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ABSTRACT OF THE DISSERTATION

Computational Investigations of Pd-Catalyzed C—H Functionalization Reactions

by

Katherine Lynn Bay
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2020

Professor Kendall N. Houk, Chair

The use of an inert C—H bond towards the generation of a functional group is advantageous, as
these bonds are the most abundant chemical moieties in organic molecules. A one-step
conversion of a C—H bond to the desired functionality reduces the number of synthetic steps,
which in turn minimizes the use of costly reagents, solvent, and time. Selective activation of a
particular C—H bond in an organic molecule where C—H bonds are ubiquitous, however, is a
challenging task. Among the most challenging aspects of developing robust C-H
functionalization methodologies is identifying catalyst and reagent combinations capable of site-
selective as well as stereoselective reactions. Therefore, directed C—H bond functionalization
using a directing group and a suitable transition metal is of current interest.

Palladium complexes are highly selective and have shown efficiency in various areas of
organic synthesis, which make palladium catalysts particularly useful in the field of C—H
functionalization. Palladium is incredibly powerful for the construction of carbon—carbon and
carbon—heteroatom bonds by C-H activation of aryl and alkyl groups. Palladium-catalyzed
ligand-directed C—-H functionalization is a key goal towards the synthesis of complex

multifunctional substrates.



Understanding the mechanism and origins of stereoselectivity of palladium-catalyzed C—
H functionalization reactions is essential to progress this field. The collaboration between
experiment and computations has provided a deeper mechanistic understanding and insight
than any of the isolated techniques can provide. Kinetics and isolation of intermediates provide
information on mechanistic pathways, while computations can provide details of both structures
and energetics in specific steps in the whole catalytic cycle. Computations have become vital to
elucidate structures of molecules, mechanisms, and selectivities of reactions. Due to the rapid
development of hardware, software, and theoretical methods, computational chemistry has
evolved into a very powerful and routine tool to study complex mechanisms. The work in this
thesis has stemmed from several collaborations through the NSF Center for Selective C—H
Functionalization (CCHF), which is comprised of synthetic methodologists, physical organic
chemists, catalyst developers, enzymologists, computational chemists, and several partners in
the pharmaceutical industry.

Various methods are employed in the chapters described in this dissertation. Theoretical
chemical models along with quantum mechanical (QM) calculations help unravel complex
chemical reactions into many components that influence chemical reactivity and selectivity.
Density functional theory (DFT) is used to characterize ground state geometry, conformational
analysis, transition state geometry, molecular orbitals, and reorganization energies. Each
chapter of this dissertation demonstrates that QM calculations can help predict and explain the
complexities of chemical phenomena involving Pd-catalyzed C—H functionalization reactions. In
an effort to forge an expanding synergism between experiment and computations for the future
development of C—H functionalization reactions, this work aims to:

1. Predict reaction kinetics towards catalyst speciation both on and off the catalytic cycle.
2. Unveil mechanistic details of various Pd-catalyzed C—H functionalization reactions.
3. Elucidate the origins of stereoselectivity to lend insight into future ligand and catalyst

design.



Motivated by the potential of understanding C—H functionalization transformations in
order to promote the development of new reactions, this thesis focuses on using computational
methods to understand systems of relevance to C—H activation using palladium as a catalyst.
Early projects aim to use computations to make proposed models for nonlinear effects to serve
as a meaningful mechanistic probe for predicting reaction kinetics (Chapters 1-2). The second
section delves into elucidating the mechanisms as well as the role of various substrates, ligands,
and oxidants, particularly silver (I) acetate, on how each particular reaction is performed
(Chapters 3-6). Later in this thesis, the focus diverges to highlight the elucidation of an
enantioselective y-C—H functionalization where stereoselectivity arises from attractive aryl-aryl

interactions (Chapter 7).
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Chapter 1. Dynamic Ligand Exchange as a Mechanistic Probe in Pd-Catalyzed
Enantioselective C—H Functionalization Reactions Using Monoprotected Amino Acid Ligands
1.1 Abstract

A new tool for probing enantioselective reaction mechanisms is introduced. Monitoring
the temporal change in product enantiomeric excess after addition of the opposite enantiomer of
the ligand during reaction provides a means of probing dynamic ligand exchange in
enantioselective C—H iodination catalyzed by Pd with monoprotected amino acid ligands
(MPAA). This work has general potential for providing insights about the dynamics of catalyst

and ligand molecularity and exchange.

