*'P} d, ®Jrnn = 1.1 Hz), 1H, dearomatized PCH), 2.93 (m, ("H{*'P}
d, 2Jun = 16.7 Hz), 1H, PCHy), 2.73 (m, (‘"H{*'P} d, ?Jin = 16.7 Hz), 1H, PCH>"), 1.24 (m,
18H, overlapped 'Bu's), 1.08 (m, (‘H{*'P} s), 9H, 'Bu), 0.98 (m, ("H{®'P} s), 9H, 'Bu).
BC{'H} NMR (126 MHz, C¢Dgs) & 170.92 (vt br, 2Upc = 3.2 Hz, pyr ortho), 164.32
(vtd, 2Jpc = 10.6, "Jrnc = 34.0 Hz, Rh-Ph ipso), 159.49 (vt br, 2Jpc = 3.3, pyr ortho), 150.92
(m br, Zn-Ph ipso), 141.84 (s br, Rh-Ph ortho), 137.89 (s, Zn-Ph ortho), 134.27 (s, pyr
para), 127.31 (s, Zn-Ph meta), 126.60 (s, Zn-Ph para), 125.46 (s, Rh-Ph meta), 119.80
(s, Rh-Ph para), 112.37 (vt, *Jpc = 5.0 Hz, pyr meta), 108.90 (vt, 3Jpc = 4.6 Hz, pyr meta)),
49.43 (m br, PCH), 42.92 (m br, 'Bu quaternary), 36.66 (dd, ®Jrnc = 5.9, 'Jrc 8.3 Hz,
PCHy), 35.31 (m, overlapped 'Bu quaternary), 34.54 (m, 'Bu quaternary), 31.10 (vt, 2Jpc
= 2.9 Hz, 'Bu CHs), 29.63 (Vt, 2Jpc = 2.2 Hz, 'Bu CHg), 29.00 (vt, 2Jpc = 3.5 Hz, 'Bu CHa),
28.70 (Vt, °Jpc = 3.3 Hz, 'Bu CHs).

31P{"H} NMR (202 MHz, CsDs) 5 60.92 (m).

Method 2: Synthesis of 'Bu(PNP)*Rh(Ph)(ZnPh) from ‘Bu(PNP)Rh(Ph)

P'Bu N
%\N'/Rh\ :2 1.6 eq. Znth 51’ Rh ~PBu,

PBu, 70 °C, PhH e
2

Figure 80: Method 2: Synthesis of 'Bu(PNP)*Rh(Ph)(ZnPh) from 'Bu(PNP)Rh(Ph)

111



To a 25mL resealable glass tube equipped with a stir bar was added ‘Bu(PNP)Rh(Ph)
(209 mg, 0.363 mmol, 1.0 equiv.), diphenylzinc (128 mg, 0.581 mmol, 1.6 equiv.), and
7.25 mL benzene. The bomb was sealed with a teflon lined stopper, removed from the
glovebox, and heated to 70 °C for 1 hour at which time a 50 pL aliquot was dissolved in
500 pL of CDs to check the reaction progress by 'H NMR. After 18 hours at 70 °C another
50 pL aliquot was analyzed by '"H NMR and the reaction was determined to be complete.
The reaction mixture was transferred to a 20mL vial, concentrated to 2mL under reduced
pressure, and layered with 10 mL pentane. After 12 hours at room temperature the
mixture was transferred to a -35°C freezer. After 24 hours at -35°C, the mixture was
filtered and the supernatant was concentrated under reduced pressure to afford 167 mg

of material contaminated with residual diphenylzinc shown in Figure 82.

H NMR

3

M\_J_ ) 'Bu(PNP)Rh(Ph)+ Zn(Ph)z, 18 hr 70°C MJL s x J

1
w | 'BUPNP)RN(Ph)+ Zn(Ph)z, 1hr70°C | AL Y

.

UL _Jrl Bu(PNP)Rh(Ph)+ Zn(Ph)2, before heating

L..Jl J Bu(PNP)Rh(Ph) _J[ J/J

: . . . T . . : : T .
6 4 2 [ppm]

T

1

*f

Figure 81: Monitoring reaction progress of method 2 by 'H NMR.
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Figure 82 Comparison 'H NMR of material prepared by method 1 and method 2.

Synthesis of S1 'Pr(PNP)Rh(Ph)(ZnCl,) (Natalie Chan)

CI\Zn,CI S1
S PP, 1.0 eq. ZnCl,
r2

"RA 5.0 eq dioxane %\N;h/P P
P'Pr sl J - -
2 benzene-d, PPr, @

Figure 83 Synthesis of 'Pr(PNP)Rh(Ph)(ZnCl,) by Natalie Chan
A J. Young tube was charged with ZnCl, (5 pmol, 100 pL, 50 mM in THF, 1 equiv.). The

tube was capped and THF was removed from the tube in vacuo on a Schlenk line. To the
dried ZnCl, was added 'Pr(PNP)*Rh(Ph) (5 umol, 100 uL, 50 mM in C¢Ds, 1 equiv.),
dioxane (25 pmol, 2.1 pL, 5 equiv.) and CgDg (400 pL). The tube was capped and shaken
up. The reaction turned from dark red to a light brown upon shaking. The tube was
analyzed by *'P, 'H, "H{®'P} NMR within 2 minutes of mixing. The reaction was monitored

two hours later, which revealed full conversion of the [Rh] starting material. The reaction
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yielded 96% of S1 by 'H NMR integration with respect to an internal standard. The
contents of the J. Young tube was poured into a 20 mL scintillation vial. Volatiles were
removed in vacuo. The orange crude product was dissolved in minimal amount of hot
benzene and filtered through a 20 um syringe filter into a 1-dram shell vial. Vapor
diffusion of pentane into the concentrated benzene solution afforded single crystals of S1

suitable for x-ray diffraction.

"H NMR (500 MHz, CgD¢) & 8.13 (d, i = 7.4 Hz, 2H, Rh-Ph ortho), 7.24 (t, 3y = 7.4
Hz, 2H, Rh-Ph meta), 7.03 (t, *hn = 7.6 Hz, 1H, Rh-Ph para), 6.96 (t, ®Juy = 7.2 Hz, 1H,
pyr para), 6.67 (d, 3Jun = 7.6 Hz, 2H, pyr meta), 3.68 (m, (doublet by 'H{*'P}, 2Uun =
17.4 Hz), 2H, P-CHy), 2.84 (m, (doublet by "H{*'P}, Uiy = 17.5 Hz), 2H, P-CHy), 2.18
(m, 2H, 'Pr-H), 2.09 (m, 2H, 'Pr-H), 1.27 (dd, ®Jun = 8.4 Hz, 2Upy = 24.1 Hz, 6H, 'Pr-CHa),
0.90 (dd, ®Jun = 7.8 Hz, 2Upy = 22.6 Hz, 6H, 'Pr-CHa), 0.82 (dd, 2hn = 7.6 Hz, 2Jpy = 22.3
Hz, 6H, 'Pr-CHa), 0.71 (dd, Uk = 6.4 Hz, 2Jp1 = 19.6 Hz, 6H, 'Pr-CHs).

31P{"H} NMR (202 MHz, CsDs) 5 40.02 (d, 'Jrn.p = 123.9 Hz, 2P).

Computational Methodology

The Gaussian 09 program package®® was used for all described calculations. Geometry
optimization and frequency calculations for all reported structures were performed under
the B3LYP-D3BJ/[6-31G(d,p) + Lanl2dz (for Rh and Zn)] level of theory (B3LYP-
D3BJ/BS1) using an ultrafine pruned (99,590) integration grid with the corresponding

Hay-Wadt effective core potential for Rh and Zn and Grimme’s empirical dispersion-
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correction with Becke-Johnson damping for B3LYP.?” Frequency calculations were
performed on all reported structures to ensure that each minimum-energy structure has
no imaginary frequencies and each transition state (TS) structure has precisely one
imaginary frequency.

Bulk solvent effects were taken into consideration for geometry optimization and
frequency calculations using the self-consistent reaction field polarizable continuum
model (IEF-PCM) %1% with benzene as the solvent. Thermal corrections for Gibbs free
energy (G) and enthalpy (H) were calculated at the B3LYP-D3BJ/BS1 level of theory and
the free energies were corrected to a solution standard state of 1 M at 298.15 K.'%1%
The electronic energy of every B3LYP-D3BJ/BS1 optimized structure was further
recalculated under the B3LYP-D3BJ/[6-311++G(d,p) + SDD (for Rh) + 6-311G(d,p) (for
Zn)] level of theory (BSLYP-D3BJ/BS2), with PCM model of benzene incorporated. The
thermal corrections (calculated under B3LYP-D3BJ/BS1) were applied to the recalculated
electronic energies to give the final Gibbs free energy and enthalpy values.

All BCP properties were calculated by using the AIM2000 program'* from the
wavefunctions generated from using the same method and basis set in single point
energy and NBO calculations, except for Rh, an all-electron basis set DGDZVP in
Gaussian 09 was used.

Table 5: Comparison of solid state and DFT optimized geometries

Rh-Zn (A) C1-zZn (A) C1-C2 (A) ZC1ZnRh (°) | £C2C1Zn(°) | £ZP1C1Zn (°)
x-ray 2518 2.203 1.428 79.37 88.56 86.56
optimized 2.582 2.273 1.454 77.53 92.41 87.86
N 0.064 0.070 0.026 1.84 3.85 1.30
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Figure 84: Overlaid line drawings of structure determined by x-ray diffraction (cyan) and
optimized by density functional theory (green).
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Chapter 5: C-H Activation and Functionalization with Amino Acid Complexes of
Palladium(ll)
Foreword

Mono-protected amino acid (MPAA) ligands are used in a number of palladium
catalyzed C-H functionalization reactions. Herein, we report the synthesis and detailed
characterization of a series of MPAA complexes prepared via cyclopalladation of
dimethylbenzylamine in the presence of MPAAs. The isolated complexes exist as p-
carboxylato (MPAA) bridged dimers and feature potential M-M cooperativity and
secondary sphere hydrogen bonding interactions. Selective MPAA coordination and relay
of stereochemistry, previously suggested to uniquely result from x?-(N,0) MPAA
coordination, are both observed. The isolated MPAA complexes undergo C-C and C-X
(X=Cl, Br, I) bond formation when treated with electrophiles used for catalytic C-H
functionalization. Stoichiometric iodination of MPAA palladacycles was found to proceed
via a dinuclear palladium species with one equivalent of iodine, and the isolated
complexes also served as viable precatalysts for catalytic C-H functionalization. Together,
these results provide a number of insights into the reactivity of Pd-MPAA complexes
relevant to C-H bond functionalization. This work has been published and was conducted
in collaboration with Alexander Filatov, Brandon Haines, and Djamaladdin Musaev.
Introduction

One of the foremost challenges in transition metal catalyzed C-H functionalization
has been the development of catalysts that selectively modify one C-H bond in the

presence of others with similar steric and electronic properties.?®®'**'*" Palladium
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catalyzed transformations that exploit the ability of Lewis basic functional groups within a
substrate to coordinate to the metal catalyst and thus confer site selectivity to C-H bond
cleavage (activation) have long proven particularly useful in this regard.*'*®' |n
combination with this approach, mono-N-protected amino acid (MPAA) ligands have been

150,151

found to accelerate and impart enantioselectivity'**"*’ to several Pd(ll)-catalyzed

C-H functionalization reactions.'®®

Numerous  approaches, including DFT  calculations,’®® '  mass

164165 and steady state kinetics'®®'®® have been used to investigate the

spectrometry,
mechanism(s) by which MPAA ligands affect Pd(ll)-catalyzed C-H functionalization.
These studies have concluded that MPAA-promoted, Pd(ll)-catalyzed C-H bond
functionalization proceeds via a N-H cleavage and subsequent C-H activation
mechanism.'®" The proposed active catalyst is generated by x?-(N,O) coordination of
MPAA to Pd(ll) (Figure 85) followed by deprotonation of the N-protected amide.
Concerted metallation-deprotonation (CMD)'®"""" of the substrate C-H bond by either the
N-protecting group'®® of the MPAA ligand or an external base'® could then occur. -
(N, O) binding of the MPAA ligand is thought to enforce a rigid structure capable of relaying
chirality from the MPAA to a prochiral substrate in the CMD transition state.'®* With the

development of this mechanistic paradigm, it has become widely accepted that the active

catalysts are monomeric x*-(N,O) Pd(I)MPAA complexes.

x2-(N,0) u-(0,0) x2-(0,0)
0 ~py—
— —Pd<_Q  NHAc NHAG
\ RN— 0, J
——Pd=-0-=0 o/ —Pdl 57
T H ;Pdio NHAc ~ O

Figure 85. Three potential modes for coordination of the MPAA N-acetylglycine to Pd(ll)
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Notably, however, no Pd(lI)MPAA intermediates in these reactions have been
rigorously characterized in solution or by X-ray diffraction. To shed light on the nature of
MPAA coordination to Pd(Il) and to understand the impact that MPAA coordination has
on the nuclearity and stoichiometric reactivity of these complexes, we sought to isolate
and characterize Pd(I)MPAA complexes analogous to those invoked for catalysis. Such
complexes would also serve as models to specifically probe and understand individual
steps of proposed catalytic cycles and guide the design of new and more effective ligands

for C-H functionalization catalysis.

Synthesis of MPAA Complexes via Ligand Exchange

Putative x?-(N,O) binding of MPAA ligands to Pd(ll) during catalytic C-H

d157 d172

functionalization was first propose in the literature based on the previously reporte
synthesis of 1, Pd(dmba)(NAc-Gly) (Figure 86A, dmba = N,N-dimethylbenzylamine, NAc-
Gly = N-acetyl-glycine). Indeed, we obtained a good yield (71%) of a complex consistent
with the 'H and '®*C NMR data reported for 1 by following this procedure. The k*-(N,O)
MPAA coordination in 1 was originally assigned based on analogy to the corresponding
unprotected glycine complex.'® To gain further confidence in this assignment, we
determined the structure of the isolated product by single-crystal X-ray analysis. The
structure observed in the solid state is the p?-(0,0) MPAA-bridged dimer complex 2
(Figure 86B and C) instead of the reported k2-(N,O) complex 1.

To address the possibility that this dimer may only exist in the solid state, a solution

of 2 was analyzed by '"H NMR, NOESY, and ESI-MS—all of which are consistent with a

dimeric MPAA-bridged palladium complex. An initial indication of a dimeric complex in
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solution is the large upfield shift in one of the inequivalent benzylic resonances (H%) and
N-methyl resonances (Me?®) relative to the precursors [Pd(dmba)(Cl)]. and
Pd(dmba)(acac) (acac = acetylacetonate) (Figure 86A and E). This large upfield shift is
consistent with proximity to the ring current of an aromatic n-system—as one would
expect for the carboxylate bridged dimer 2—and is strikingly similar to the '"H NMR of
known acetate bridged dimer 4 [Pd(dmba)(OAc)]. (Figure 86E)."*'° The most direct
evidence for the existence of 2 as a dimer in solution is the presence of an NOE between
the aromatic C-H ortho to palladium with the upfield NMe® and while the downfield

resonance NMe® has no such NOE (Figure 86D).
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Figure 86 (a) Previously reported synthesis of 1, which is herein reassigned as complex
2. (b) Relative calculated energies (AG/AH) of 1, 2, and 3 with observed NOEs noted on
2; (c) ORTEP diagram of 2 with 50% ellipsoids; in structures throughout yellow=Pd,
red=0, blue=N, grey=C, white=H, and green=halogen; (d) Portion of '"H NOESY spectrum
with diagnostic cross peaks; (e) Overlaid '"H NMR spectra of MPAA complex 2 with

acetate complex 4 offset by 0.1 ppm for clarity.
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DFT calculations'”® were conducted to gain further insight into the stability of the
dimeric structure of 2 (Figure 86B). Good agreement between the calculated and crystal
structures of 2 is observed; for example, the Pd-Pd distances in the two structures are
2.95 and 2.99 A, respectively (See Sl for full structural analysis). Moreover, the free
energy/enthalpy of dimerization (AGgime/AHdimer) fOor 2 (i.e. energy of the reaction 2(1)
—2) is calculated to be -21.6/-32.3 kcal/mol (Figure 86B). This finding shows that the
dimeric structure 2 is significantly more stable than that of two putative monomers (1).
Calculations also indicate that the x*-(N,0) coordination mode of NAc-Gly in 1 is less
stable than the x2-(0,0) binding mode (3) by 2.0 kcal/mol, suggesting that the proposed
k*-(N,0) coordination mode may not be the most stable monomer complex. We also
located a p-(N,0O) dimer structure with dmba and NAc-Gly, 2-u-(N,O), that is higher in
energy than 2 by 16.0 kcal/mol. These results show, for the first time, that widely used
MPAA ligands can stabilize dimeric, u-(O, O) carboxylate-bridged Pd(Il)MPAA complexes

directly analogous to widely-studied acetate-bridged palladacycles.'””'82

Synthesis of MPAA Complexes by C-H Activation

To determine if 2 could also be prepared via cyclopalladation of dmba in the
presence of MPAA, an equimolar mixture of palladium acetate, dmba, and NAc-Gly was
stirred at room temperature in methanol. Analysis of the crude reaction mixture revealed
2 as the major product despite the presence of a 2:1 excess of acetate:MPAA, indicating
selective coordination of MPAA over acetate. Complete conversion of dmba was
observed overnight, and a 57% isolated yield of 2 was obtained after crystallization.