1.2 Introduction

Pd-catalyzed C—H functionalizations employing mono-protected amino acid (MPAA)
ligands have emerged as a powerful class of reactions that provide striking ligand-accelerated
catalysis, and, in cases of prochiral substrates, highly enantioselective transformations.1 Both
experimentalz and computationals mechanistic studies have contributed to our understanding of
these reaction systems, invoking weak coordination of substrates and ligands to Pd. It has been
shown that MPAA-ligated Pd catalysts exhibit significant rate accelerations over non-ligated Pd.1
Most recently, a novel role for Pd(IV) in enantioselective iodination was uncovered in the highly
selective desymmetrization of diarylmethylamines via iodination catalyzed by Pd(MPAA)
(Scheme 1.1).2c4

Scheme 1.1. lodination of Diarylmethylamines.
10 mol% Pd(OAc),
NHTf 20 mol% MPAA ligand NHTf
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In the present study, we show how temporal monitoring of product enantioselectivity may
be employed as a probe of dynamic ligand exchange in reactions where the opposite hand of
the MPAA ligand is introduced as the reaction proceeds. Understanding the capability of the
chiral ligand to undergo exchange with different Pd species along the catalytic cycle provides a
new tool that uses the reaction itself to probe and report on enantioselective reaction
mechanisms.

1.3 Results and Discussion

Our initial studies followed the optimized system developed by Yu and coworkers,c employing
benzoyl-protected leucine Bz-Leu-OH as the MPAA ligand. We found that this ligand reacts to
produce palladacycle 4 upon mixing with Pd(OAc)2.2c Species 4 is an inert precatalyst that is
rapidly iodinated to produce 5 upon exposure to the reaction conditions of Scheme 1. Complex
6 was synthesized as an analogous catalyst so that the reaction could be followed by 19F NMR
spectroscopy. All three Pd species produce competent catalysts and give similar kinetic profiles
in the reaction of Scheme 1.1. Interestingly, however, we found that none of the species 4-6
interacts with substrate 1 in the absence of lz2.2c This observation led to 1sF-NMR spectroscopic
studies as well as electrochemical investigations that implicate a Pd(IV) species 7, formed from
oxidative addition of l2 to 6, in the catalytic cycle prior to addition of the diarylmethylamine
substrate.

Scheme 1.2. Palladacycles of Interest for C—H lodination.
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Figure 1.1 shows that nearly identical rates are observed for Pd:ligand ratios from 1:1.25
to 1:4 in the reaction of Scheme 1.1. In addition, the reaction exhibits first order kinetics in
[Pd]2c and no nonlinear effect in ligand enantiomeric excess (Figure 1.2). Together these
observations suggest that the active catalyst is a monomeric Pd(MPAA) species and that
neither higher order Pd species nor Pd species with multiple ligands exist either on or off the

catalytic cycle.s
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Figure 1.1. Temporal product formation and substrate consumption. Carried out using 10
mol% Pd(OAc): Bz-Leu-OH ligand at Pd:L ratios of 1:1.25 (green squares), 1:2 (orange
diamonds) 1:4 (blue circles). [1]Jo= 0.1 M; [2]0=0.3 M; 3 equiv. CsOAc, 3 equiv. Na2CO:s in

DMSO/t-Amyl-OH at 500C.
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Figure 1.2. Product %ee vs. ligand %ee. Carried out using 10 mol% Pd(OAc)2 and 20 mol%
Bz-Leu-OH ligand. [1]o= 0.1 M; [2]o=0.3 M; 3 equiv. CsOAc, 3 equiv. Na2COs in DMSO/t-Amyl-
OH at 50°C.

We aimed to study the dynamic behavior of the chiral ligands in this reaction network by
spectroscopic characterization as well as using the reaction itself as a probe. To accomplish the
latter, we devised a ligand addition protocol in which we injected the ligand of the opposite
chirality into a running reaction after ca. 10% conversion. Because the results in Figs. 1.1 and
1.2 confirm that monomeric PA(MPAA) catalysts operate independently from one another in the
cycle, we may monitor any temporal change in enantiomeric excess to evaluate whether and
how rapidly the ligands exchange (eq. 1), where Keq = Kon/Koft =1.

Pd(MPAA),, +(MPAA), <Z—”_;>Pd(MPAA)L +(MPA4A), "

Ligand exchange reactions were initiated using Pd(OAc)2 and the D-Bz-Leu-OH ligand in
a 1:1 ratio, which is immediately converted to catalyst D-5.2c The reaction of Scheme 1.1 was
then allowed to proceed for 20 minutes, or to ca. 10% conversion (ca. 1 turnover), before
addition of 1, 2, or 4 equivalents of ligand of the opposite chirality, L-Bz-Leu-OH. An aliquot
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taken from the reaction mixture established product ee and conversion just prior to addition of
the opposite ligand. Both e.e. and conversion were monitored for a further 40 minutes, or ca. 4
further turnovers.