These conditions were used to prepare MPAA-bridged complexes 6a-d (NAc-Gly, NAc-

122



Ala, NAc-Leu, NAc-lle) from trifluoromethyl dmba derivative 5a (FsC-dmba) in 62-91%

yield by '°F NMR (Figure 87).

Me2
F.C
CF4 Pd(OAC), RCOH 3 @"L\P 4—0
MeOH, 20 °C, 14 hrs SO\_R
NM82 > A R
-2 AcOH Me Oy
H 62-91% F3C N// Pd—O
ba |
Me
6a 81% 6b 91% 6¢ 62% Et  6d69%
COH Me. _CO.H CO.H CO,H
R = 2 2 2 )Y 2
f YUY
NHAC NHAC NHAC NHAc

Figure 87. Synthesis and °F NMR yields of carboxylate bridged dmba dimers 6a-d.
DFT calculations performed for 6a-d and their acetate-bridged analogue, 9, are
consistent with these experimental findings. In all cases, the formation of carboxylate-
bridged dimers, [(dmba)Pd(MPAA)], from separated monomers is calculated to be highly
exergonic: AGgimer/AHgimer = -18.5/-35.9, -18.5/-36.7, -21.0/-39.0 -21.5/-39.6 and -17.3/-
33.1 kcal/mol for 6a, 6b, 6¢c, 6d and 9, respectively. These computational data
demonstrate that all studied MPAAs form more stable dimeric complexes than their
acetate analogs. Furthermore, the stability of [(dmba)Pd(MPAA)], relative to the
corresponding monomers increases with increasing size of the MPAA ligand side chain
(i.e., 6¢/6d>6a/6b). Similar to our previous findings for acetate-bridged Pd(ll) complexes,
however, it is expected that the stability of MPAA-bridged complexes will depend on the

nature of substrate directing group, MPAA, and environment (solvent, additives, etc).183
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Characterization of Dimeric Pd(I)MPAA Complexes

Single crystal X-ray diffraction studies of 6a-c confirms that each of these
complexes exists as a carboxylate-bridged dimer in the solid state. However, detailed
mechanistic studies are not possible without an understanding of structure in solution:
though solid state structures can provide insight, solution structures and aggregation

states must be determined independently'®*%

. Pulse gradient spin-echo (PGSE)
experiments were conducted to assess the nuclearity of the MPAA complexes in
solution.'®'® The molecular volume of the monomeric acac complex 7 was
benchmarked at 1.0 and the dimeric acetate and chloride bridged complexes (8 and 9)
gave molecular volumes of 1.9 and 2.4 relative to 7, indicating the ability of PGSE
experiments to differentiate monomeric from dimeric Pd(dmba) complexes (Figure 88).
Under the same conditions, the MPAA complexes 6a-d all gave relative molecular radii

greater than the dimeric control complexes (3.9-4.8) consistent with dimeric MPAA

complexes in solution.
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Figure 88 Relative molecular volumes approximated from diffusion coefficients obtained
by pulse gradient spin-echo NMR.

The dimeric nature of complexes 6a-d in solution is further supported by their 'H
NMR and NOESY spectra, which display the same diagnostic features as the acetate
bridged complexes 4 and 9 (Figure 86E and Figure 88, respectively). Specifically, upfield
shifts due to magnetic anisotropy and NOE cross peaks with upfield-shifted resonances

were observed.

non-superimposable mirror images
~—

Cc Pd—0 ¢ c .\\N
o\/

O /<Nll . \\C
CC\Pd——O

o’ \o

Figure 89 Chirality of bridged palladacycles
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A noteworthy feature of carboxylate bridged palladacycles is the chirality of the
stacked square planar coordination spheres (Figure 89). As expected for an achiral
ligand, all of the NAc-Gly complexes crystallize as racemic mixtures with both
enantiomers present in the unit cell. When an additional stereogenic unit is introduced to
the MPAA (6b-d), the chirality of the complex gives rise to two diastereomers, which are
present in an approximately equal ratio for 6b-d and are differentiable by NMR as
illustrated inFigure 90. It is interesting to note that, despite a nearly 10 A separation of the
CF3 substituents and the stereogenic centers of the MPAA ligands, the extent of
diastereotopic differentiation of '°F NMR appears to be correlated with the size of the

MPAA side chain (Ad= 4.5, 15, and 26 Hz for R = Me (6b), i-Bu (6¢), and sec-Bu (6d).

H COzH MeYCOQH COQH COzH

[

6a NHAc 6b NHAc 6c NHAc 6d NHAc

15 Hz 26 Hz
45 Hz
I_I_l I_I_l | I |

N LA

Figure 90: "°F NMR of 6a-d show correlation between diastereotopic differentiation and
size of MPAA side chain.

Assessing Monomer Dimer Equilibrium

To address the possibility that other species (e.g., ¥*-(N,0) monomer) may be in
equilibrium with the observed MPAA-bridged dimers, a crossover experiment was
conducted which revealed rapid equilibration of homodimers to a statistical mixture of

hetero and homodimers (Figure 91, Figure 92, and Figure 93)."%? Rapid crossover at room
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temperature is consistent with a small equilibrium concentration of monomeric MPAA
complex capable of rapidly recombining with other free monomers in solution. This rapid
equilibrium was further assessed by '°F EXSY experiments which revealed AG*exchange =
19.2 keal/mol at 21 °C."®® The observed AG*exchange is greater than the calculated AGimer
of 6a (18.5 kcal/mol) and thus compatible with an exchange pathway proceeding through

high energy monomeric intermediates.
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Figure 91 Crossover experiment with MPAA bridged dimers 2 and 6a reveals rapid
exchange.
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Figure 92 "H NMR of HOMO dimers 6a and 2 compared to equilibrium mixture of homo
and heterodimers.
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Figure 93 "®F NMR of reaction progress of equilibration homo and heterodimers.

The rapid exchange of homodimers to equilibrium mixtures of homo and
heterodimers enabled analysis by the method of continuous variation (MCV) which has
proven especially powerful for characterizing the structure and aggregation state of
complex mixtures in solution and confirmed the dimeric nature of 2 and 6a in solution
(Figure 94)."®° Complexes 6a and 6b were further characterized by variable temperature
'H NMR (233-353K), variable concentration '’F NMR (3-39 mM), and variable
concentration UV-vis (0.02-0.5 mM) to shed light on the coordination mode of the putative
monomeric species involved in the equilibrium shown in Figure 91. Across this range of
conditions, there was no observable monomer or any other species in equilibrium with

the characterized dimeric (MPAA)Pd-complexes. Attempts to observe monomeric
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(MPAA)Pd-complexes by trapping with excess of amine substrate revealed no change in
the 'H and "°F spectra of 6a with up to 100 equivalents of 5a. Collectively, these results
as well as the DFT-calculated dimerization energies are consistent with the existence of
high energy monomer complexes in rapid equilibrium with the observed MPAA-bridged

dimer complexes.

—®— 63 mixed

o
00

o
o

o
I

relative concentration

o
N
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mole fraction 6a

Figure 94 Job plot characteristic of a statistical ensemble of dimers

Effect of MPAA on Rate of Cyclopalladation

As noted above, C-H activation of dmba with palladium acetate gives selective
formation of MPAA- over acetate-bridged di-palladium products, which have been

extensively characterized in stoichiometric studies and as catalytic intermediates.’””"'8?
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This selectivity could result from more favorable binding of MPAA relative to acetate or
faster cyclometallation by a PA/MPAA species relative to Pd(OAc).. Cyclopalladation of
CF3s-dmba to afford discrete MPAA complexes (6a-d) provides a unique model system to
study the impact of MPAA on cyclopalladation rates. Initial rates for the reaction shown in
Figure 95 were similar in the presence and absence of NAc-Ala and sodium acetate
(NaOAc). These results suggest that kinetic effects are not responsible for the selective
coordination of MPAA over acetate in compounds 6a-d. Previous studies have suggested
that observed rate enhancements in MPAA catalyzed C-H functionalization are the result
of MPAA ligands lowering the barrier to C-H cleavage. However, MPAA accelerated C-H
cleavage has not yet been directly confirmed in stoichiometric reactions, and in the

system studied here, a rate effect does not account for selective MPAA coordination.

M62
10 mM Pd(OAc F3C N
Onee PO
= NAc-Ala, + NaOAc \O\/R
NMe, > A
MeOH, 20 °C, 10 hrs Me /O,' R
H -2 AcOH FsC N/;Pd—O
5 . A |
a 75-85% Me

initial rate = 0.65 = 0.03 mmol/min. £ MPAA and/or base

Figure 95. MPAA and carboxylate bases showed no effect on the rate of cyclopalladation
of 5a

Pd(Il)-MPAA Binding Affinity

To determine whether thermodynamic factors are responsible for selective MPAA
coordination during the formation of 6a-d, carboxylate exchange reactions were
conducted using AcOH, NAc-Gly, NAc-Ala, and NAc-lle (Figure 96). In forward and

reverse reactions involving NAc-Gly, an equilibrium mixture containing approximately 5%
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acetate-bridged complex 9 was observed.'® In contrast, when 9 was equilibrated with
NAc-Ala and NAc-lle, the bulkier MPAA's drove the equilibrium to <1% complex 9. Poor
solubility of NAc-Gly and overlapping chemical shifts of NAc-Ala and NAc-lle complexes
precluded quantitative evaluation of the binding affinities of MPAAs and acetate.
Qualitatively however, our experiments show that NAc-Gly, NAc-Ala, and NAc-lle
selectively displace acetate and suggest that NAc-Ala and NAc-lle have a greater binding
affinity than NAc-Gly (see supporting information S1.8 for 'H and '°F NMR of MPAA/OAc
equilibrium mixtures). Thus, while these are structurally similar to acetate bridged dimers,
differential binding strength leads to selective coordination of MPAAs, which can carry

stereochemical information.

observed binding OAc << NAc-Gly < NAc-Ala, NAc-lle

N NHAc (—N< O
C e pd— —~ C=Pd—O NH

c—Pd—0O HO,C ~A\
\O%/Me 2 R O,,:\,—{\'R
Cg=Pd=0 - ACOH CN/Pd_OO NH

9 6
calculated energy of carboxylate exchange

OAc NAc-Gly NAc-Ala NAc-lle
AG= 0.0 -4.0 -7.5 -9.8
AH= 0.0 -6.5 -7.7 -11.0

Figure 96. Competitive carboxylate binding equilibria.

To better understand bridging carboxylate binding affinity, we extended our DFT
studies to examine ligand exchange equilibria (AG./AH,) between acetate and MPAA
ligands as defined by the equation: 9 + 2 MPAA — 6a/6b/6d + 2 AcOH (Scheme 4).'"
The ligand exchange equilibrium was found to favor coordination of the MPAA ligands in

the dimer complex, where AG/AH, = -4.0/-6.5, -7.5/-7.7 and -9.8/-11.0 kcal/mol for 6a,
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6b, and 6d, respectively. The thermodynamic preference for MPAA binding relative to
acetate is consistent with the results of a previous study on carboxylate-bridged
palladium(ll) dimers, in which we found that electron-withdrawing groups on bridging
carboxylates stabilize the dimer relative to separated monomers by increasing interaction
energy between the Pd-center and ligands (i.e. via the Pd-OCO bonding motif)."®® Thus,
both experimental and computational results suggest bridging carboxylate binding affinity

follows the trend acetate< NAc-Gly< NAc-Ala, NAc-lle.

Substrate Scope of C-H Activation

To assess whether substrates used in C-H functionalization reactions catalyzed by
Pd(Il)/MPAA mixtures can form dimeric complexes analogous to 6a-d, 1 mM methanol
solutions of Pd(OAc),, NAc-Ala, and substrate were analyzed by ESI-MS after 30 minutes
of mixing (Figure 97A)."%"19219 The substrate dmba (in 11) was studied to confirm that

reaction mixtures afforded similar mass spectra to the isolated complex 2. The substrates

157
(

2-pyridyl-diphenylmethane'’ (in 12) and dimethylamino-ferrocenyl-methane'¥*'% (in 13)

were also evaluated because both have been used in enantioselective Pd(Il)/MPAA

catalyzed C-H functionalization. Moreover, the former was the subject of

161 1
,

computationa synthetic,’®” and mass spectrometry'® experiments aimed at

understanding the impact of MPAA ligands on catalysis, and the latter was used in

stoichiometric enantioselective cyclopalladation reactions with MPAA additives.®* '’

Thus, while these substrates cannot, of course, represent the full scope Pd(Il)/MPAA
catalyzed C-H functionalization due to the sensitivity of these reactions to different

198

directing groups, " they are structurally similar to dmba, which we have studied in depth,
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161,164,194-197

and both have been used for stoichiometric model studies and

catalysis.157’192'193

As expected, the di-palladium ion 11 (with dmba substrate) was observed. While
ions consistent with monomeric cyclopalladated (MPAA)Pd-complexes were previously
reported for 2-pyridyl-diphenylmethane'®, we observe ions consistent with both

157,199

monomeric and dimeric Pd species (12) for this substrate and for dimethylamino-

ferrocenyl-methane%2193:200

(13) (Figure 97). The observed di-palladium ions are
analogous to those observed in the MS of isolated, characterized carboxylate-bridged
dimers 2, 4, 6a-d and 9. Moreover, di-palladium ions 11-13 had a higher intensity than
those corresponding MPAA to monomeric complexes. For all three substrates, the

palladium-containing ion with the greatest intensity is the cyclopalladated substrate with

no ancillary ligands (or a fragment thereof).
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Figure 97 (a) Reaction conditions to generate MPAA complexes for analysis by ESI-MS;
(b) lons for di-palladium MPAA complexes (- 1 MPAA) (c) Observed isotope patterns for
ions 11-13 (black) and overlaid theoretical isotope patterns (green) from ESI-MS analysis
of reactions in (a).?"’

Given the observation of ions consistent with di-palladium substrate complexes by
MS, we sought to determine whether di-palladium complexes are also present in the
absence of substrate.?> While a previous report'® noted the monomeric species
Pd(MPAA)* under such conditions, we found that 2 mM acetonitrile solutions of Pd(OAc).
and MPAA (NAc-Gly, NAc-Ala, and NAc-Leu) contain an ion corresponding to the dimeric
complex Pdx(MPAA)," in addition to Pd(MPAA)" in ratios dependent on fragmentor
voltage. These results suggest that MPAA-bridged di-palladium species can form both in

the absence and presence of multiple substrates used in enantioselective C-H
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functionalization under conditions similar to those used in the preparation of dimeric
MPAA-bridged palladacycles 6a-d.
We have also calculated the AGgimer/AHaimer Values for cyclopalladated carboxylate

° and 2-benzylpyridine®*®

bridged Pd/MPAA species with 2-pyridyl-diphenylmethane'®
substrates, as well as with acetonitrile (i.e., no substrate). In all cases, we find that the
dimer is favored over the separated two. As in our previous study, these calculations show
that the nature of substrate can have a large impact on the thermodynamic stability of
dimeric complexes.'®® For example, calculations show that the additional phenyl
substituent of 2-(diphenylmethyl)pyridine stabilizes the corresponding cyclopalladated
dimer complex relative to that derived from 2-benzylpyridine. The presented calculations

are consistent with the experimental data showing that MPAA-bridged dimeric complexes

can form with a wide range of substrates relevant for C-H functionalization.

Reactivity of MPAA Complexes Toward Electrophiles

The facile formation of dimeric Pd(Il)MPAA complexes 2 and 6a-d, along with the
observation by MS and the calculated energies of analogous complexes with substrates
used in catalysis, suggests that MPAA-bridged complexes could form under conditions
relevant to catalytic C-H functionalization. The reactivity of 2 and 6b toward electrophiles
used in MPAA-facilitated C-H functionalization was therefore assessed. Both complexes

205

underwent reaction with Michael acceptors,'**?** hypervalent iodine oxidants,?®> and

elemental halogens'®??% to give C-C and C-X (X= Cl, Br, 1) bond formation as illustrated

in Figure 98.2%
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Figure 98. Representative reactions of cyclopalladated MPAA complexes with
electrophiles.