Figure 1.3 shows the results of these experiments plotted as incremental product e.e. vs.
% conversion. “Incremental e.e.” is defined as the enantiomeric excess of product molecules
formed in an interval between two conversion points, which provides a measure of the
instantaneous behavior of the catalyst by removing the cumulative effect on e.e. of product
already present in the reaction mixture from earlier reaction times. The dashed horizontal lines
in Figure 1.3 show the expected product e.e. for a fully equilibrated Pd/ligand mixture in the
three cases, 60% e.e. for D:L=1:4 (red), 33% for D:L=1:2 (blue) and racemic for D:L=1:1
(green). These data show that immediately upon introduction of the opposite hand of the ligand,
product ee in the reaction of Scheme 1.1 begins to reflect its presence, and the system appears

to be fully equilibrated within two further turnovers of the catalytic cycle.
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: ®
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Figure 1.3. Incremental product %ee vs. conversion for the reaction. Carried out using 10
mol% Pd(OAc)2. Reactions initiated with 1 equiv. D-Bz-Leu-OH ligand, with L-Bz-Leu-OH added

at ca. 10% conversion to give the ligand enantiomeric ratios shown in the graph. [1]Jo= 0.1 M;
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[2]0=0.3 M. 3 equiv. CsOAc, 3 equiv. Na2CQOs in DMSO/t-Amyl-OH at 500C. Horizontal lines
show product ee values expected from fully equilibrated mixtures of ligands.

Based on the reaction kinetics in Figure 1.1 coupled with simulations of the reaction of
eq 1, we may estimate the value of kon and koff to be ca. 0.1 M-1s-1.6 This indicates a relatively
rapid exchange mechanism between Pd and ligand on the time scale of the catalytic reaction.
The reaction’s instantaneous selectivity thus provides an excellent reporter of this ligand
exchange.

Figure 1.4 showing 19F NMR of Pd(MPAA) catalysts with the 2,6-difluorobenzoyl
protecting group reveals a shift in the Pd-bound ligand as increasing amounts of iodine are
added to the system. In accordance with our previous studies, this suggests that the catalytic
species shifts from 6 in the absence of iodine to predominantly 7 under catalytic concentrations
of l2. The two peaks corresponding to diastereotopic F atoms are shifted closer in 7, suggesting

more rapid exchange or less hindered rotation in 7 compared to 6.

|
|
|
|
|
|

-1133 -113.4 -113.5 -113.6 -113.7 -113.8 -113.9 -114 -1141 -1142 -1143

Figure 1.4. 19F NMR spectra of Pd(OAc)2 and the 2,6-difluoro Bz-Leu-OH ligand. Shown at
Pd:L = 2:1 and 30 equiv. CsOAc with increasing amounts of l2. blue: no Iz; purple: 0.05 M Iz;
green: 0.10 M I2; orange: 0.16 M I2; red: 0.33 M l2. Spectra acquired after heating to 50 oC in de-

DMSO/t-Amyl-OH.



A key question to address is the nature of the species in the active catalytic cycle that
are implicated in this ligand exchange. Dissociation of ligand from Pd(ll) species 5 or 6 could
occur at the close of each turnover in the cycle. Ligand exchange might occur via dissociation of
ligand from a Pd(IV) species, either 7 or the subsequent species formed from binding to
substrate 1, both of which were implicated as resting states in the cycle from the observation of
saturation kinetics in [1]..c We employed 1sF NMR spectra to monitor exchange between
species 5 and 6 and between species 7 and its diiodo counterpart 8, as shown in Scheme 1.2.

Scheme 1.3. Proposed MPAA Ligand Exchange from Either Pd(ll) or Pd(IV) Species.
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Figure 1.5 plots the time evolution of the PdL species 5 and 7 as the difluorobenzoyl
ligand exchanges with the diiodobenzoyl ligand in the processes shown in Scheme 1.2. The
results are in good agreement with the estimated chiral ligand exchange rates from the reaction
results in Figure 1.3. Further, the difference in the time courses support the suggestion from the
NMR shifts in Figure 1.5 that ligand exchange is more rapid between species 7 and 8 than

between 5 and 6.
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Figure 1.5. Plotted time evolution of PdL during ligand exchange. Fraction of PdL species
with MPAA system containing the substituted benzoyl protecting group (Ar1 = 2,6
difluorobenzoyl) over time after exchange with the substituted benzoyl protecting group (Arz =
2,6 diiodobenzoyl) as monitored by 19F NMR spectroscopy. Initial Pd:L (with Ar1) = 1:1; 1 equiv.
ligand (with Ar2) added at t=0. 30 equiv. CSOAc in de-DMSO/t-Amyl-OH at 50 oC.

The observation of rapid exchange of ligands on and off the Pd center in the catalyst
both during the working catalyst cycle as well as at rest is all the more striking given the high
enantiomeric excess values achievable in this reaction. This result reiterates the power of
ligand-accelerated catalysis in this system, since high ee indicates that the reaction appears to
be completely shut down in the “ligand off” state. It also suggests that probing the dynamics of
exchange between enantiomeric ligands by temporal monitoring of product enantiomeric excess
may be used as a tool for future catalyst design and mechanistic evaluation. Systems exhibiting
facile ligand exchange coupled with high enantiomeric excess are good candidates for

successful ligand-accelerated asymmetric catalysis. Understanding which species on the



catalytic cycle are capable of undergoing ligand exchange may add support to a proposed
reaction mechanism and may aid in future catalyst design.

Calculations provide support for the mechanistic details of ligand exchange proposed
from the experimental data. All the calculations were carried out with the Gaussian 09 package.7
Geometry optimizations were performed with B3LYP. 89,1011 The LANL2DZ +f (1.472) basis set
with ECP was used for Pd and I, and the 6-31G(d) basis set was used for other
atoms.12,13,14,15,16,17 Frequency analysis was conducted at the same level of theory to verify the
stationary points to be minima or saddle points. The single-point energies were computed with
MO06 /SDD -6-311+G(d,p) basis sets.1s,19,20 The relative energies with ZPE corrections and free
energies (at 298.15K) are in kcal/mol. Conformational searches were performed for each
intermediate and transition state structure. Computed structures are illustrated using

CYLView.21
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Figure 1.6. Free energy profile for dissociative MPAA ligand exchange. The Pd(ll) acetate

dissociation pathway is shown in blue, and the Pd(IV) solvent dissociation pathway is shown in
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red. MO6/SDD(Pd,I)-6-311++G(d,p) energies are reported as AG in kcal/mol; Transition states
and energy barriers of rotation of the aryl group on the benzoyl protecting group for complex 5
and 6. Activation free energies are given in kcal/mol.

Figure 1.6 investigates the reaction coordinate for exchange between difluoro and diiodo
ligands for Pd(ll) and Pd(IV). Protonation/deprotonation steps are not calculated due to
uncertainties in the mechanism, which could proceed through number of different possible
routes including both inter- and intramolecular bases. Assuming that protonation/deprotonation
steps are not rate-determining, the results reveal that the Pd(IV) pathway (species 7 to species
8) is more favorable than the Pd(ll) (species 6 to species 5). Figure 1.6b reveals that the energy
barrier for rotation of the aryl group of the difluoro ligand for the Pd(ll) species 6 is 1.2 kcal/mol
higher than that for the Pd(IV) species 7. Both computational results are in accord with the
experimental NMR data of Figures 1.4 and 1.5.

Scheme 1.4. Pd(IV) Acetate Dissociation Pathway.
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To ensure that the Pd(IV) solvent dissociation pathway was the most energetically
favorable, we compared it to the Pd(IV) acetate dissociation pathway, shown in Scheme 1.4.

The free energy profile of the Pd(IV) acetate dissociative pathway is shown in Figure 1.7. The
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acetate ligand of the Pd(lv) species 7 dissociates to form a 16 e- Pd complex (7b-1). Note that a
transition state structure was unable to found, rendering this step barrierless in the pathway.
Association of L2 increased the free energy of 7c-1 to 30.9 kcal mol-1 due to the increase of
sterics when the second MPAA ligand fills the octahedral coordination site on the Pd-complex.
Like the Pd(ll) acetate dissociation pathway, the details of the proton transfer steps were not
calculated. After dissociation of L1, the empty coordination site increases the free energy of 8a-

1 to 20.7 kcal mol-1. Species 8 is then formed after association of the acetate ligand.

30.9
20.7
proton =~
transfer Z
steps
AG
7 8
acetate | MPAA ligand acetate &l
dissociation | exchange association

Figure 1.7. Free energy profile for Pd(IV) acetate dissociation pathway.

In comparison to the Pd(IV) solvent dissociation pathway shown in red from Figure 1.6,
the Pd(IV) acetate dissociation pathway was unfavorable. Since the t-Amyl alcohol solvent
molecule coordinated to Pd is more labile than the acetate ligand, we investigated a similar
Pd(IV) dissociation pathway but rather the solvent molecule dissociates to open up a
coordination site on the Pd-octahedral complex 7b. This is energetically much more feasible at
11.1 kcal mol1 than that of 7b-1 from the acetate dissociation pathway. Overall, this solvent
dissociation pathway was lower in energy than the acetate dissociation pathway and was

chosen as the representative pathway to compare to the Pd(ll) acetate dissociation pathway.
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1.4 Conclusions