To determine whether 6b reacts with electrophiles as a dimer or perhaps via a
monomeric intermediate, a kinetic analysis of the reaction of 6b with |, was performed as
an example— though 6b may react differently with other electrophiles (Figure 99). An
early control revealed that catalytic amounts of exogenous iodide (tetrabutylammonium
iodide, BusNI) led to substantial changes in the reaction profile and rate of iodination of
6b (Figure 99B). To minimize interference from iodide generated over the course of the
reaction, kinetics were analyzed by initial rates. The initial rate of iodination of 6b is
proportional to the initial concentration of 6b (first order) indicating reaction of 6b as a
dimer, rather than a high energy monomeric intermediate (Figure 99C). Initial control
experiments revealed that iodination of 6b in the presence of increasing, catalytic

amounts of exogenous iodide (0.033-0.53 equiv, BusNI) exhibits saturation behavior
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(Figure 99D). Thus, to avoid interference from iodide generated over the course of the
iodination reaction, the order with respect to iodine was determined in the presence of a
saturating concentration of BusNI (53 mol%). Under these conditions, initial rate analysis
indicated that the reaction was first order in iodine from 3-39 mM (Figure 99E). These
results are consistent with a reaction of iodine with the dimer 6b in the rate limiting
transition structure, rather than reaction at a monomeric intermediate. Additional data and
discussion of iodination in the absence of exogenous iodide are presented in the

supporting information.
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Figure 99 (a) lodination of cyclopalladated MPAA complex 6b; (b) Overlaid reaction
profiles of iodination of 6b in the presence and absence of BusNI with an exponential fit
in the presence of BusNI and a linear fit for zero order portion in the absence of BusNI; (c)
Plot of initial rate of iodination of 6b versus initial concentration 6b (d) Plot of initial rate
of iodination of 6b versus equivalents of exogenous iodide; (e) Plot of initial rate of
iodination of 6b versus initial concentration of I, showing first order kinetics in I> under
saturating BusNI conditions.

139



Observation of C-H Activation from MPAA Palladacycles

While studying the reactivity of Pd(ll)/MPAA complexes toward electrophiles, we
found that cyclopalladated substrates with a C-H bond ortho to the directing group can
undergo subsequent C-H activation chemistry. This reactivity affords a unique opportunity
to study C-H activation in MPAA complexes with well-defined, di-palladium reactants and
products. For example, combining 2 and iodobenzene dichloride led to the formation of
chlorinated Pd(lII)MPAA complexes 15a and 15b (Figure 100). This constitutes the first
report of an MPAA-ligated palladacycle reacting to give discrete Pd(lII)MPAA products.

Further investigation into the reaction of 2 with iodobenzene dichloride revealed
the presence of chloride bridged dimers 16a, and 16b, which could result from
carboxylate/chloride metathesis between 15a-b and HCI generated in-situ (Figure 100).
The MPAA- and chloride-bridged di-palladium products crystallized as needles and
blocks, respectively, and could be separated manually. The mono-and di-chlorinated
dimers co-crystallized, however, leading to partial occupancy of the chlorinated positions
in the structures shown in Figure 5c and 5d. Treating 2 with excess iodobenzene
dichloride led to chlorination and C-H activation of both dmba ligands and complete
metathesis with chloride to give 75% 16b and 22% 16a, which reacted further with excess
oxidant to give partial conversion to dichlorinated dmba 17 (Figure 100B and E). The
dichlorinated compound (17) was protonated by HCI generated in situ and co-crystallized

as a chloro-palladate salt (Figure 100E).
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Figure 100. (a) Sequential chlorination and C-H activation of 2; (b) chlorination of 2 with
excess iodobenzene dichloride; (c) ORTEP of co-crystallized C-H activation products 15a
and15b: chlorines are disordered over both positions in dimer and were refined at 50%
chemical occupancy; (d) ORTEP of co-crystallized C-H activation products 16a and 16b:
chlorines are disordered over both positions in dimer and were refined at 20% chemical
occupancy; (e) ORTEP of product of dmba dichlorination (17) co-crystallized with chloro-
palladate.
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The observation of stoichiometric C-H cleavage and Pd-C functionalization starting
from dimeric MPAA-bridged Pd(ll) complexes raises the possibility that both C-H
activation and C-H functionalization could proceed via dimeric complexes. We envisioned
that DFT calculations could provide further insight into potential reaction mechanisms, the
nuclearity of potential intermediates (Pd(I)MPAA dimer or monomer), and factors
controlling cyclopalladation and Pd-C bond functionalization for the FsC-dmba model

complexes examined.

Computational Analysis of Cyclopalladation of Dimeric and Monomeric Pd(Ih/MPAA

Complexes.

Several computational studies have established cyclopalladation pathways for
monomeric Pd(I)MPAA complexes'*®'®® and we previously studied the effect of acetate-
bridged dimeric Pd(ll) complexes on cyclopalladation,'®® but a similar study on dimeric
MPAA-bridged Pd(ll) complexes has not yet been reported. Here, we investigate the
mechanisms of cyclopalladation of [Pd(11)(x-N-FsC-dmba)(x-OAc)(u-NAc-Gly)]. (18-D)*°®
and its monomer (21-M) complex (where -D and -M signify dimeric and monomeric
species, respectively). The free energy surface for cyclopalladation of the lowest energy
(FsC-dmba)Pd(Il)/NAc-Gly dimer and monomer systems are shown inFigure 101. Prior to
C-H activation, the monomer-dimer equilibrium for the (FsC-dmba)Pd(I1)/NAc-Gly system
(i.e., 2 (21-M) — 18-D) is AGgimer/AHdimer = -3.3/-13.5 kcal/mol, which is much smaller than
that calculated for the cyclopalladated products 6a-d. This is attributed to the strong
hydrogen bonding interaction between NAc-Gly and OAc in 21-M. As shown in Figure 6,

the overall free energy barrier (relative to 18-D) for the dimer pathway (AGY/AH* =
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23.2/20.3 kcal/mol) is significantly lower than that for the monomer pathway (AG*/AH* =
41.7/52.1 kcal/mol). In addition, the dimer pathway has the larger driving force (again
relative to the lowest reactant, 18-D) of AG/AH = -15.6/-15.5 kcal/mol compared to the
monomer pathway, which is unfavorable by AG/AH = 7.2/23.9 kcal/mol.

In both pathways, the C-H activation transition state requires an open coordination
site on Pd to form the new Pd-C bond. Dissociation of one of the bridging MPAA ligands
from 18-D, which is thermodynamically unfavorable by AG/AH = 20.3/18.7 kcal/mol, leads
to formation of an intermediate (19-D) that undergoes C-H activation with a small intrinsic
barrier of 2.9 kcal/mol (TS1-D).?® Therefore, for the dimer pathway, cyclopalladation
occurs via two sequential concerted-metallation-deprotonation (CMD) steps (at the
transition states TS1-D and TS2-D) with AG¥/AH* = 23.2/20.3 and 19.0/18.3 kcal/mol
energy barriers, respectively. Thus, the first cyclopalladation facilitates the second step
of the reaction. On the other hand, formation of 22-M on the monomer pathway is
unfavorable by AG/AH = 25.2/38.7 kcal/mol and the intrinsic barrier for C-H activation is
16.5 kcal/mol. These results show that the dimer stabilizes the C-H activation reactant
and transition state relative to the monomer. It is unlikely that only one factor is
responsible for such a large difference in the dimer and monomer barriers (AAG* = 13.6
kcal/mol). Instead, we attribute the acceleration in the dimer to several additive or
cooperative effects including decreased trans effect from the bridging carboxylate to the
formed Pd-C bond, intramolecular hydrogen bonding, as well as Pd-Pd and dispersive

interactions between the monomer fragments.
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In summary, cyclopalladation of the (F3C-dmba)Pd(Il)/MPAA dimer is calculated to
be kinetically and thermodynamically favored over the monomer, indicating that the
calculations generally support C-H cleavage/cyclopalladation via the dimer pathway.
Notably, previous DFT studies of MPAA promoted C-H cleavage have evaluated energies
of monomeric transitions states relative to monomeric MPAA reactants without
commenting on possible dimeric pathways to C-H cleavage.'*®'®® When the full potential
energy surface is analyzed, as in Figure 101, it is apparent that assessing only the intrinsic
barrier to C-H cleavage (i.e., 22-M — TS-M, where AG*=16.5 kcal/mol) neglects the fact
the reactant in this step (22-M) is higher in energy than any of the intermediates or
transition states on the dimer pathway. This illustrates the importance of assessing the
energies of transformations involving monomeric and dimeric pathways relative to a
common energetic reference when evaluating possible mechanisms for MPAA induced

rate acceleration in C-H functionalization.
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Figure 101. Energy surfaces (AG/AH) for mononuclear and dinuclear C-H cleavage:
carboxylate oxygens of NAc-Gly shown in red relevant acetate for CMD highlighted in
green, and all complexes except 6a truncated for clarity, see above 6a for key.
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Computational Analysis of Pd-C Bond lodination in Cyclopalladated MPAA Dimer and

Monomer Complexes.

We previously reported that C-H iodination catalyzed by Pd(Il) systems proceeds
via a redox-neutral electrophilic cleavage (EC) mechanism as opposed to a Pd(ll)/Pd(IV)
oxidative addition and reductive elimination sequence.210 As illustrated in Figure 102, the
EC pathway is initiated by coordination of I, to the Pd(ll) center as a Z-type ligand.?"" In
the transition state, C-I bond formation and I-1 bond cleavage occur in a concerted fashion
without formal oxidation of the Pd(ll). We also examined the effect of the nuclearity of the
reactive Pd(ll) species on the EC barrier and found that the reaction is faster with the
acetate-bridged dimer than with the corresponding monomer.?’® The experimental
observation of iodide dependent rate enhancements during the iodination of the MPAA-
bridged dimer 6b (vide supra) led us to investigate the effect of iodide on the reaction of
6a with I through the EC pathway. We hypothesized that coordination of iodide trans to
the reactive, Z-type |> would activate the I-1 bond and create a more nucleophilic palladate

leading to acceleration of the electrophilic iodination process. '8%2'?
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Figure 102. (a) General reaction pathway for the redox-neutral electrophilic cleavage (EC)
mechanism for C-I bond formation; (b) Results from DFT calculations showing how iodide
generated during the reaction accelerates EC with 6a and I,

Indeed, the free energy barrier (AG *gc) for iodination with iodide is calculated to

be slightly lower than the corresponding barrier without iodide (20.7 and 21.8 kcal/mol,
respectively). Careful examination of the geometric features of the reactants and
transition states show in Figure 102 provides some insight into how iodide may accelerate
the EC pathway: 1) The I-1 bond is slightly elongated in the presence of iodide (3.13 and
3.10 A with and without iodide, respectively) indicating that I, is more activated,?'® and 2)
In the transition state, the Pd-Pd distance decreases in the presence of iodide (2.99 and
3.09 A with and without iodide, respectively) indicating that the iodide facilitates
participation of the second Pd center in the transition state. ''%?'*#'* From these
computational results and the experiments presented above, it is reasonable to conclude

MPAA-bridged Pd(ll) complexes react with I, as dimeric complexes (not monomeric
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intermediates); furthermore, exogenous iodide accelerates iodination and may do so by

the formation of more nucleophilic iodopalladate.

MPAA Complexes as Pre-catalysts

Based on our extensive characterization of stoichiometric C-H activation and Pd-

C functionalization involving the dimeric, MPAA-bridged Pd(ll) complexes outlined above,
we sought to determine whether these complexes are also viable precatalysts for catalytic
C-H functionalization reactions. Indeed, alkenylation of dmba was catalyzed with the
same rate whether 2 or Pd(ll)/NAc-Gly was used as the precatalyst (Figure 103).
However, similar to the stoichiometric C-H activations discussed above—in which
selective MPAA coordination modified the complex's secondary coordination sphere, but
did not afford rate enhancements—MPAA additives also did not accelerate catalytic C-H
functionalization relative to palladium(ll) acetate. These experiments thus confirm that
MPAA bridged Pd dimer complexes can generate catalysts active for C-H
functionalization, but they do not shed light the nuclearity or coordination mode of the
active catalyst.

10 % Pd(OAc), + MPAA or 5% 2

1 eq. Cu(OAc),, 20% TBACI

H i CF(3CH2)éH, HFIP ; 4/ CO2"Bu
200 mM 80 °C, 60 hrs 90-97%

Figure 103. Pre-catalyst 2 catalyzes olefination of dmba at the same rate as mixtures of
Pd(OAc). / NAc-Gly.

On the other hand, examining the catalytic competence of isolated, structurally
characterized Pd(I)MPAA complexes provides a concrete starting point for determining

the nuclearity and coordination mode of intermediates in catalytic C-H functionalization
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reactions. Given the range of substrates and conditions used in reactions catalyzed by
Pd(Il)/MPAA mixtures and the potential impact of these differences on the coordination
chemistry of complexes involved in catalysis, a detailed understanding of different
coordination modes, such as those reported in this work, is essential. Importantly,
however, characterizing the structure and reactivity of Pd(I)MPAA complexes with
substrates relevant to catalysis is only a prerequisite to the loftier goal of understanding
the molecular origins the rate acceleration and enantioselectivity afforded by MPAA
ligands. The initial experiments summarized above using model complex 2 do not
specifically implicate dimeric MPAA complexes in catalysis. On the other hand, further
kinetic analysis of catalytic C-H functionalization reactions, informed by the structural

characterization herein, provides a means to probe this possibility.

Summary and Conclusion

Since the discovery that MPAA ligands can accelerate and confer
enantioselectivity to C-H functionalization reactions, experimental and computational
studies have been conducted to understand the molecular origins of these ligand effects.
Prior to our work, the structure and reactivity of discrete Pd(Il)MPAA complexes remained
poorly characterized. The extensive synthetic, spectroscopic, and computational studies
reported herein reveal—for first time —an unprecedented class of dimeric MPAA-bridged
palladacycles that are analogous to catalytically relevant acetate bridged dimers and that
form selectively from mixtures of Pd(ll), MPAA, and dmba derivatives. While our work

focused on dmba model complexes, MS and computational analysis of analogous
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complexes generated from substrates used in catalysis suggests that dimeric, MPAA-
bridged palladacycles could be relevant beyond dmba substrates.

Our combined experimental and computational results show that structural
features of putative Pd(I)MPAA complexes inferred from catalytic outcomes, including
selective MPAA coordination and relay of stereochemistry, are observed in dmba model
complexes. This finding indicates that such features do not, by themselves, necessitate
K?-(N,0) MPAA coordination to Pd(ll) during catalysis. Selective formation of dimeric,
MPAA-bridged complexes from MPAA/acetate mixtures results from greater MPAA
binding affinity to Pd(ll) relative to acetate. Diastereotopicity in bound dmba ligands
results from relay of stereochemistry from distal MPAA side chains, but further
experiments using substrates with prochiral C-H bonds will be required to determine if
this phenomenon is relevant to enantioselective catalysis.

In addition to these observations, C-H activation of dmba in dimeric, MPAA-bridged
complexes is calculated to be kinetically and thermodynamically favored over a
monomeric pathway. Coordination of MPAA to Pd(ll) in a « 2-(N,O) fashion is also not
predicted to provide access to lower barrier pathways to C-H cleavage in dmba,
consistent with our experimental observation that MPAA does not influence the rate of
dmba cyclopalladation. On the other hand, calculations indicate that the relative stability
of different Pd(II)MPAA dimer complexes is substrate and ligand specific, such that
different complexes and reaction pathways could dominate for different reactions or under

different conditions.
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Despite their stability with respect to carboxylate exchange and calculated
monomer-dimer equilibrium, the dmba model complexes studied undergo both Pd-C
functionalization and subsequent C-H cleavage reactions relevant to C-H
functionalization chemistry. A detailed kinetic analysis of stoichiometric iodination
revealed that MPAA-bridged palladacycles react as dimers rather than as putative
monomeric intermediates. This analysis is consistent with previous calculations showing
a lower barrier to iodination at a dimeric palladacycle than the corresponding monomeric
complex.?'®

In addition to their stoichiometric reactivity, dimeric MPAA-bridged palladacycles
are competent precatalysts in palladium catalyzed C-H functionalization. Thus, the
structure and reactivity of the complexes reported herein provide a starting point for
understanding the role of MPAA ligands in catalysis. For example, MPAA bridged
palladacycles project hydrogen bond donors and acceptors into the secondary
coordination sphere of the Pd centers and create the potential for cooperative metal-metal

interactions. Given reports®'®21>218

of these features in catalytic mechanisms, these
structural studies open the possibility of a range of additional mechanisms by which
MPAA ligands might impact C-H functionalization. Alternatively, MPAA complexes could
serve as stable, off-cycle catalyst reservoirs. Ongoing studies by our groups will focus on
delineating possible roles of MPAA-bridged palladacycles in C-H functionalization

catalysis. These fundamental studies will, in turn, provide a framework for designing

improved ligands and discrete catalysts for more advanced applications.
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Experimental

All commercially available reagents were used as received unless otherwise noted.
Mono-protected amino acids were purchased from Chem-Impex. Thallium
acetylacetonate (acac) was purchased from Strem. Palladium(ll) acetate was purchased
from Pressure Chemical. 2-(trifluoromethyl)pheny acetic acid was purchased from TCI.
2-(trifluoromethyl)benzyl bromide was purchased from Matrix Scientific. N,N-
dimethylbenzylamine was purchased from Acros. 1,4-bis(trifluoromethyl)benzene were
purchased from Alfa-Aesar. lodobenzene dichloride was prepared by a reported
procedure.?'®

All preparative reactions were conducted under air with solvents stored in air except
where noted. In instances where anhydrous solvents were used, they were obtained from
an Inert solvent purification system (1 hour sparge with nitrogen followed by passage over
two columns of activated alumina). CD,Cl, and CDCIs were dried by stirring over CaH
under nitrogen overnight followed by vacuum transfer into a Teflon sealed container and
three cycles of freeze pump thaw. NMR tube reactions were set up in an inert atmosphere
glovebox under circulating nitrogen either in a J. Young tube or an NMR tube with a rubber
septum.