In conclusion, we present a protocol for probing dynamic ligand exchange in asymmetric
catalytic reactions applied to the Pd(MPAA)-catalyzed iodination of diarylmethylamines.
Monitoring the temporal product enantiomeric excess after addition of the opposite enantiomer
of the MPAA ligand allows assessment of the dynamics of ligand exchange in the system. While
this system exhibits Pd:ligand = 1:1 and the lack of a nonlinear effect, it may be imagined that
valuable information concerning the dynamics of ligands might also be obtained in systems
exhibiting more complex catalyst speciation. Combining such experiments with spectroscopic
characterization and an understanding of the ligand and metal molecularity provides a detailed
protocol for comprehensive mechanistic understanding of the catalytic system. Further studies
probing the generality of this protocol in other asymmetric catalytic systems of import are

underway.
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Chapter 2. Probing Catalyst Speciation in Palladium-MPAAM-Catalyzed Enantioselective
C(sps)-H Arylation of Cyclopropanecarboxylic Acids: Catalyst Improvement via Destabilization
of Off-Cycle Species
2.1 Abstract

Chiral monoprotected aminoethyl amine (MPAAM) ligands were recently reported to
facilitate enantioselective Pd-catalyzed arylation of strong cyclopropane C(sps)—H bonds. Herein,
we describe detailed experimental and theoretical investigations into the influence of MPAAM
ligands, L1 and L3, as well as monoprotected aminoethyl thioether (MPAThio) ligand, L2, on
reaction kinetics, product enantioselectivity, and turnover number. An unusual negative
nonlinear effect in ligand enantiopurity and negative dependence of ligand concentration on
reaction rate is observed for L1 and L2, but not for L3. NMR titrations, kinetic modeling, crystal
structures, and DFT calculations implicate concentration-dependent formation of stable, off-
cycle, homoleptic Pd(L)2 species occurs in the presence of L1 or L2. However, in the L3 system,
only the catalytically active, mono-substituted [Pd(L)(OAc)] species is observed, regardless of
ligand concentration, demonstrating the subtle influence of ligand structure on reaction kinetics
and mechanism.
2.2 Introduction

Applications of chiral, small molecule ligand architectures in new catalyst design have
led to significant advances in the field of site-specific and enantioselective C-H bond
functionalization.1 Amongst the vast library of ligands currently available, those utilizing the
privileged AcNH motif have witnessed particularly exceptional successes.z23.45 Examples of such
ligands are shown in Scheme 2.1 and include: MonoProtected Aminoethyl AMine (MPAAM) and
it's sulfur derived analog MonoProtected Aminoethyl Thioether (MPAThio),2 MonoProtected
Amino Acids (MPAA),s Mono-N-Protected Aminomethyl Oxazoline (MPAO),2 and Acetyl-

Protected Aminoethyl Quinolines (APAQ).s This suite of ligands has enabled the
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functionalization of a wide variety of difficult C—H bonds including the functionalization of strong
cyclopropane C(sps)—H bonds.2 While catalysts that employ these families of ligands have been
efficacious in obtaining desired reactivity, little is understood about the coordination mode of the
ligands, catalyst speciation in solution, or the overall reaction mechanisms. The versatility and
wide applicability of these systems justifies an in-depth study of Pd complexes with these
ligands, the role of the AcNH functionality, and the effect of ligand variation on reaction kinetics
and enantioselectivity.

Scheme 2.1. Privileged Ligands in C—H Functionalization. (Oxa = oxazole; Q = quinoline)

Ar Ar
LNR? LSR
AcHN AcHN

MFAAM MPAThio

Ar Ar Ar

L L )

AcHN COOH AcHN Oxa AcHN Q

MPAA MPAO APAQ

While the vast majority of directing group mediated C—H bond activations typically invoke
strong coordination of a metal center with a heteroatom of the directing group, it is important to
highlight the AcNH functionality as an exception to this trend. As summarized in Scheme 2.2,

the terminal amide moiety has been hypothesized to act bifunctionally, both as a chelate and by

computational models suggest an unusual deprotonation of the amide that acts to aid in
chelation.s In this case, the amide is assigned as an X-type ligand, though little experimental
evidence for this coordination mode has been reported.7 Rather, conventional coordination
chemistry often considers the amide functionality as an L-type ligand (Scheme 2.2b).s The

discrepancies in current literature and an exiguous supply of well-characterized examples not
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only warrant further investigation into how these ligands facilitate enantioselective C-H
functionalization, but underline the necessity of such studies for improved catalyst design.

Scheme 2.2. Concerted Metallation Deprotonation by a Terminal Amide Moiety. (a) A
proposed 6-member C—H cleavage transition state and (b) possible coordination modes of both

protonated and deprotonated AcNH directing groups.
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Herein, we report the first structural characterization of mononuclear Pdu complexes
bearing the AcNH functionalized MPAAM (L1) and MPAThio (L2) ligands shown in Scheme 2.3.
Furthermore, we describe detailed experimental, computational, and kinetic analyses that
examine the nature of the active catalyst and the origins of enantioselectivity. In both ligand
systems, L1 and L2, a previously unrecognized and highly unusual negative nonlinear effect on
enantioselectivity was observed, implicating the formation of stable, off-cycle, homoleptic Pd(L)2
species.s Additional NMR experimentation, DFT calculations, and crystallographic data not only
provide support that accumulation of this species is the direct result of increased ligand-to-metal
loadings, they further induce ramifications on reaction rate, turnover number (TON), and product

Scheme 2.3. Ligands L1-L3.
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enantiomeric excess (ee). These combined findings have led to the development of a new
ligand in the MPAAM family, L3, which exhibits superior catalytic performance due to the
instability of the deleterious Pd(L 3)2 species, providing insight into improving the future design of
enantioselective C—H functionalization catalysts.
2.3 Results and Discussion
2.3.1. Background

Utilizing the reaction conditions described in Scheme 2.4 as a benchmark, Yu and
coworkers recently assessed the efficacy of twenty-four ligands in the MPAAM family for their
capacity to promote the exceptionally difficult, enantioselective functionalization of cyclopropane
C(sp3)-H bonds.2 Collectively, only ligands featuring an unsubstituted terminal AcNH moiety
proved competent in generating the desired product, 3, further emphasizing the importance of
the functionality.
Scheme 2.4. Enantioselective Pd-Catalyzed C(sps)-H Arylation of
Cyclopropanecarboxylic Acid.

10 mol% Pd(OAc),
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1 2 3
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The N,N-dimethyl substituted L1 was determined to be the most effective under the
reported conditions (82% yield; 94% ee), however subtle differences in the steric environment of
the tertiary amine (-NR2) resulted in significant changes to the overall performances. This
precarious nature of these ligands prompted the investigation into catalyst speciation and
mechanistic elucidation described in this work.

2.3.2. Evaluation of L1 and L2 Systems.
Under the conditions outlined in Scheme 2.4, results from kinetic studiess involving L1,

and the thioether analog, L2, are shown in Figures 2.1 and 2.2. Figure 2.1 provides a qualitative
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Figure 2.1. Kinetic studies of the reaction from Scheme 2.4.
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Figure 2.2. Reaction reproducibility. Comparison of three separate experiments under the
standard conditions shown in Scheme 2.4 using L1, confirming the reproducibility of the kinetic
measurements.

comparison of relative rates, while Figure 2.2 confirms the reproducibility of the measurements.
Similar results were observed across both ligand systems, exhibiting first order dependence on

[Pd], a positive order in concentration of the carboxylic acid substrate, 1, and zero order in
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concentration of the aryl iodide, 2. The enantiomeric excess values of the desired product, 3,
ranged between 70 - 80% ee.10.11

Interestingly, decreasing the L:Pd ratio below the standard 2:1 outlined in Scheme 1
resulted in a significant increase in reaction rate. The unusual negative rate dependence on
ligand concentration implies complex Pd-ligand speciation, leading us to consider the possibility

of (PdL)n or Pd(L)n species (where n > 1).9

j\ hMe
N"".
_ H Me
Increasing L1-F:Pd
L1-F
7 y \wa——
i f\._
f! f&‘:
7 H\_ AN
rd AN
rd J‘Eix FAN
/ il
el it i ‘.l U_\_,__\__,__.-'-"\.\_\__\—_,w
-116.5 117 -117.5 -118 -118.5 -119

Figure 2.3. 19F-NMR spectra as amount of L1-F increases. 19F-NMR spectra of interactions
between Pd(OAc)2 and the fluorinated version of L1 at 55 oC. [Pd] = 0.06 M. Free L1-F is shown
as the lowest spectrum in green. Pd:L ratios 1:0.5, 1:0.67, 1:0.83, 1:1, 1:1.17, 1:1.33, 1:1.5, 1:2,
1:3, 1:4.

We sought evidence for the formation of such higher-order complexes through ligand
binding titrations. The interaction of free L1 and Pd(OAc)2 was initially evaluated by 1H NMR
spectroscopy, however, rapid line broadening and the overlapping of signals convoluted the
interpretation of the data. Instead, interaction between Pd(OAc)2 and L1 was probed by 19F
NMR spectroscopy using a fluorine-labeled derivative of the ligand, L1-F. As shown in Figure

2.3, the spectra show two peaks present in the reaction mixtures. At substoichiometric L:Pd
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ratios, the signal for free ligand at -117.4 ppm is shifted to -117.2 ppm but gradually moves back
towards that of the free ligand as the concentration of L1-F increases. The second peak at -
118.4 ppm also appears at a low L:Pd ratio yet experiences less of a change in chemical shift
with respect to increased ligand concentrations. These spectra support the suggestion that
catalyst speciation is complex in the Pd-L1 system.
2.3.3. Synthesis of PdL2 Species.