NMR spectra were acquired on a Bruker DRX-500 MHz spectrometer at ambient
temperature unless otherwise specified. Chemical shifts are reported in ppm and coupling
constants are reported in Hz. MPAA complexes with chiral MPAA's exist as nearly equal
mixture of diastereomers in solution. Each of these mixtures had several baseline

separated 'H and *C resonances which enabled assignment of the connectivity of the
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MPAA and substrate fragments; however, the absolute stereochemistry each of the
diastereomers could not be assigned by NMR. As such, each 'H and '*C signal is
annotated by its connectivity rather than absolute stereochemistry in the spectra and
chemical shifts listed below and more upfield of the two diastereomeric resonances is
labeled with an apostrophe in the naming scheme below. Moreover, each annotated
spectra is accompanied by a chemdraw representation of one of the two diastereomers
for simplicity.

All NMR tube kinetics reactions were set up in dried degassed solvents in an inert
atmosphere glovebox with stock solutions prepared in volumetric flasks and dispensed
with gas tight syringes. In order to obtain kinetic data as near to the start of the reaction
as possible, samples were prepared without palladium inside the glovebox, one sample
was removed from the glovebox with a gas tight syringe containing the appropriate
volume of the palladium stock solution. The sample was brought to the NMR
spectrometer, locked, shimmed, ejected from the spectrometer, injected with the
palladium stock solution through a rubber septum, shaken vigorously, lowered into the
spectrometer, and data acquisition began as soon as a stable lock signal was obtained

(typically less than 40 seconds after injection).
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Synthesis of [Pd(dmba)(OAc)]. (4)

©\/\NMe2 Pd(OAc), 0\ _Me
H 20 °C, 14 hrs Me Oy M€

50 mM CH,Cl,

Figure 104: Synthesis of [Pd(dmba)(OAc)]. (4)

4 [Pd(dmba)(OAc)]. was prepared by a reported procedure®® to give yellow crystals
which matched the reported 'H NMR of 4 [Pd(dmba)(OACc)]..
Jones, T. C.; Nielson, A. J.; Rickard, C. E. Australian Journal of Chemistry 1984, 37,2179.

Synthesis of [Pd(dmba)(Cl)]. (S1)

Me2
N
MeOH, 20 °C /C|\Pd\©/
NMe ’ A~
©? 2 LipPdCl, . P
H |\/|62

S1
Figure 105: Synthesis of [Pd(dmba)(Cl)]. (S1)
S1 [Pd(dmba)(Cl)]> was prepared by a reported procedure®"??? to give a yellow powder
which matched the 'H NMR of S1 [Pd(dmba)(Cl)].
Cope, A. C.; Friedrich, E. C. J. Am. Chem. Soc. 1968, 90 (4), 909.
Pfeffer, M. Inorganic Syntheses 1989, 26, 211.

Synthesis of Pd(dmba)(acac) (S2)

|\/|62
N Tl(acac) e =
Cl—pq— _ PdZ-
(D _py =PI . Z=pdo
N CH2C|2, 20 °C M62
M62 S2

S1
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Figure 106: Synthesis of Pd(dmba)(acac) (S2)

S2 Pd(dmba)(acac) was prepared by a reported procedure'’ to give a yellow powder
which matched the '"H NMR of S2 Pd(dmba)(acac).

Diaz-de-Villegas. Journal of Organometallic Chemistry 1995, 490, 35.

Synthesis of [Pd(dmba)(NAc-Gly)]. (2) from S1

observed previously reported
Me
O 2 o:( o)
H N >__
N —Pd—0  N-H Me
o HO)K/ \[( \O\J @//_Pd/\‘[\loxo
E2—pqy< 0 3 N "
N~ O Me O e
Me, reflux, 30 min, MeOH N~ FPd—0  N-H
| 0]
S2 Me \K/
2, 71% 1

Figure 107: Synthesis of [Pd(dmba)(NAc-Gly)]» (2) from S1

Complex 2 was prepared by a known procedure,’’? in which the products were assigned
as the monomeric complex 1. When the procedure was repeated, a complex with 'H and
3C NMR spectra matching those reported in the literature was obtained, but extensive
characterization revealed that the structure in solution is 2. Single crystals of complex 2
were obtained vapor diffusion of diethyl ether in to a concentrated of 2 in CH,Cl, at 4 °C.

Diaz-de-Villegas. Journal of Organometallic Chemistry 1995, 490, 35.
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Synthesis of 2 by C-H activation

H
)J\/N Me
HO g 2 o
N\
O @‘Pd’\‘o N-H
(j\/\NMeg PdOAc), Oy
_ o g ¢
20 °C, 14 hrs Me O,
; 7ZPd=0 Ny
Me

2, 57%

Figure 108: Synthesis of 2 by C-H activation

A 20 mL scintillation vial was charged with NAc-Gly (0.65 mmol, 76.1 mg, 1 equiv.), a stir
bar, and 10 mL of methanol. The solution was stirred until the MPAA dissolved
completely. To the MPAA solution was added solid Pd(OAc). (0.65 mmol, 150 mg, 1
equiv.) and a solution of dmba (90 mg, 0.65 mmol, 1 equiv.) in 3 mL MeOH. The orange
suspension gradually turned to a yellow solution and developed the smell of acetic acid.
The solution was stirred for 14 hours at room temperature after which a 200 pL aliquot
was concentrated in vacuo and to analyzed by 'H NMR which revealed complete
consumption of starting material and a 3:1 mixture of the desired product and a mixed
MPAA/acetate complex. The remaining methanol solution was concentrated in vacuo and
suspended in 3 mL toluene to azeotropically remove residual acetic acid in vacuo. The
yellow solids were washed on a medium frit with 3x3mL diethyl ether to remove any
remaining free acetic acid. The yellow solids were washed through the frit with 5x2 mL
CHCI, to remove any NAc-Gly. The CH2Cl, solution was concentrated to 5mL, layered
with 10 mL of diethyl ether, and stored over night at 4 °C. Decanting the supernatant

afforded yellow solids that were not pure, but enriched in 2 by '"H NMR. The enriched

155



yellow solids were washed over a 1 cm pad of celite in a Pasteur pipette with 5x1 mL
CHCly, layered with 10 mL diethyl ether, and stored over night at 4 °C. The supernatant
was decanted to afford 55.4 mg (23% yield) of pure 2 which matched the reported 'H and
3C NMR. The supernatant was concentrated by slow evaporation and layered with diethy!
ether to afford an additional 77.1 mg of pure material to give a total of 132.5 mg (57%

yield).
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Synthesis of [Pd(CFs;-dmba)(OAc)]2 (9)

FiCo N2
CF3 3 N\
QS——Pd—\‘g\/
NMe, Pd(OAc), | Me
H 20°C, 14 hrs Mg O/ Me
’ FsC N/;Pd—o
50 mM MeOH .
Sa 66% Me

9

Figure 109: Synthesis of [Pd(CFs-dmba)(OAc)]2 (9)

Pd(OAc). (112 mg, 0.5 mmol, 1 equiv.) was weighed into a 20 mL scintillation vial,
dissolved in 10 mL CHxCl,, and treated with CF3-dmba (5a) (101 mg, 92 pL, 0.5 mmol, 1
equiv.) at 20 °C. After 14 hours, the solvent was removed under reduced pressure, and
the solids filtered over a pad of celite with diethyl ether 3x3mL, which was allowed to
evaporate to ca. 1 mL under ambient conditions and layered with 5 mL pentane. After 14
h at 4 °C, the supernatant was decanted to afford 112 mg (66 % yield) of yellow crystals
of [Pd(CFs-dmba)(OAc)]» (9). '"H NMR (500 MHz, CDCl,) 5 2.06 (s, 6 H, NMe toward =
face), 2.07 (s, 6 H, OAc-CHs), 2.78 (s, 6 H, NMe away from & face), 3.48 (m, 4 H, benzylic
CHy), 7.08 (t, J=7.70 Hz, 2 H, meta to Pd), 7.28 (d, J=7.60 Hz, 2 H, ortho to Pd), 7.34 (d,
J=7.65 Hz, 2 H, para to Pd). '*C NMR (126 MHz, CD,Cl,) & 24.25 (s, OAc-CH3), 51.12
(s, NMe toward r face), 52.55 (s, NMe away from « face), 70.11 (s, benzylic CH,), 121.47
(m, CH para to Pd), 124.01 (q, J=273.36 Hz, CF3), 124.08 (g, J=32.59 Hz, ipso to CFj),
124.72 (s, CH meta to Pd), 135.83 (s, CH ortho to Pd), 143.73 (s, aromatic quaternary),
146.59 (s, aromatic quaternary), 180.88 (s, OAc-CO5). '°F NMR (470 MHz, CD,Cl,) 5 -

61.917
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Synthesis of [Pd(CFs;-dmba)(NAc-Gly)]. (6a)

N._ O=(
CFs Pd(OAG), S Pd=Q NH

o\ /
Y7 NMe, NAc-Gly »
| > Me /O/
Z>H 20 °C, 14 hrs F4C PE—0  N-H

0
50 mM MeOH :
5a 19% Me {

6a

Figure 110: Synthesis of [Pd(CFz-dmba)(NAc-Gly)]» (6a)

A 20 mL scintillation vial was charged with NAc-Gly (0.65 mmol, 76.1 mg, 1 equiv.), a stir
bar, and 10 mL of methanol. The solution was stirred until the MPAA dissolved
completely. To the MPAA solution was added solid Pd(OAc). (0.65 mmol, 150 mg, 1
equiv.) and a solution of CFz-dmba (132 mg, 0.65 mmol, 1 equiv.) in 3 mL MeOH. The
orange suspension gradually turned to a yellow solution and developed the smell of acetic
acid. The solution was stirred for 14 hours at room temperature after which a 200 pL
aliquot was concentrated in vacuo and to analyzed by '°F NMR which revealed complete
consumption of starting material and 81% conversion to the desired product 6a and 19%
of mixed MPAA/ acetate complex 10. Methanol was removed under a stream of nitrogen.
The yellow solids were suspended in diethyl ether and transferred to a medium porosity
frit where they were washed with 3x3mL diethyl ether to remove any free acetic acid. The
yellow solids were washed through the frit with 5x2 mL 50:50 PhMe:CH.CI, to remove
any NAc-Gly. The yellow PhMe:CHxClI, solution was layered with 5 mL diethyl ether, and
stored over night at -35 °C. Decanting the supernatant afforded 53 mg (19% yield) of pure

6a. Further crystallization of the precipitate resulted in material contaminated with 5-20%
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of the mixed acetate MPAA complex 10. Single crystals were grown from a concentrated
solution of 6a in CHxClI, layered with an equal volume of styrene oxide at -35 °C.

H NMR (500 MHz, CD,Cl,) & 2.06 (s, 6 H, NAc-CHs), 2.07 (s, 6 H, NMe toward r face),
2.80 (s, 6 H, NMe away from =« face), 3.51 (m, 4 H, benzylic CH's), 3.94 (dd, Jxw=5.40,
Jun=17.79 Hz, 2 H, NAc-Gly CH*HP), 4.05 (dd, Jnu=5.40, Jun=17.79 Hz, 2 H, NAc-Gly
CH"HP), 6.38 (t, Jxv=5.40, 2 H, NH), 7.10 (t, J=7.72 Hz, 2 H, CH meta to Pd), 7.22 (d,
J=7.15 Hz, 2 H, CH ortho to Pd), 7.37 (d, J=7.70 Hz, 2 H, para to Pd). *C NMR (126
MHz, CD.Cl;) 6 22.92 (s, NAc-CHs), 44.00 (s, Gly-CHy), 51.50 (s, NMe toward = face),
52.72 (s, NMe away from r face), 70.29 (s, benzylic CHy), 121.95 (m, CH para to Pd),
123.87 (q, J=273.39 Hz, CF3), 124.31 (q, J=31.57 Hz, ipso to CF3), 125.10 (s, CH meta
to Pd), 135.53 (s, CH ortho to Pd), 143.65 (s, C aromatic quaternary), 145.44 (s, C
aromatic quaternary), 169.77 (s, NAc-Gly C(O)N),178.97 (s, NAc-Gly CO). °F NMR (470
MHz, CD,Cl,) 5 -62.1103

Treating mixtures of 6a and 10 in acetone with with an excess of aqueous lithium chloride
generally afforded good conversion to the chloride bridged dimer 8.2

Hiraki, K.; Fuchita, Y.; Pfeffer, M. 6-Membered Cyclopalladated Complexes of 2-

benzylpyridine; Inorganic Syntheses, Vol 28, pp 208-211, 1989.
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Synthesis of [Pd(CFs;-dmba)(NAc-Ala)]. (6b)

FC N2 o=(
3 N
CF N _ ]
3 Pd(OAC), Pd\g\’i\‘\H
ST NMe, NAc-Ala  _ Me,/C@\\é
Z>H 20 °C, 14 hrs FsC N/;Pd—OO N-H
46 mM MeOH Me :<

Sa 82%
6b

Figure 111: Synthesis of [Pd(CFz-dmba)(NAc-Ala)]. (6b)

A 200 mL round bottom flask was charged with NAc-Ala (2.29 mmol, 300 mg, 1 equiv.),
a stir bar, and 40 mL of methanol. The solution was stirred until the MPAA dissolved
completely. To the MPAA solution was added solid Pd(OAc). (2.20 mmol, 514 mg, 1
equiv.) and a solution of CFz-dmba (2.29 mmol, 465 mg, 1 equiv.) in 10 mL MeOH. The
orange suspension gradually turned to a yellow solution and developed the smell of acetic
acid. The solution was stirred for 14 hours at room temperature after which a 200 pL
aliquot was concentrated in vacuo and to analyzed by '°F NMR which revealed complete
consumption of starting material and 91% conversion to the desired product 6b. Methanol
was removed under a stream of nitrogen. The yellow solid was filtered over a medium
porosity frit with 4x3 mL CH2Cl,. The yellow solution was allowed to slowly evaporate to
ca. 5 mL and crystallized by slow diffusion of diethyl ether (5 mL) at -35 °C to give 825
mg (82% yield) of 6b. Single crystals suitable for x-ray diffraction were grown by slow
evaporation of a 5 mM solution of 6b in acetonitrile under ambient conditions.

'H NMR (500 MHz, CD,Cl,) 5 1.33 (t, J=6.55 Hz, 6 H, Ala CHz + Ala CH3'), 2.00 (s, 3 H,

NAc CHz3'), 2.04 (s, 3 H, NAc CHs), 2.05 (s, 3 H, NMe upfield"), 2.07 (s,1 3 H, NMe upfield),
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2.81 (s, 3 H, NMe downfield’), 2.81 (s, 3 H, NMe downfield), 3.53 (m, 4 H, benzylic CH-
+ benzylic CH>'), 4.39 (m, 1 H, Ala methine'), 4.45 (m, 1 H, Ala methine), 6.24 (d, J=7.00
Hz, 1 H, NH'), 6.28 (d, J=6.75 Hz, 1 H, NH), 7.09 (m, 2 H, CH meta to Pd + CH meta to
Pd"), 7.17 (d, J=7.60 Hz, 1 H, CH ortho to Pd'), 7.24 (d, J=7.75 Hz, 1 H, CH ortho to Pd),
7.37 (d, J=7.75 Hz, 2 H, CH para to Pd + CH para to Pd"). *C NMR (126 MHz, CD,Cl5)
o 18.87 (s, Ala CHs'"), 18.99 (s, Ala CHs), 23.05 (s, NAc CH3 + NAc CHgs'), 50.69 (s, Ala
CH'"), 50.72 (s, Ala CH), 51.51 (s, NMe toward = face + NMe toward = face'), 52.75 (s,
NMe away from r face'), 52.79 (s, NMe away from r face), 70.26 (s,1 benzylic CH, +
benzylic CH'"), 121.81 (m, CH para to Pd + CH para to Pd'), 123.91 (q, J=273.27 Hz, CF3
+ CF3'), 124.25 (q, J=31.26 Hz, C ipso to CF3'), 124.27 (q, J=31.38 Hz, C ipso to CFj),
124.96 (s, CH meta to Pd'), 125.02 (s, CH meta to Pd), 135.55 (s, CH ortho to Pd'), 135.65
(s, CH ortho to Pd), 143.65 (s, quaternary aromatic), 143.68 (s, quaternary aromatic),
145.77 (s, quaternary aromatic), 145.84 (s, quaternary aromatic), 168.96 (s, C(O)N’),
169.00 (s, C(O)N), 181.73 (s, CO,'), 181.79 (s, CO,) *F NMR (470 MHz, CD.Cl,) 5 -

61.975 (s), -61.986 (s).

161



Synthesis of [Pd(CFs;-dmba)(NAc-Leu)]. (6¢)

CE FsC N
3 Pd(OAc), 3 @—:Pd<0 ¥NH

|\ NMe, NAc-Leu Qﬁ: 4

= o Me @)
H 20 °C, 14 hrs F.C M0 \H
50 mM MeOH , o{
sa 46% Me
6¢c

Figure 112: Synthesis of [Pd(CFz-dmba)(NAc-Leu)]. (6¢)

A 20 mL scintillation vial was charged with NAc-Leu (0.5 mmol, 86.5 mg, 1 equiv.), a stir
bar, and 8 mL of methanol. The solution was stirred until the MPAA dissolved completely.
To the MPAA solution was added solid Pd(OAc). (0.5 mmol, 112 mg, 1 equiv.) and a
solution of CFsz-dmba (102 mg, 0.5 mmol, 1 equiv.) in 2 mL MeOH. The orange
suspension gradually turned to a yellow solution and developed the smell of acetic acid.
The solution was stirred for 14 hours at room temperature after which a 200 pL aliquot
was concentrated in vacuo and to analyzed by '°F NMR which revealed complete
consumption of starting material and 62% conversion to 6¢. Methanol was removed under
a stream of nitrogen and the yellow solid filtered through a medium porosity frit with
benzene (4x 3 mL). The yellow benzene solution was concentrated to c.a. 5 mL under a
stream of nitrogen and layered with 5 mL of pentane. After 14 h of slow diffusion of
pentane into the benzene solution, the supernatant was decanted and the solids washed
with pentane to afford 106 mg (46%yield) 6¢. Single crystals suitable for x-ray diffraction
were grown by layering 1 mL of 10 mM 6¢ in CHxCl, with 1 mL PhMe followed by 2 mL

n-heptane.
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NMR (500 MHz, CD,Cl,) & 0.98 (m, 12 H, Leu CH3's), 1.51 (m, 4 H, Leu CH's), 1.68 (m,
2 H, Leu CH's), 2.00 (s, 3 H, NAc CH3'), 2.04 (s, 3 H, NMe toward = face'), 2.07 (s, 3 H,
NAc CHs), 2.07 (s, 3 H, NMe toward « face), 2.78 (s, 3 H, NMe away from r face'), 2.80
(s, 3 H, NMe away from & face), 3.52 (m, 4 H, benzylic CH; + benzylic CH'), 4.44 (m, 1
H, Leu Ha'), 4.53 (m, 1 H, Leu Ha), 5.95 (d, J=8.55 Hz, 1 H, NH"), 6.04 (d, J=8.35 Hz, 1
H, NH), 7.10 (m, 3 H, CH ortho to Pd' + CH's meta to Pd), 7.28 (d, J=7.45 Hz, 1 H, CH
ortho to Pd), 7.35 (d, J=7.50 Hz, 2 H, CH para to Pd + CH para to Pd") *C NMR (126
MHz, CD.Cl;) 6 21.59 (s, Leu CH3'), 22.91 (s, Leu CHj3), 22.94 (s, Leu CHs), 23.04 (s,
NAc CH3'), 23.06 (s, NAc CH3), 25.00 (s, Leu CH'"), 25.02 (s, Leu CH), 42.41 (s, Leu
CHy,"), 42.47 (s, Leu CH»), 51.54 (s, NMe toward = face'), 51.60 (s,NMe toward r face),
52.68 (s, NMe away from = face'), 52.74 (s, NMe away from = face), 53.39 (s, Leu Ca"),
53.43 (s, Leu Ca), 70.27 (s, benzylic CHy'"), 70.29 (s, benzylic CH,'), 121.74 (m, CH para
to Pd + CH para to Pd'), 123.92 (q, J=273.34 Hz, CF3'), 123.93 (q, J=273 Hz, CF3), 124.15
(g, J=381.38 Hz, C ipso to CF3'), 124.22 (q, J=31.10 Hz, C ipso to CF3'), 124.82 (s, CH
meta to Pd'), 124.98 (s, CH meta to Pd), 135.48 (s, CH ortho to Pd'), 135.84 (s, CH ortho
to Pd), 143.61 (s, aromatic quaternary), 143.73 (s, aromatic quaternary),145.91 (s,
aromatic quaternary), 146.02 (s, aromatic quaternary), 169.23 (s, C(O)N"),169.25 (s,

C(O)N), 181.87 (s, CO,'),181.90 (s, CO>) '°F NMR (470 MHz, CD,Cl) 5 -61.944, -61.976
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Synthesis of [Pd(CFs;-dmba)(NAc-lle)]. (6d)

Me
CFq PA(0A), F3C§N,2 o o:(NH
NMe, NAc-Leu . O\'\Eg\\/\/
H 20 °C, 14 hrs >—
50 mM MeOH SC@//%—O MeN
oa 47% Me \\/

6d

Figure 113: Synthesis of [Pd(CFz-dmba)(NAc-lle)]. (6d)

A 20 mL scintillation vial was charged with NAc-lle (0.5 mmol, 86.5 mg, 1 equiv.), a stir
bar, and 8 mL of methanol. The solution was stirred until the MPAA dissolved completely.
To the MPAA solution was added solid Pd(OAc). (0.5 mmol, 112 mg, 1 equiv.) and a
solution of CFz-dmba (102 mg, 0.5 mmol, 1 equiv.) in 2 mL MeOH. The orange
suspension gradually turned to a yellow solution and developed the smell of acetic acid.
The solution was stirred for 14 hours at room temperature after which a 200 L aliquot
was concentrated in vacuo and to analyzed by '°F NMR which revealed complete
consumption of starting material and 69% conversion to 6d. Methanol was removed under
a stream of nitrogen and the yellow solids were suspended in 2 mL diethyl ether. The
suspension was transferred to a medium porosity frit and washed 2x 2 mL diethyl ether
to remove residual acetic acid (note, the diethyl ether filtrate contains a substantial
quantity of 6d). The yellow solids on the frit were washed into a separate flask with 5 x 1
mL CHxCl, and precipitated by slow diffusion with 10 mL pentane at room temperature to

afford 103.2 mg (47% yield) of 6d.
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'H NMR (500 MHz, CD,Cl,) 5 0.89 (m, 6H, lle Me + Me'), 0.95 (m, 6H, lle Et-CHs + Et-
CH3'), 1.18 (m, 2H, lle Et-CH% + Et-CH?%"), 1.44 (m, 2H, lle Et-CH®; + Et-CH",'), 1.87 (m,
2H, lle CH + CH'), 2.01 (s, 3H, NAc-CH3'), 2.03 (s, 3H, NMe' toward = face), 2.04 (s, 3H,
NMe toward n face), 2.06 (s, 3H, NAc-CHs), 2.78 (s, 3H, NMe' away from r face), 2.81
(s, 3H, NMe away from r face), 3.55 (m, 4H, benzylic CH's), 4.40 (dd, J=5.0, 8.9 Hz, 1
H, lle Ha'), 4.47 (dd, J=5.0, 8.9 Hz, 1 H, lle Ha), 6.13 (1, J=8.9 Hz, 1H, NH'), 6.21 (t, J=8.9
Hz, 1H, NH), 7.09 (m, 3H, CH's meta to Pd + CH ortho to Pd"), 7.29 (d, J=7.40 Hz, 1H,
CH ortho to Pd), 7.36 (d, J=7.45 Hz, 1H, CH para to Pd + CH para to Pd") '*C NMR (126
MHz, CD.CI,) & 11.48 (s, lle Et-CH3'), 11.49 (s, lle Et-CHs), 15.40 (s, lle Me'), 15.43 (s,
lle Me), 23.12 (s, NAc-CHj3'), 23.13 (s, NAc-CHs), 25.17 (s, lle Et-CH"), 25.21 (s, lle Et-
CHy), 38.20 (s, lle-CH'"), 38.25 (s, lle-CH), 51.47 (s, NMe' toward « face), 51.71 (s, NMe'
toward r face), 52.77 (s, NMe' + NMe away from r face), 59.13 (s, lle Ca'), 59.31 (s, lle
Ca), 70.22 (s, benzylic CH'"), 70.35 (s, benzylic CHy), 121.82 (m, CH para to Pd + CH
para to Pd'), 123.90 (q, J=273.57 Hz, CF3 + CF3'), 124.21 (q, J=32.0 Hz, C ipso to CF3'),
124.31 (q, J=31.4 Hz, C ipso to CF3), 124.85 (s, CH meta to Pd'), 124.99 (s, CH meta to
Pd), 135.46 (s, CH ortho to Pd'), 135.82 (s, CH ortho to Pd), 143.54 (s, C aromatic
quaternary), 143.68 (s, C aromatic quaternary), 145.73 (s, C aromatic quaternary), 145.77
(s, C aromatic quaternary), 169.04 (s, C(O)N'), 169.08 (s, C(O)N), 180.44 (s, CO."),

180.59 (s, CO.) '°F NMR (470 MHz, CD,Cl,) 5 -61.932, -61.967
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Synthesis of [Pd(CFs-dmba)(Cl)]. (8)

G N2
3 N
@Pd\g\/Me 10 eq. LiCl @Pd/CI
) —Me > FaC N~ Cl
Me Oy acetone/ H,0 Me, 2
FsC N~ Fd—0 20 °C, 48 hrs
| 69%
Me 9 8

Figure 114 :Synthesis of [Pd(CFs-dmba)(Cl)]> (8)

Chloride bridged dimer 8 was prepared by modification of a known procedure.?** In 100
mL round bottom flask was with a magnetic stir bar, 9 (0.5 mmol, 382 mg, 1 equiv.) was
dissolved in 20 mL acetone. The acetone solution was treated with 10 mL of aqueous
lithium chloride (5.0 mmol, 212 mg, 10 equiv.) and flask was sealed with a rubber septum.
After two days at room temperature, acetone was removed under reduced pressure to
afford a yellow solid which was washed with 3x10 mL water. The yellow solid was washed
through a medium porosity frit with diethyl ether, which was concentrated to c.a. 3 mL
under a stream of nitrogen and layered with pentane to afford 475 mg (69% yield) of 8 as
a mixture of two isomers (as has been previously noted for analogous chloride bridged
dmba palladacycles).?**

'H NMR (500 MHz, CD,Cl,) 5 2.89 (s, 6 H), 2.90 (s, 6 H), 4.14 (m, 4 H), 7.04 (t, J=7.75
Hz, 2 H), 7.34 (d, J=7.70 Hz, 2 H), 7.40 (m, 2 H) *C NMR (126 MHz, CD,Cl,) d 52.86
(s), 53.05 (s), 70.98 (s), 71.21 (s), 121.82 (q, J=5.12 Hz), 123.98 (q, J=273.21 Hz), 124.13

(g, J=31.19 Hz), 124.91 (s), 125.03 (s), 136.76 (s), 137.09 (s), 144.06 (m), 145.38 (s) °F

NMR (470 MHz, CD>Cly) & -61.646 (s), -61.682 (s)
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Milani, J.; Pridmore, N. E.; Whitwood, A. C.; Fairlamb, I.

Organometallics 2015, 34 (17), 4376.

Synthesis of Pd(CFs;-dmba)(acac) (7)

Cl 2.02 eq Tl(acac) 0]
~ g
a1 - £ oS0

> CH,Cl,, 20 °C
Me. 2 95% Mez

8 7

Figure 115: Synthesis of Pd(CFz-dmba)(acac) (7)

J. S.; Perutz, R. N.

The acac complex 7 was prepared by modification of a known procedure.'? In an inert

atmosphere glove box, a 20 mL scintillation vial equipped with a magnetic stirrer was

dissolved complex 8 (306 mg, 0.445 mmol, 1 equiv.) in 5 mL CHxCl,. To this solution was

added solid thallium acetonylacetonate (0.898 mmol, 273 mg, 2.02 equiv.). A white solid

precipitated immediately and the suspension was stirred for 1 hour after which the

suspension was passed over a medium porosity frit, washed with CH>Cl, 3x 3 mL and

concentrated under reduced pressure to afford 7 345 mg (95% yield).

'H NMR (500 MHz, CD,Cl») 3 2.01 (s,3 H), 2.05 (s,3 H), 2.87 (s,6 H), 4.10 (5,2 H), s,1

H), 7.11 (t, J=7.63 Hz, 1 H), 7.32 (d, J=7.70 Hz, 1 H), 7.53 (d, J=7.65 Hz, 1 H) '*C NMR

(126 MHz, CD.Cl,) & 27.22 (s), 27.77 (s), 51.85 (s), 71.16 (g, J=2.05 Hz), 99.92 (s),

121.18 (q, J=5.34 Hz), 123.38 (q, J=30.56 Hz), 124.48 (q, J=271.15 Hz), 134.66 (m),

144.09 (m), 148.98 (s), 186.26 (s), 188.45 (s) '°F NMR (470 MHz, CD,Cl,) & -61.541
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Synthesis of CF;-dmba (5a)

CF; CF;
5 eq. aqueous HNMe,
Br > NMe,
Et,0, 20 °C, 14 hrs
83% 5a

Figure 116: Synthesis of CFz-dmba (5a)

5a was prepared by a previously reported procedure with minor modification.?® To a 500
mL round bottom flask equipped with a magnetic stir bar was added the benzylic bromide
(100.4 mmol, 249, 1 equiv.) and 100 mL diethyl ether. To the ethereal solution was added
aqueous dimethylamine (502 mmol, 56.5g (40 wi%), 5 equiv.). The heterogeneous
mixture was stirred for 14 h at room temperature, after which the organic phase was
separated and extracted 3 times with 10 wt% aqueous citric acid. The combined aqueous
phases were treated with 15 wt% aqueous sodium hydroxide and extracted 3 times with
diethyl ether. The ethereal extracts were concentrated under reduced pressure and the
clear liquid was further purified by short path distillation (0.08 mmHg, 60 °C) into a
receiving flask cooled to -10 °C to afford 16.86g (83% yield) of 5a.

'H NMR (500 MHz, CD,Cl,) 5 2.31 (s, 6H, NMey), 3.64 (s, 2H, CHy), 7.39 (t, J=7.63 Hz,
H°), 7.59 (t, J=7.58 Hz, H°), 7.68 (d, J=7.85 Hz, HY), 7.85 (d, J=7.80 Hz, H% *C NMR
(126 MHz, CD.Cl;) d 45.29 (s, NMey), 59.51 (q, J=1.72 Hz, CH), 124.63 (q, J=271.19
Hz, CF3), 125.50 (g, J=5.89 Hz, CH ortho to CF3), 126.65 (s, CH para to CHy), 128.22 (q,
J=29.97 Hz, C ipso to CF3), 130.52 (s, CH ortho to CHy), 131.78 (m, CH para to CF3),
138.69 (g, J=1.47 Hz, C ipso to CHy) ®F NMR (470 MHz, CDCls) 5 -59.04

Tayama, E.; Kimura, H. Angew. Chem. Int. Ed. 2007, 46 (46), 8869.
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Synthesis of CI-CF;-dmba (5b)

CF5 . CF5
1.) 1.3 eq "BulLi, Et,0, 20 °C, 18 hrs
NM62 - NM62
2.) CoClg, Et,0, 20 °C, 12 hrs
H 37 mg, 16% Cl
5a 5b

Figure 117: Synthesis of CI-CFz-dmba (5b)

A 25 mL round bottom flask equipped with a magnetic stir bar and septum was evacuated
and refilled with nitrogen 3 times. To the flask, under nitrogen, was added 5a (1 mmol,
203 mg, 1 equiv.) and 2.5 mL anhydrous diethyl ether. To the ethereal solution, n-butyl
lithium (1.3 mmol, 0.845 mL (1.54M), 1.3 equiv.) was added drop-wise. The mixture was
stirred under nitrogen for 18 hours at room temperature. Hexachloroethane (1.3 mmol,
308 mg, 1.3 equiv.) was added drop-wise under nitrogen as a solution in 5 mL anhydrous
diethyl ether. The mixture was stirred for 12 hours under nitrogen and quenched under
air with 2 grams of silica gel slurried in 5 mL of diethyl ether. The volatiles were removed
under reduced pressure and the solids were loaded onto a silica gel column. Eluting with
a gradient from 1-5% diethyl ether in hexanes gave two pure fractions which were
combined and concentrated to give 5b 37 mg (16% yield).

"H NMR (500 MHz, CDCl3) 6 (s, 6H, NMe»), 3.70 (s, 2H, CHy), 7.34 (t, J=8.0 Hz, CH meta
to CF3), 7.61 (d, J=8.0 Hz, CH para to CF3 + CH ortho to CF3) *C NMR (126 MHz, CDCls)
0 45.33 (s, NMey), 56.38 (s, CHp), 123.82 (q, J=274.71 Hz, CF3), 124.79 (q, J=6.05 Hz,
CH ortho to CF3), 128.19 (s, CH meta to CF3),131.47 (q, J=29.73 Hz, C ipso to CFj),
133.68 (s, CH para to CF3), 136.04 (s, aromatic C quaternary),138.16 (s, aromatic C

quaternary) '°F NMR (470 MHz, CDCls) 5 -57.26
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CFs CFs

1.) 1.3 eq "BulLi, Et,0, 20 °C, 18 hrs
NMe, - NMe,
2.) Br,, Et,0, 20 °C, 12 hrs
H 9.5 mg, 3% Br

Figure 118: Synthesis of Br-CFs-dmba (5c¢)

A 25 mL round bottom flask equipped with a magnetic stir bar and septum was evacuated
and refilled with nitrogen 3 times. To the flask, under nitrogen, was added 5a (1 mmol,
203 mg, 1 equiv.) and 2.5 mL anhydrous diethyl ether. To the ethereal solution, n-butyl
lithium (1.3 mmol, 0.845 mL (1.54M), 1.3 equiv.) was added drop-wise. The mixture was
stirred under nitrogen for 18 hours at room temperature. Bromine (1.3 mmol, 208 mg,
67uL, 1.3 equiv.) was added drop-wise under nitrogen. The mixture was stirred for 12
hours under nitrogen, quenched with 1 mL water, and acidified with 5 mL 2M HCI. The
aqueous fraction was basified with 2M NaOH and extracted 3x with 5 mL diethyl ether.
To the ethereal extracts was added 2g of celite and the solvent was removed under
reduced pressure. The celite pad was loaded on a silica gel column which was eluted
with a gradient from 1-10% diethyl ether in hexanes. Three pure fractions were obtained
as assayed by GCMS and were combined to give 5¢ 9.5 mg (3% vyield).