Since addition of free L1 to Pd(OAc)2 results in a dynamic system with more than one
species present in solution, we developed a targeted synthetic approach that has allowed us to

characterize several important Pd species, including those that may be disfavored under the

a. [(R,R)-Pd(L1),]

c. [(R.S)-Pd(L2);)] oy -

o1
s1

Figure 2.4. Crystal structures of palladaycles. (a) (R,R)-Pd(L1)2, (b) (R,R)-Pd(L2)2, and (c)
(R,S)-Pd(L2)2. Thermal ellipsoids are drawn at the 50% probability level with hydrogen atoms
and outer sphere LiCl atoms omitted for clarity. For (b), one of the phenyl rings was disordered

and stable refinement required isotropic modeling of the thermal parameters.
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reaction conditions described in Scheme 2.4. As outlined in Scheme 2.5, the ligands were first
deprotonated with either potassium or lithium bis(trimetylsilyl)Jamide and subsequently
transferred to a solution of Pd(OAc)2 or Pd(MeCN)2Cl2 in a THF/Et2O mixture. In each case, the
corresponding Pd(L)2 complex precipitated as a light yellow solid. Single crystals suitable for X-
ray diffraction were prepared by solvent diffusion of pentane into concentrated dichloromethane
solutions of Pd(L)2. These complexes represent the first structural characterizations of Pd
complexes with either MPAAM or MPAThio family ligands. In these materials, the deprotonated
amide coordinates to Pd through the N-atom as an X-type ligand, while the tertiary amine in L1,
and thioether in L2, acts as an L-type donor, forming a 5-membered palladocycle. his synthetic
method appears to be quite general. In addition to the homoleptic Pd(Lr)2 compounds, [(R,R)-
Pd(L1)2] and [(R,R)-Pd(L2)2], we have also been able to prepare the heterochiral [(R,S)-
Pd(L2)2] shown in Figure 2.4. The latter complex was prepared by sequentially treating
Pd(OAc)2 with one equivalent of K(L2r) followed by one equivalent of K(L2s). All three of these
structures were used as starting points for DFT calculations to explore the relative stabilities of
Pd(L)2 complexes.

Scheme 2.5. Synthetic route to PdL2 species.
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2.3.4. Density Functional Theory of L1 and L2 Species.

The DFT calculated structures for ligand systems L1 and L2 are shown in Figures 2.5
and 2.6, respectively. The most stable species for ligand L1 is the homoleptic trans-[(R,R)-
Pd(L1)2], as characterized crystallographically, which lies 1.3 kcal/mol lower than it's cis- isomer
and 2.6 kcal/mol below the mono-ligated [(R)-Pd(L1)(OAc)] (Figure 8). This assignment is in
good agreement with the crystal structure shown in Figure 2.4a. The next lowest energy

configuration, heterochiral cis-[(R,S)-Pd(L1)2], lies 4.8 kcal/mol above trans-[(R,R)-Pd(L1)2].
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Dimeric (PdL)2 complexes are significantly (> 20 kcal/mol) less stable than the monomeric
Pd(L)2 complexes. Thus, the homoleptic trans-[(R,R)-Pd(L1)2] and the mono-ligated species
likely comprise most of the [Pd] population for the L1 system. The mono-ligated [(R)-
Pd(L1)(OAc)] species retains an acetate ligand and presumably represents the active entry into

the catalytic cycle.

PdLgLs: AAG = 4.8 kcal mol?

Figure 2.5. Relative stabilities of lowest energy conformers of species formed from
Pd(OAc)2 and L1. [Pd(Lr)(OAC)] (top), [Pd(LrR)(Lr)] (middle), and [Pd(Lr)(Ls)] (bottom). SMD

(Generic, eps=16.7)/M06/6-311+G(d,p)//B3LYP/6-31G(d).
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Figure 2.6 shows that calculations with ligand L2 also implicate a homoleptic species,
cis-[(S,S)-Pd(L2)2], as the most stable, lower in energy by 4.3 kcal/mol compared to the
heterochiral species, cis-[(S,R)-Pd(L2)2]. As with L1, the population of [Pd] species for L2 is
likely a mixture of monosubstituted [(S)-Pd(L2)(OAc)] and homochiral cis-[(S,S)-Pd(L2)2]. In
contrast to L1, both bis-ligated L2 complexes prefer the cis conformation. The crystal structure

of the homochiral cis-[(R,R)-Pd(L2)2] complex shown in Figure 7b supports these calculations.

PdLsLs: AAG = 0.0 kcal mol?

Figure 2.6. Relative stabilities of lowest energy conformers of species formed from Pd(OAc)2
and L2. PdLrLs (top), PdLsLs (middle). SMD (Generic,eps=16.7)/M06/6-311+G(d,p)// B3LYP/6-
31G(d).
2.3.5. Nonlinear ee effects and L3.