'H NMR (500 MHz, CDCls) 5 2.31 (s, 6H, NMey), 3.70 (s, 2H, CHy), 7.25 (t, J=7.9 Hz, 1
H), 7.66 (d, J=7.9 Hz, 1 H), 7.82 (d, J=7.9 Hz, 1 H) '*C NMR (126 MHz, CDCl;) d 45.17
(s, NMey), 58.55 (s, CHy), 123.44 (q, J=32.12 Hz, C ipso to CF3), 123.70 (q, J=280.88 Hz,
CF3), 125.41 (g, J=6.02 Hz, CH ortho to CF3), 128.37 (s, aromatic C quaternary), 128.69
(s, aromatic C quaternary), 128.81 (s, aromatic C quaternary), 137.20 (s, aromatic CH)

F NMR (470 MHz, CDCls) & -57.12
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Synthesis of I-CF;-dmba (5d)
CF3 CFs

1.) 1.3 eq "BulLi, Et,0, 20 °C, 18 hrs
NMe, NMe,
2.) 15, Et50, 20 °C, 12 hrs
H I

257 mg, 39%
5a 5d

Figure 119 Synthesis of I-CF3-dmba (5d)

A 25 mL round bottom flask equipped with a magnetic stir bar and septum was evacuated
and refilled with nitrogen 3 times. To the flask, under nitrogen, was added 5a (2 mmol,
406 mg, 1 equiv.) and 5 mL anhydrous diethyl ether. To the ethereal solution, n-butyl
lithium (2.6 mmol, 1.69 mL (1.54M), 1.3 equiv.) was added drop-wise. The mixture was
stirred under nitrogen for 18 hours at room temperature. lodine (2.6 mmol, 660 mg, 1.3
equiv.) was added drop-wise under nitrogen as a solution in 5 mL anhydrous diethyl ether.
The mixture was stirred for 12 hours under nitrogen and quenched under air with 2 grams
of silica gel suspended in 5 mL of diethyl ether. The volatiles were removed under
reduced pressure and the solids were loaded onto a silica gel column. Eluting with a 5%
triethylamine in hexanes gave two pure fractions which were combined and concentrated
to give 5d 257 mg (39% yield).

'H NMR (500 MHz, CDCls) 5 2.29 (s, 6H, NMey), 3.64 (s, 2H, CHy), 7.05 (t, J=7.9 Hz, 1
H), 7.67 (d, J=7.9 Hz, 1 H), 8.12 (d, J=7.9 Hz, 1 H) *C NMR (126 MHz, CDCl;) 3 44.80
(s, NMeyp), 61.93 (d, J=1.48 Hz, CHy), 104.27 (g, J=4.1 Hz, aromatic quaternary), 123.72
(9, J=275.04 Hz, CF3), 125.97 (q, J=6.10 Hz, CH ortho to CF3), 128.39 (s,1 CH meta to
CF3), 130.56 (g, J=29.82 Hz, C ipso to CF3), 140.06 (s, aromatic quaternary), 144.27 (d,

J=1.01 Hz, CH para to CF3) '°F NMR (470 MHz, CDCls) 5 -56.94
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lodination

To an NMR tube was added a stock solution in CD2CI2 of 6b (7.5 mM, 500 pL, 3.75
pumol), followed by a stock solution in CH2CI2 of S1.3 (30 mM, 50 pL, 1.5 umol), followed
by a stock solution in CH2CI2 of iodine (37.5 mM, 200 uL, 7.5 umol, 2 equiv.). The tube
was capped, shaken, and left at room temperature for 17 h at which time it was analyzed
by 19F NMR and the concentration of the desired product was determined with respect
to S1.3. The formation of the 5d was confirmed by spiking independently synthesized 5d
into the mixture. GCMS analysis of the reaction mixture showed one major product which

had the same m/z and retention time as independently synthesized 5d.

Bromination

To an NMR tube was added a stock solution in CD,Cl, of 6b (7.5 mM, 500 L, 3.75 pumol),
followed by a stock solution in CH2Cl» of $1.3 (30 mM, 50 pL, 1.5 pmol), followed by a
stock solution in CH2CI, of bromine (22.5 mM, 200 uL, 4.5 umol, 1.2 equiv.). The tube
was capped, shaken, and left at room temperature for 17 h at which time it was analyzed
by '°F NMR and the concentration of the desired product was determined with respect to
$1.3. GCMS analysis of the reaction mixture showed one major product which had the

same m/z and retention time as independently synthesized 5c.
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Figure 120 Reaction conditions for relative rates of iodination and bromination

To an NMR tube was added a stock solution in CD2Cl, of 6b (7.5 mM, 500 pL, 3.75 umol)
followed by a stock solution in CHxCl, of $1.3 (30 mM, 50 pL, 1.5 pumol). The tube was
sealed with a rubber septum, brought to the NMR spectrometer, locked, and shimmed.
The sample was ejected from the spectrometer, and through the rubber septum was
injected a stock solution in CHxCl, of X (X=Br or 1) (22.5 mM, 200 pL, 4.5 umol, 1.2
equiv.). The sample was shaken and lowered into the spectrometer immediately. The
reaction was monitored by 'F NMR at 15 second intervals over 20 minutes the

concentration of the desired products was determined with respect to $1.3.
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iodination vs bromination
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Figure 121 Reaction profiles for iodination and bromination, note separate axes

Chlorination with two equivalents iodobenzenedichloride

To an NMR tube was added a stock solution in CD,Cl, of 6b (7.5 mM, 500 L, 3.75 pumol),
followed by a stock solution in CH2Cl» of $1.3 (30 mM, 50 uL, 1.5 pmol), followed by a
stock solution in CH.ClI, of iodobenzene dichloride (37.5 mM, 200 uL, 7.5 umol, 2 equiv.).
The tube was capped, shaken, and left at room temperature for 30 minutes at which time
it was analyzed by '°F NMR and the concentration of the desired product was determined
with respect to $1.3. GCMS analysis of the reaction mixture showed one major product

which had the same m/z and retention time as independently synthesized 5b.
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Chlorination with five equivalents iodobenzenedichloride

To an NMR tube was added a stock solution in CD,Cl, of 6b (7.5 mM, 500 L, 3.75 umol),
followed by a stock solution in CH2Cl, of $1.3 (30 mM, 50 pL, 1.5 pmol), followed by a
stock solution in CH2CI, of iodobenzene dichloride (93.75 mM, 200 pL, 18.75 umol, 5
equiv.). The tube was capped, shaken, and left at room temperature for 30 minutes at
which time it was analyzed by '°F NMR and the concentration of the desired product was
determined with respect to S1.3. Further monitoring of the reaction mixture revealed
decreasing concentration of 5b and a new species developing. The mixture was
transferred to a 1 dram vial and left uncapped overnight. Slow evaporation of CH>Cl»
afforded singled crystals of a know coordination polymer with the formula PdCl, + HCI +

HNMe..

Olefination in trifluoroethanol

MPAA complex 2 (10 pmol, 7.1 mg, 1 equiv.) was weighed into a 1 mL vial and transferred
as a solid into an NMR tube with a J. Young cap, vial was washed with two 250 L portion
of trifluoroethanol. Internal standard1,2,4,5-tetrachloro-benzene (10 yumol, 2.15 mg, 1
equiv.) was added to the NMR tube in the same way. n-Butyl acrylate (400 pmol, 51.3
mg, 57 uL, 40 equiv.) was added by gas tight syringe. The J. Young cap was sealed and
the tube placed in an 80 °C oil bath. The reaction was monitored hourly, but precipitation
of Pd black led to poor line shapes. After 4 hours, the sample was removed from the oll

bath, transferred to a 20 mL scintillation vial and the volatiles were removed under
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reduced pressure. The reaction mixture was dissolved in CDCIs and the yield of 14 was
determined by '"H NMR (which matched the spectrum for this compound reported in the
literature, see ref. 16) by integration of the most downfield proton with respect to internal

standard.

Olefination in 1,2-dichloroethane

MPAA complex 2 (10 umol, 7.1mg, 1 equiv.) was weighed into a 1 mL vial and transferred
as a solid into an NMR tube with a J. Young cap, vial was washed with two 250 L portion
of 1,2-dichloroethane. Internal standard 1,2,4,5-tetrachloro-benzene (10 pmol, 2.15 mg,
1 equiv.) was added to the NMR tube in the same way. n-Butyl acrylate (400 pmol, 51.3
mg, 57 uL, 40 equiv.) was added by gas tight syringe. The J. Young cap was sealed and
the tube placed in an 80 °C oil bath. The reaction was monitored hourly, but precipitation
of Pd black led to poor line shapes. After 42 hours, the sample was removed from the oll
bath, transferred to a 20 mL scintillation vial and the volatiles were removed under
reduced pressure. The reaction mixture was dissolved in CDCIs and the yield of 14 was
determined by "H NMR by integration of the most downfield proton with respect to internal

standard.
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Chapter 6: Mono-Protected Amino Acid Ligands Accelerate Enantioselective C-H
Activation and Palladium Catalyzed C-H Olefination via Bimetallic Transition States
Preface

This work was conducted in collaboration with Brandon Haines and Djamaladdin
Musaev at the Cherry L. Emerson Center for Scientific Computation, Emory University. A
manuscript of this work is in preparation. The full computational and experimental
methods will be included in the supporting information of the published manuscript.
Introduction

Mono-protected amino acid (MPAA) ligands have enabled remarkable advances
in palladium-catalyzed C-H functionalization as a result of their ability to enhance reaction
rates and to impart enantioselectivity to a range of transformations.'°829522623! pigneering

194 and C-H functionalization

efforts in enantioselective cyclopalladation (Figure 122A)
(Figure 122B)?* leveraged chelate assistance to achieve site selectivity; however,
subsequent studies have shown that Pd-MPAA mixtures can catalyze C-H
functionalization even on substrates lacking directing groups (Figure 122C).?*® This non-
directed reactivity holds great promise for the design of catalysts that mimic enzymatic C-
H functionalization. Specifically, if a Pd-MPAA catalyst could be constrained within a
supramolecular scaffold, then catalyst selectivity could be controlled via non-covalent
interactions in the secondary coordination sphere.?'##3%23° Developing such hybrid

catalysts, however, requires a detailed understanding of the discrete Pd-MPAA

complexes involved in catalysis.
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(A) enantioselective cylopalladation

Me,N Na,PdCl, 'V'e2
H\é NAc-Val Cl<Pd
. > c\ \é 89% yield
Fe MeOH:H,0 4:1 Fe 65% ee
@ 23 °C,pH 6.7 @
enantioselective C-H functionalization
N 10 mol% Pd(OAc),
= 20 mol% Boc-lle
85% yield
3 eq "BuB(OH), 299, on

1 eq Ag,0, 0.5 eq BQ
THF, 60 °C, 20 hr.

(C) non-directed C-H functionalization

H 2eq. 2 CO,E COLE
H y 10 mol% Pd(OAc), /=/ 72%
20 mol% NAc-Gly - ~ | conversion
2 eq AgOAC M ~ 15(;)-: sr% 3 26
HFIP, 90 °C, 24 hr © P90

Me

Figure 122. (A) MPAA induced, enantioselective cyclopalladation;'®* (B) Pd-MPAA
catalyzed enantioselective C-H functionalization;**? (C) Pd-MPAA catalyzed non-directed
C-H functionalization.?*®

Despite the many exciting developments in Pd-MPAA methodology and several
experimental and computational studies aimed at understanding these reactions, the
structural basis of Pd-MPAA catalysis remains unclear in most cases. In a notable
exception to this trend, a recent kinetic and spectroscopic study of MPAA-accelerated C-
H iodination reactions proposed a model featuring Pd(IV) intermediates with di-anionic
k?-(N,0)-bound MPAA ligands (Figure 123B).'°2154240241 No detailed experimental
studies on the structure of Pd(ll)-MPAA catalysts have been reported. Given this

structural ambiguity, mechanistic models of Pd-MPAA catalysis generally defer to the
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widely-held notion that MPAA ligands coordinate monomeric intermediates by mono or

di-anionic chelation (Figure 123C and B, respectively).

(A oo B) cnoz (O cenor

N O—Pd ON R R
R / -~ “
o, R0 N—Fd N—
VN, O—==Pd / S
R2 ‘H R2 O R2 O
bridging anionic bidentate di-anionic bidentate anionic

£N2-H1-N2 155°
N2-H12.44 A
N2-N13.26 A
Pd-H3 3.05 A
Pd-C13.68 A
Pd-Pd 2.97 A

Figure 123 (A) MPAA bridged dimers observed in model palladacycles; (B) bidentate di-

anionic MPAA coordination observed in Pd(IV) catalysis; (C) originally proposed bidentate

anionic coordination;*** (D) hydrogen-bonding interactions in the secondary coordination

sphere of a previously reported MPAA palladacycle.?*®

Interestingly, bidentate MPAA coordination was originally proposed®* based on a
mischaracterized model from the literature®* that was later shown by our groups to be a
MPAA-bridged p-(O,0) dimer (Figure 123A).2** Our study more generally demonstrated
that N,N-dimethybenzylamine (dmba) palladacycles generated in the presence of

different MPAASs exist as carboxylate-bridged dimers (Figure 123A) in both the solid state
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and in solution.?*® The solid state structures of these complexes (Figure 123D), in
conjunction with reports that metal-metal bonding may lower barriers involving di-
palladium catalysts,'8%181:213214.244-247 |04 5 to hypothesize that Pd-MPAA catalysts might
benefit from bimetallic cooperativity or secondary sphere hydrogen bond catalysis (Figure
123D). Isolated dimeric MPAA-bridged Pd complexes proved to be kinetically competent
pre-catalysts and were observed as both the reactants and products of stoichiometric
cyclopalladation.?*® This study did not, however, address the transition state of
cyclopalladation leading to the observed dimers, the nuclearity of the active catalyst in
MPAA promoted C-H functionalization, or the mechanisms by which MPAA ligands
accelerate and enable enantioselective C-H functionalization. Insights into these
questions of fundamental reactivity are essential for understanding MPAA rate
acceleration and for defining discrete (pre)catalyst structures that could be incorporated
into supramolecular scaffolds.

To determine whether bimetallic species contribute to the rate acceleration and
enantioselectivity observed in Pd-MPAA catalysis, we transitioned from studying dmba
palladacycles to related, prochiral substrates since enantioselective functionalization of
these compounds provides a convenient readout (ee) of contributions from MPAA ligands
on catalysis (Figure 124). Since the seminal report of MPAA-promoted enantioselective
cyclopalladation'®* (Figure 122A), N,N-dimethylaminomethyl-ferrocene (dmaf) has been
employed in numerous Pd-MPAA catalyzed enantioselective C-H functionalization

192,193,248-251

reactions and has served as a model substrate for computational’® and

196,197,252-254 255-258

synthetic studies of MPAA-induced, enantioselective cyclopalladation.
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In light of its broad impact in the field of Pd-MPAA catalysis, dmaf was chosen as a
substrate to study the species and pathways through which MPAA ligands promote
activity and selectivity (igure 74A). To complement our studies of Pd-MPAA catalyzed C-
H functionalization, the kinetics of MPAA-accelerated C-H activation of benzhydryl-
pyridines (bhp, 3) were also examined (Figure 124B). These studies establish the
importance of bimetallic intermediates (PdoMPAA1X4, where X=acetate or MPAA and
exerts minimal energetic influence) in MPAA-accelerated C-H functionalization and
provide insight into the mechanisms by which MPAA ligands enhance the activity and
selectivity of Pd(Il) catalysts for C-H activation and functionalization. Beyond these
insights into fundamental reactivity, this work sets the stage for the design of catalysts
that exploit the non-directed reactivity of Pd-MPAA intermediates to selectively

functionalize remote C-H bonds via outer sphere molecular recognition.>%2°9-262

Me,N 5% Pd(OAc), Me,N
A H 2 E H 10% Boc-Phe - MeZNa 2 E _
(A) : Z CONMe, 0.3 eq K,COs 07 ™= ==z 89% yield
Fe 3 equiv. 0.5 eq BuyNBr Fe
air 1 atm, DMF, 60 °C @
1: dmaf 2
CF;
N
(B) | ] Pd(OAC),
= Boc-Ala
I I THF, 23 °C
3

Figure 124. Reactions studied in this work: (A) Pd-MPAA catalyzed, enantioselective C-
H olefination of dmaf and (B) enantioselective cylopalladation of bhp.
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Structure and Speciation of dmaf Palladacycles

A detailed study of the structure and speciation of relevant MPAA-palladacycles
served as a starting point for investigating the role of MPAA ligands in palladium catalyzed
C-H functionalization. As in our previous work, single crystal x-ray diffraction (SXRD)
revealed that dmaf palladacycles exist as carboxylate-bridged dimers in the solid state
for complexes [Pd(dmaf)(OAc)]. (4) and [Pd(dmaf)(NAc-Gly)]2 (5, Figure 125A), similar to
those reported previously.?** Both 4 and 5 crystallize as racemic, homo-chiral dimers with
matched planar chirality between both dmaf ligands and axial chirality about the bimetallic
unit (Figure 125A, MSS and PRR, the stereodescriptors M/P and R/S are used throughout
to differentiate axial and planar chirality, respectively).

Characterization of these complexes in solution commenced with the acetate-
bridged complex [Pd(dmaf)(OAc)]. (4) because acetate is present under catalytic
conditions (from Pd(OAc)2) and may contribute to background reactivity (vide infra) by
competing with MPAA to coordinate the active catalyst. The solution structure of 4 at
concentrations and temperatures used for catalysis in dimethylformamide (DMF) matches
the solid-state structure as determined by diagnostic shielding due to magnetic anisotropy
and corresponding NOE correlations. The presence of one diastereomer by 'H NMR
(MSS + PRR) is in sharp contrast to the chloride bridged dimer (a statistical ensemble of

stereoisomers)®>?

and illustrates the ability of bridging carboxylate ligands to enforce a
rigid chiral environment composed of three complimentary stereogenic units. The
bimetallic nature of 4 in DMF was confirmed using the structural method of continuous

variation (MCV)."®® Mixtures of AA (4) and BB (6) with constant total concentration and
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varying ratios gave rise to a third species (AB), the concentration of which was maximized
at a ratio of 1:1 A:B (Figure 125B and C). The speciation observed in Figure 125C is
characteristic of an ensemble of dimers and supports the spectroscopic evidence which
indicate that [Pd(dmaf)(OAc)]. (4) exists as an acetate bridged dimer in DMF solution.
Beyond demonstrating the aggregation state of 4 in solution, MCV provides additional
insight into the stereochemistry of dimeric palladacycles with bridging carboxylate ligands;
specifically, the exclusive formation of one heteroaggregate (AB) diastereomer illustrates
that, even with one stereogenic unit removed (relative to 4), the axial chirality of the

bimetallic unit diligently differentiates the planar chirality of the dmaf substrate.
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Figure 125. (A) Solid state structure of [Pd(dmaf)(NAc-Gly)]z (5) (SSM enantiomer shown,
chiral axis drawn for clarity); (B) ensemble of dimers observed by structural method of
continuous variation (C); distribution observed by structural MCV with parametric fits to
model an ensemble of dimers.'®

We next sought to evaluate how MPAA ligands modulate the structure and
speciation of dmaf palladacycles in solution. Similar to our previous work,?*® titration of L-
Boc-Ala into a DMF solution of 4 revealed diastereomeric PdoMPAA1 complexes at low
MPAA loading that were subsequently consumed to form diastereomeric PdoMPAA,
complexes at higher MPAA loading (Figure 126, throughout, stereodescriptors L/D

distinguish MPAA central chirality from dmaf planar chirality).?®® The MPAA N-H
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resonances were the best resolved peaks in the ensemble, however, all four MPAA
complexes also revealed diagnostic, upfield N-Me resonances suggesting that the entire
ensemble exists as dimers in DMF. Although chirality at the organometallic fragment
(Pd2dmafy) was sufficiently differentiating to resolve the secondary sphere N-H chemical
shifts, the energetic difference between diastereomers upon MPAA binding was negligible
as demonstrated by their equal populations within each pair of diastereomers (Pd.2MPAA;
and Pd:MPAA). Notably, resolution of bimetallic enantiomers does not depend on the
planar chirality of dmaf substrates; rather, as a consequence of the axial chirality of the
bimetallic unit. When the titration was conducted with racemic Boc-Ala, identical
Pdo-MPAA;OAc; diastereomers formed; however, Pd-MPAA, diastereomers were
accompanied by additional species with broken C, symmetry, consistent with mixed
Pdx(L-Ala)(D-Ala).In addition to the observed speciation and diagnostic N-Me shielding,
the dimeric nature of these complexes was confirmed with pulse gradient spin echo
experiments (PGSE) on the products of titrations with Boc-Gly, Boc-Ala, and Boc-Phe,
which were then compared to the isolated dimer 4 and an isolated, monomeric dmaf-

palladacycle.
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Figure 126: (A) Titration of MPAA into a DMF solution of 4 gives an ensemble of MPAA
palladacyles; (B) "H NMR spectra of MPAA titration reveals sequential substitutions giving
rise to diastereomeric bimetallic species bearing one (red) and two (blue) MPAA ligands.

Although dmaf palladacycles exist as carboxylate-bridged bimetallic species in
DMF, a bridge-splitting equilibrium with the monomer 7 takes places in the presence of
excess dmaf (Figure 127). At the same temperature and concentration used in catalysis,
complex (7) accounts for approximately half of the total palladium loading as assessed
by '"H NMR. The stoichiometry of the bridge splitting complex was confirmed with MCV

and is consistent with the bridge splitting equilibria observed with isolated dimers®*#%

and in systems with bimetallic active catalysts.'8%%*

Fe
O
g NMe, Me—« Me,
oriy S
Me—(O” Me, L ~ N;Pd’N
1/2 _(. Me + Fe
Me—\0L 2 DMF %Mez
O—Pd=N @ Fe Fe
4 @ % 7 @
Fe

Figure 127: Bridge splitting equilibrium observed in the presence of excess dmaf.
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Steady State Kinetics of dmaf Olefination

Building on our understanding of major species present Pd(Il)/MPAA solutions,
kinetic analysis of Pd-MPAA catalyzed dmaf functionalization was next pursued to shed
light on the nature of the active catalyst(s) in these transformations. Importantly, our
previous study revealed that MPAA ligands can coordinate Pd(ll) to form chiral dimeric
MPAA-bridged palladacycles without significantly influencing the rates of (achiral) dmba
cyclopalladation or functionalization. To identify the steps that are kinetically relevant and
those that are accelerated by MPAA ligands, it was therefore essential to identify a dmaf
functionalization reaction that was either accelerated or rendered enantioselective (or
both) by MPAA ligands.

Dehydrogenative olefination of dmaf was well suited for kinetic studies. Formation
of enantioenriched products indicated the involvement of the MPAA ligand in catalysis
and data acquisition was expedited by the operational simplicity of reactions conducted
open to air (O, terminal oxidant, Figure 124A).1%32%%2%¢ The reaction was further optimized
for mechanistic analysis by omission of bromide additives, which were not needed to
achieve high levels of enantioinduction. The standard reaction conditions for kinetic
analysis are shown in Figure 128A. The absolute chirality of the major product enantiomer
(S) was determined by SXRD (Figure 128B), and major enantiomer formation was
quantified using chiral stationary phase supercritical fluid chromatography (SFC). Under
standard conditions, Pd/MPAA mixtures provide marked acceleration of pro-S C-H
functionalization relative to palladium(ll) acetate alone (Figure 128C), meaning that both

reaction rate and product enantioselectivity could be used to probe the effect of MPAA
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ligands on catalysis. Acetate-bridged palladacycle 4 also forms a kinetically competent
catalyst in the presence of MPAA, suggesting that it undergoes facile ligand exchange
with MPAA. Ligand exchange was confirmed under catalytic conditions by monitoring the
rapid change in ee when a reaction is initiated with D-MPAA and subsequently spiked
with L-MPAA 2*! Together, these studies highlighted the utility of dmaf olefination for

kinetic analysis, but catalyst degradation observed during reaction progress kinetic

+ 267,268 . . v ey 269
analysis necessitated analysis by initial rates.
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Figure 128: (A) Standard reaction conditions for kinetic studies; (B) absolute chirality of
major enantiomer (S,) as determined by SXRD: ORTEP with 40% thermal ellipsoids; (C)
palladacycle 4 is a kinetically competent precatalyst for MPAA-accelerated formation of
major enantiomer; (D) inverse order in dmaf; (E) first order in N,N-dimethylacrylamide
(0.1-1.2M), fit to y=mx+b; (F) saturation behavior in N,N-dimethylacrylamide at high
concentration, fit to Michaelis-Menten equation y=mx/(x+b); (G) slightly inverse order in
K>COs3 with modest selectivity for suppression of the racemic background reaction.

Initial rate data were used to determine the order of each reaction component in
dmaf olefination, and thus the extent to which each component contributes to the rate of
Pd-MPAA turnover in this reaction (Figure 128D-G). The reaction is zero order in dmaf

under the standard reaction conditions (0.1-0.3 M), but an inverse concentration
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dependence becomes apparent at higher dmaf loading (0.4-1.2M, Figure 128D). Zero
order in dmaf indicates that dmaf association does not contribute to turnover limitation of
the Pd-MPAA catalyst, while inverse order indicates an additional dmaf dependent
process that inhibits turnover. If one assumes that the active catalyst is a Pd-MPAA dimer,
then the latter can be rationalized by our finding that dmaf promotes dimer dissociation to
generate monomer 7 and thus driving Pd off cycle (Figure 127). The reaction is first order
in N,N-dimethyl-acrylamide from 0.1-1.2M, indicating that olefin insertion contributes to
limiting the rate of Pd-MPAA turnover (Figure 128).27%%"° At higher olefin loadings, the
reaction displays saturation kinetics, consistent with reversible olefin binding prior to
insertion (Figure 128).27

In the presence of MPAA, KoCOs has little effect on the rate of Pd-MPAA turnover
(Figure 128G, black squares). If the role of K.CO3 were to deprotonate the MPAA N-H to
generate di-anionic MPAA chelates, then KxCO3 should be necessary for MPAA induced
rate acceleration and should have little effect on the background reaction. On the
contrary, major enantiomer formation was similarly accelerated by MPAA (relative to
Pd(ll) acetate alone) in the absence of K;CO3 and at all K;COs loadings investigated
(Figure 128G, filled squares > filled circles). The fact that added base provides no
selective acceleration of the MPAA promoted reaction suggests that the role of K.COgs in
these reactions is not to deprotonate the MPAA N-H; instead, increasing KoCOj3 loading
appears to suppress the racemic reaction (Figure 128G, circles). This KoCO3 dependent

suppression practically eliminates minor enantiomer formation in the MPAA-catalyzed

reaction (Figure 128G, empty squares), thereby improving enantioselectivity.
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Kinetic Isotope Effects in dmaf Olefination

The steady state kinetics of dmaf olefination demonstrate that the rate of Pd-MPAA
turnover is controlled by olefin insertion and not by dmaf association or a KxCOs
dependent process: to gain insight into whether C-H activation contributes to the rate of
Pd-MPAA turnover, we turned to a study of deuterium kinetic isotope effect (KIE)
experiments.?’’?%2 |n the absence of MPAA ligand, dmaf olefination revealed a primary
KIE (ku/kp = 3.91 + 0.40, Figure 129A). In the presence of MPAA ligand, on the other
hand, a small KIE was observed in the rates of formation of both major and minor
enantiomers (knw/kp = 1.17 £ 0.03 and 1.47 + 0.20, respectively; Figure 129B). Notably,
the rate of minor enantiomer formation is expected to have larger KIE (relative to major
enantiomer) if some portion of the minor enantiomer is formed through the racemic
pathway (KIE 3.91). These data indicate that MPAA ligands contribute to catalysis by
accelerating C-H activation.

The potential energy surface in Figure 129C illustrates a scenario consistent with
the observed rates and KIEs. The primary KIE observed without MPAA shows that C-H
cleavage is turnover limiting in the background reaction (Figure 129C, black curve). The
fact that MPAA significantly decreases the KIE for both major and minor enantiomer
suggests that MPAA lowers the barrier of both product forming pathways such that they
are no-longer turnover limiting (Figure 129C, red and blue curves). Olefin insertion is
depicted as turnover limiting for the Pd-MPAA pathways because of the observed rate
dependence on olefin concentration (Figure 129E); however, our experiments do not

preclude the possibility of additional slow steps in the catalytic cycle (e.g. B-elimination or
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O, redox chemistry). The MPAA dependent decrease in KIE of the minor enantiomer
reveals an interesting scenario in which a ligand that lowers the barrier to C-H activation
suppresses formation of the corresponding product. This outcome is consistent with
selectivity determining C-H activation via partitioning between low barrier pathways from

a common intermediate (I, Figure 129C) after a turnover limiting step.
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Figure 129 (A) Global KIE in the racemic reaction without MPAA; (B) global KIE of major
and minor enantiomer in MPAA-accelerated reaction; (C) potential energy surface
summarizing how MPAA ligands change the rate limiting step in dmaf olefination.
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Catalyst Stoichiometry in dmaf Olefination

The KIE experiments presented above demonstrate that MPAA ligands change
the turnover limiting step by lowering the barrier to C-H activation. Given this insight, we
next sought to identify the species responsible for MPAA accelerated C-H activation. Our
study of dmaf palladacycle reactivity toward MPAA ligands suggests that sequential
ligand substitution gives rise to ensembles of Pd;MPAA{OAc and Pd2MPAA, complexes.
In our previous work, we observed a related PdoMPAA; ion by high resolution mass
spectrometry (Figure 130A,B). Moreover, a plot of ee versus MPAA loading revealed ee
is maximized around an overall catalyst loading of Pd2MPAA;, suggesting that reduced
C-H activation barriers may be controlled by a single MPAA ligand bridging a bimetallic
catalyst with the second bridging ligand (OAc or MPAA) exerting minimal influence
(Figure 130C). We further hypothesized that essential features of MPAA catalysis could
be achieved through a PdoMPAA1 X1 complex, which, in principle, could benefit from both

bimetallic cooperativity and secondary sphere hydrogen bond catalysis (Figure 123D).
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Figure 130: (A) Plot of enantiomeric excess versus MPAA loading (dashed line indicates
reaction with overall catalyst loading Pd2MPAA;; (B) Pd2MPAA; ion observed by high
resolution mass spectrometry; (C) experimental and theoretical isotope patterns for the
observed Pda:MPAA; ion.

A non-linear effect (NLE) experiment was conducted to assess the presence of
species containing more than one chiral ligand in catalysis. A small, systematic positive
deviation from linearity was observed in a plot of e.e.upaa Versus e.e.product: Notably, the
small rate suppression from heteroaggregate is much more apparent in plots of eevpaa
versus rate. The small magnitude of the observed NLE is consistent with our hypothesis
that the second bridging ligand (X) in Pd2MPAA+X; plays a minor role in determining the
rate and selectivity of Pd-MPAA catalysts.

To test our hypothesis that MPAA-accelerated C-H activation is achieved through

a species with the stoichiometry PdoMPAA{X4, we sought to determine the kinetic order
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of MPAA ligand. Reactions conducted with 0-1.5 equivalents of MPAA ligand (with
respect to palladium) accelerated formation of the major enantiomer with rate acceleration
approaching saturation with much less than one MPAA ligand per palladium (Figure
131A). This observation qualitatively supports the Pd:2MPAAX; hypothesis; however,
plotting initial rates versus MPAA loading does not provide a simple kinetic order in MPAA
because it reflects competing contributions from two mechanisms (Figure 131B, Equation
6, and Equation 7).

Equation 6: initial rate major enantiomer = k,[Pd — OAc] + k,[Pd — MPAA]

Equation 7: initial rate minor enantiomer = k,[Pd — OAc]| + k3[Pd — MPAA]

Considering the model in Figure 131B, the data in Figure 131A can be divided into
three distinct regimes. Regime i consists of the rates of major and minor enantiomer
formation in the absence of MPAA and defines the background reaction (k7). Regime ii
(from 0.01-0.5 equivalents MPAA per Pd) reveals competing contributions from
background (k;) and MPAA dependent pathways in the formation of major and minor
enantiomers (ko and ks, respectively). Finally, in regime iii (MPAA loadings greater than
0.5 equivalents MPAA per Pd) the Pd-MPAA pathway is nearly saturated and the
background reaction is largely suppressed, giving rise to 4.6-fold increase in the rate of
formation of major enantiomer and a 10-fold decrease in the rate of formation of minor

enantiomer relative to the background reaction.
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Figure 131: (A) plot of initial rate of major and minor enantiomer formation versus MPAA
loading; (B) a simplified, minimal model of product forming pathways.

Thus, although maximal rate acceleration around 0.5 MPAA per Pd is qualitatively
consistent with our hypothesis; the two experimental observables (rates of major and
minor enantiomers) are insufficient to conclusively determine the rate constants and
catalyst stoichiometries of (at least) three pathways. Such an approach would require
quantification of each component in the ensemble of Pd-complexes and large quantities
of highly accurate kinetic data to model the absolute stoichiometry (Pd2MPAA, versus

PdiMPAA,) of the complexes that achieve MPAA accelerated C-H activation. Given the
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complexity of the ensembles of palladium species that can form in solution, it is fortunate
that our qualitative observations point to a hypothesis that is readily tested without
complete characterization of the ensemble of resting states; namely, that a species with
a distinct relative stoichiometry (Pd2MPAA+) achieves MPAA-accelerated C-H activation.
Toward this end, the kinetic method of continuous variation provides a relatively simple
experimental means to probe optimal transition state stoichiometry in ligand accelerated

catalysis.

Kinetic MCV Demonstrates Pd>MPAA1 Accounts for Rate Acceleration

The method of continuous variation (MCV) is well suited for determining the
relative stoichiometry of molecular association. Whereas MCV is most frequently used to
assess binding equilibria with spectroscopic observables (and thus reactant/product
stoichiometry), MCV can be applied to any molecular association with an experimental
observable that is linearly dependent on the concentration of the associated species. In
the case of ligand-accelerated, steady-state catalysis, the relevant response is rate (and
thus transition state stoichiometry).'® Relevant applications of kinetic MCV to probe

transition state stoichiometry can be found in mechanistic studies of organometallic

283-287 288-292 293,294

catalysis, enzymology, olefin polymerization, and, most frequently,

synthetic models of metalloenzymes.?*%3"
The optimal stoichiometry of the MPAA-accelerated transition state was therefore
probed using kinetic MCV by plotting the initial rate of major enantiomer formation versus

mole fraction MPAA (ympaa = [MPAA]o/(IMPAA]o+[Pd(OAC)2]o) and fitting those data to

Equation 8, which accounts for the two reactions that contribute to major product
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formation. The relative stoichiometry of palladium with respect to MPAA is represented in
Equation 8 by the variable a. To reduce the number of adjustable parameters, b was
determined independently (b = 1.5).283%%4 Non-linear least squares curve fitting of the data
in Figure 132 to equation 3 gives a best fit a = 2.03 + 0.13 (constrained to b=1.5). The
dashed lines in Figure 132 show the relatively poor fit when the stoichiometry is
constrained to 1:1 Pd:MPAA. The best fit for the relative stoichiometry of palladium (a =
2) confirms the hypothesis, outlined above, that MPAA- accelerated C-H activation is

achieved by a complex with the relative stoichiometry Pd.MPAA;.

Equation 8: initial rate major enantiomer = m(xypaa) Xpa)® + n(Xpa)®
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Figure 132: (A) Reaction conditions for kinetic method of continuous variation; (B) plot of
initial rate of formation of major enantiomer versus ympaa With fits to equation 3.
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Computational Evaluation of MPAA Accelerated Cyclopalladation

Structural and kinetic analysis of enantioselective dmaf olefination indicate that a
bimetallic catalyst(Pd2MPAA1X+) lowers the barrier to C-H activation. To corroborate this
conclusion, we sought to assess whether computational models of dmaf cyclopalladation
in the presence of MPAA ligands would reproduce key experimental findings from this
reaction. Specifically, a viable model must account for: (1) selective pro-S C-H activation,
(2) MPAA-accelerated activation of both enantiotopic C-H bonds relative to acetate, (3)
cyclopalladation via a bimetallic pathway, and (4) enantioselectivity from a single MPAA
ligand per bimetallic unit. A model capable of addressing these observables would also
allow evaluation experimentally elusive details of MPAA accelerated C-H activation,
including the hypothesis (derived from analysis of solid state structures) that MPAA
ligands enable rate acceleration and enantioinduction via secondary sphere hydrogen
bond catalysis.

Similar to our previous report,?*?

the calculated energy surfaces indicate the
bimetallic pathway is strongly favored both kinetically and thermodynamically. Both C-H
activation steps on the bimetallic pathway feature a high energy intermediate in which
one bridging ligand dissociates from one face of the bimetallic unit to form an open
coordination site for cyclopalladation. The calculated barriers of the pro-S and pro-R C-H
activation transition states accurately predict the S chirality of the major product (AAG* =
4.5kcal/mol). The calculated energy surfaces also reflect MPAA-accelerated activation of

both enantiotopic C-H bonds relative to the acetate pathway (AG***® = 29 .3, AGHFMPAA

= 27.3, and AG*™MPA = 22 8 kcal/mol). The lowest energy transition states for C-H
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activation via Pd2MPAA;OAc, reproduce the absolute chirality of major reaction product
(AAG* = 3.6kcal/mol). The calculated energy surfaces account for the experimental
observables listed above and were therefore used to assess the stabilizing interactions
responsible for MPAA-accelerated C-H activation.

The lowest energy Pd:MPAA{OAc, transition state for pro-S C-H activation is
shown in Figure 133 and illustrates a key structural feature that was observed in all the
lowest energy pro-S cyclopalladation transition states, secondary sphere-hydrogen
bonding of the bridge ruptured MPAA ligand to the acetate participating in concerted
metallation deprotonation. This stabilizing interaction features one MPAA ligand spanning
two distinct palladium centers in a bimetallic unit and thereby offers a possible molecular
interpretation for the mechanism by which Pd2MPAA X accelerates C-H activation. To
probe possible contributions from hydrogen-bonding in MPAA catalysis, cyclopalladation
transition states with MPAA ligands in various positions and conformations were
compared for the both the major and minor enantiotopic C-H bonds and subsequently
compared to the acetate only pathway. This analysis revealed that the lowest energy
pathways include secondary sphere hydrogen bonding interactions, but that MPAA-
dependent barrier lowering (relative to acetate only) is still observed when the MPAA is
constrained to preclude such interactions. Hydrogen bonding interactions were
consistently observed in the lowest energy transition states to pro-S cyclopalladation with
L-MPAA ligands (Figure 133). Secondary sphere interactions were also present in some
(but not all) of the lowest barrier pro-R transitions states and were achieved at the

expense of additional clashes and distortions about the bimetallic unit. Taken together,
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our investigation into possible contributions from secondary sphere hydrogen bond
catalysis suggest that such interactions are responsible for some (but not all) of the MPAA
dependent decrease in the barrier to activation of both enantiotopic C-H bonds and that
hydrogen bonding may selectively stabilize the transition state for C-H activation of the

major enantiomer.

Figure 133: Secondary sphere hydrogen bonding interactions participate in C-H activation
of the favored, enantiotopic C-H bond, (L-MPAA)MS(pro-S).

As a preliminary test of the computational model of secondary sphere hydrogen
bond catalysis, rates and selectivities were compared for reactions conducted with Boc-
NH-Phe, Boc-NMe-Phe, and no MPAA (Figure 134). The experimental results
qualitatively agree with each of the predictions from the computational model: non-H-
bonding ligands accelerate catalysis relative to acetate, meanwhile H-bonding ligands

accelerate catalysis further and give rise to selectivity for the major enantiomer.
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Figure 134 (A) reaction conditions; (B) legend of additives and their corresponding
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additive (green) where solid circles indicate major enantiomer and empty squares indicate
minor enantiomer.
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MPAA Accelerated Cyclopalladation

Catalytic reaction kinetics and computational analysis of MPAA promoted
cyclopalladation both indicate that a bimetallic catalyst (PdoMPAA1X1) lowers the barrier
to C-H activation in dmaf olefination. Given the centrality of this step to a range of C-H
functionalization reactions, we next sought to directly evaluate enantioselective MPAA
accelerated C-H activation without possible complications from other steps in the catalytic
cycle by explicitly measuring the effect of MPAA ligands on the rate of cyclopalladation
(in the absence of catalyst turnover). 2*°3'2 Moreover, to evaluate the relevance of
Pd>-MPAA:X; rate acceleration toward other substrates in Pd-MPAA catalysis, 3 was
chosen as model substrate for stoichiometric C-H activation because bhp derivatives are
the most frequently studied in computational models that directly probe MPAA-promoted
cyclopalladation (separated from other steps in catalysis).

164,313-317

Determination of C-H activation rates necessitated an experimental observable
with a response proportional to cyclopalladated product. This proved challenging because
the products of bhp cyclopalladation have not been characterized in detail (Figure 135A).
The acetate complex crystallized as a heterochiral dimer, foreshadowing potential
complexity from ensembles of stereoisomeric dimers.'%%2°3%32 There are two reports of
experimental characterization bhp-MPAA palladacycles, both of which were assigned as
MPAA chelated monomers.'®*3'3 In one case, however, the reported NMR spectrum does
not delineate the palladacycle aggregation state.®'® In the second case, an ion consistent

with a Pd{MPAA; palladacycle was observed by high resolution mass-spectrometry;'®*
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however subsequent analysis in our laboratory with a wider spectral window revealed the
Pd>MPAA; ion (Figure 135B).2%3

Monitoring cyclopalladation of 3 by '°F NMR reveals a complicated ensemble of
cyclopalladated products (Figure 135A). We were relieved to discover, however, that the
entire ensemble is rapidly converted to two diastereomers (8 and 9) upon treatment with
(S)-N,N-dimethylaminophenylalanine (Phe-NMey) (Figure 135). 19724318 The chelating
resolving agent (see 10, Figure 135C) halts the reaction by sequestering un-reacted
palladium acetate as the di-chelate 11 (Figure 135D). The resolved diastereomers (7 and
8) are readily separated and quantified by SFC. Thus, by halting the reaction and enabling
quantification of cycloplalladated products, Phe-NMe; provides a method to evaluate the

effect of MPAA ligands on the rate of C-H activation of benzhydryl-pyridine derivative 3.
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Figure 135: (A) Cyclopalladation of 3 to give an ensemble of palladacycles and
subsequent resolution; (B) Pd2MPAA; palladacycle observed by high resolution mass
spectrometry and the corresponding theoretical and observed isotope patterns; (C) model
palladacycle (10) illustrating Phe-NMe; chelation; (D) product of Pd(OAc). scavenging by
Phe-NMe,, 11.
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Once a method to quantify the rate of C-H activation was established, kinetic MCV
was used to determine the optimal stoichiometry of the transition state of MPAA-
accelerated, enantioselective cyclopalladation (Figure 136A). Within the constraints of
MCV, the reaction conditions are similar to those used in the catalytic system (i.e., same
solvent and similar concentrations of each component). Visual inspection of Figure 136B
reveals a very small y-intercept, indicative of slow cyclopalladation in the absence of
MPAA. To quantify the relative stoichiometry of the Pd-MPAA species that accelerates
enantioselective cyclopalladation, the data in Figure 136B were fit to Equation 9, which
does not include additional adjustable parameters to account for the background reaction.
This simplification is possible because of the negligible background reaction noted above.
Non-linear curve fitting of the data in Figure 136B to Equation 9 provided a best fit for the
relative stoichiometry of palladium with respect to MPAA of a=1.96 + 0.05 (Figure 16B,
solid curve). A poor fit is obtained when the stoichiometry is constrained to 1:1 Pd:MPAA
(Figure 16B, dashed curve). These results indicate that the bimetallic species
(Pd2MPAA+X+) implicated in our structural, kinetic and computational studies of dmaf
olefination are also responsible for MPAA-accelerated C-H activation of bhp. The
differences between both the substrates and the conditions used for the dmaf and bhp
studies suggest that Pd,MPAA; complexes could be relevant to a broader range of C-H

functionalization reactions involving MPAA ligands than those evaluated in this study.

Equation 9: initial rate major diastereomer = m(Xypaa) (Xpa)®
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Figure 136 (A) Conditions for kinetic method of continuous variation in enantioselective

cyclopalladation of 3; (B) plot of initial rate of major diastereomer formation versus ywmpaa
with fits to equation 4.

Summary- Proposed Mechanism of MPAA Accelerated, Enantioselective Olefination

Structural, kinetic, and computational analyses of Pd-MPAA catalyzed olefination

all implicate a bimetallic species Pd-MPAA{X; in MPAA-accelerated C-H
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functionalization. A catalytic cycle consistent with these studies is proposed in Figure 137.
The experimental results provide a framework for understanding the intermediates and
steps in the cycle that contribute to turnover limitation, rate acceleration, and
enantioinduction. Within this framework, experimentally elusive molecular details are
evaluated by comparing computational models of plausible pathways (guided and

constrained by experimental observables).
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Figure 137: Proposed catalytic cycle for MPAA-accelerated olefination of dmaf.

The kinetically competent pre-catalyst 4 was characterized in DMF using NOESY
and structural MCV. The solution state structure matches that of the acetate bridged
dimer observed in the solid state (Figure 137A). Complex 4 is in equilibrium with a bridge-
split monomer (7), which was characterized by 'H NMR and MCV. Under catalytic
conditions, inverse order in dmaf suggests that driving the equilibrium toward the
monomer 7 inhibits catalytic activity (Figure 17B). MPAA ligands displace acetate on
precatalyst 4 resulting in an ensemble of diastereomeric, mono- and di-MPAA complexes

(Figure 137C). The formation of mono-MPAA complexes followed by conversion to di-
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MPAA complexes upon titration of MPAA ligands closely resembles results from our
previous work and strongly suggests that dmaf palladacycles exist as carboxylate bridged
dimers in the presence of MPAA ligands.

Moving forward in the productive cycle, the observed first order rate dependence
on olefin concentration (from 0.1-1.2M) demonstrates that olefin insertion contributes to
turnover limitation. Saturation kinetics at higher olefin concentrations are consistent with
reversible olefin coordination prior to insertion (Figure 137 D,E). These data demonstrate
the relevance of olefin insertion to the rate of catalyst turnover; however, steps that take
place after insertion (B-elimination, O2 redox chemistry, and ligand exchange) may also
contribute to turnover limitation.

KIE experiments revealed an essential of MPAA catalysis in dmaf olefination;
specifically, MPAA ligands change the turnover limiting step. The significant decrease in
KIE of dmaf olefination in the presence of MPAA ligands confirms that MPAA-dependent
rate acceleration is a result of lower barriers to C-H cleavage of both enantiotopic C-H
bonds (i.e. those leading to both the major and minor product enantiomer, Figure 137E).
The greater decrease in KIE for the reaction leading to formation of the major enantiomer
is consistent with selectivity determining C-H activation, which is achieved by partitioning

between two low barrier pathways after turnover limiting olefin insertion.

Conclusion
This work builds on structural characterization of MPAA-palladacycles to

understand the species responsible for MPAA-accelerated C-H activation of the two
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substrates that are most frequently employed in models of MPAA-catalysis, dmaf (1) and
bhp (3). Structural, kinetic, and computational studies provide complementary insights
and converge on the significance of the core structure Pd:MPAA+X;. Identification of the
molecular framework that achieves rate acceleration, in turn, provides a foundation for
understanding the structures and interactions through which these species improve
catalytic outcomes. Throughout this work, characterization of palladacycle structure
(aggregation and speciation) motivated to verifiable hypotheses regarding function. Most
notably, observation of PdoMPAA;OAc, in equilibrium with PdoMPAA. and 4, led to the
hypothesis that the essential features of MPAA-catalysis (rate acceleration and
enantioselectivity) could be achieved via a transition state containing a bimetallic core
bridged by a single MPAA ligand with minimal dependence on a second bridging ligand.

Designing experiments to test this hypothesis relied heavily on understanding of
the underlying organometallic speciation in solution. For example, observation of
Pd.MPAA;OAcs prompted kinetics experiments with MPAA loadings less than
PdiMPAA,. Under these conditions, competing saturation behavior between multiple
catalysts reveals a wealth of mechanistic complexity, which is easily missed by only
examining the saturated regime, [MPAA]iota=[Pdliota. Characterization of the underlying
organometallic speciation suggested that attempts to identify the rate, order, and absolute
stoichiometry of each catalyst in solution would lead to a poorly constrained system of
equations that was unlikely to afford compelling mechanistic insights. Fortunately, the
kinetic method of continuous variation provides an alternative representation of the same

competing pathways that directly evaluates the optimal relative stoichiometry of ligand
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accelerated catalysis. In catalytic and stoichiometric reactions (with different substrates,
MPAAs, and conditions) kinetic MCV clearly illustrates the relevance of PdoMPAA{X; in
MPAA-accelerated, enantioselective C-H activation.

Observation of structure continued to inform our investigation of function with
respect to how a Pd:MPAA core might enhance rates and confer enantioselectivity. In
particular, observation of hydrogen bonding interactions in solid state structures of MPAA
palladacycles led to the hypothesize that MPAA ligands could achieve enantionduction
and rate enhancements through secondary sphere hydrogen bond catalysis. This
hypothesis was tested by comparing the rates and selectivities of N-H and N-Me amino
acid ligands, which revealed that the N-H functional group exerted substantial influence
of reaction rate and remarkable control over product selectivity. Notably, the lack of
enantioselectivity with N-Me ligands has been observed in other systems and has been
interpreted as evidence for the importance of MPAA chelation via nitrogen coordination.
The significant rate enhancement with N-Me ligands, however, provides strong evidence
againts MPAA chelation via nitrogen coordination and suggests that electronic differences
between MPAA ligands and acetate may contribute to MPAA catalysis. Observation of
enhanced rates and selectivities with N-H vs N-Me provides preliminary evidence,
consistent with computational analysis, to suggest relevance of secondary sphere H-bond

catalysis in MPAA accelerated C-H activation at bimetallic intermediates.
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