In the field of asymmetric catalysis, Kagan’s pioneering work has demonstrated that
observation of a nonlinear relationship between ligand enantiopurity and product ee is a
valuable tool for probing reaction mechanisms.i12 The most common rationalization for this

nonlinear effect has been attributed to the formation of higher order M(L)» species (where n >
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1), although explanations invoking phase behavior have also been proposed in cases where
incomplete dissolution of the catalyst and/or ligand occurs. Such species have been observed in
[Pd] systems with achiral ligands, however the observation of multi-ligated [Pd] species in chiral
systems is extremely rare. Recently, we developed a protocol to probe for the presence of such
higher order species in solution by investigating the influence of ligand enantiopurity on both

product ee and reaction kinetics.sb

TR 80
E ~'/tl
.
$ 60 oy
G P g
> 40 //
S ¢ 5
& 20 St
ligand ee (%) ."“.--:‘///“7’
’/O—‘:.}"//l
100 75 _-pp—~ BB 0 25 50 75 100
v
/ >
A 40 o u nonlinear
§ : ~ model
e -60 12
of° .
& e 18
80 ¢ I3 linear

Figure 2.7. Product enantiomeric excess vs. ligand enantiopurity. Carried out using ligands
L1, L2, and L3 with [Pd]o = 0.02 M and Pd:L = 1:4. Symbols represent experimental data; dotted
line shows linear behavior; dashed line shows the model prediction of the negative nonlinear
effect.

The Pd-[L1] system displays unusual rate behavior as a function of ligand enantiopurity,
as shown in Figure 2.7. Under identical reaction conditions, the use of a racemic L1 mixture
proceeds at 1.5 times the rate of that of the enantiopure ligand. This nonlinear behavior is in
marked contrast to our previous studies, which employed both MPAAs: and APAQsb ligands,
where no nonlinearity is observed. Furthermore, a plot of ligand vs. product ee, Figure 2.8,
displays a strong nonlinear effect for both the [Pd]-L1 and [Pd]-L2 systems. In commonly

reported cases of nonlinear effects in asymmetric catalysis, racemic and scalemic catalysts
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exhibit lower reaction rates. To the best of our knowledge, this is the first time such an

observation has been reported in asymmetric Pd catalysis.iz We attribute both of these results

to the favorable formation of off-cycle Pd(L)2 species.
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Figure 2.8. Kinetic study of the reaction under standard conditions.
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Figure 2.9. 19F-NMR spectra as amount of L3-F increases. 19F-NMR spectra of interactions
between Pd(OAc)2 and the fluorinated version of L3 at 55 oC. [Pd] = 0.06 M. Free L3-F is shown

as the lowest spectrum in green. Pd:L ratios 1:1, 1:2, 1:3, 1:4, 1.5.
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Since mono-ligated [Pd(L)(OAc)] species likely represent the active entry into the catalytic cycle,
we proposed steric modification of the MPAAM family’s tertiary -NR2 group as a methodical
approach to circumvent formation of the deleterious Pd(L)2 species. To test the hypothesis, we
utilized our protocols» to evaluate a series of ligands and found that L3 exhibited a linear
behavior in its plot of ligand vs product ee.

The [Pd]-L1 system also displays unusual rate behavior as a function of ligand
enantiopurity, as shown in Figure 2.7. Under identical reaction conditions, the use of a racemic
L1 mixture proceeds at 1.5 times the rate of that of the enantiopure ligand. In contrast, L3,
which does not exhibit a nonlinear effect of ligand ee on product ee, racemic and enantiopure
ligands essentially proceed at the same rates.

Kinetic studiess involving L3 were performed in accordance with the standard L:Pd ratio
of 2:1 used for the L1 and L2 systems shown in Figure 2.1. The results outlined in Figure 2.8
indicate that the [Pd]-L3 system exhibits a first order dependence on [Pd], and a zero order
dependence on L3 as well as both substrates, 1 and 2. In comparison to L1 (kw/ko = 1.6), a
larger KIE value was observed for L3 with kn/ko = 3.3. Under the benchmark reaction conditions
described in Scheme 2.4, the rate of the reaction with L3 was nearly four times faster than with
L1 while affording comparable enantioselectivity, again ranging between 70-80% ee.1o

A fluorinated analog of L3 was also synthesized and used in 1sF NMR-monitored ligand
binding titrations. In contrast to the L1-F spectra in Figure 2.3, treating Pd(OAc)2 with increasing
concentrations of L3-F resulted in simpler spectra, exhibiting one single peak with a negligible
shift from that of the free ligand across the full range of ligand concentrations (Figure 2.9).
These spectra support the suggestion that catalyst speciation is less complex for the Pd-L3
system as compared to Pd-L1.

Calculations carried out on Pd species formed with L3 indicate that the mono-substituted

[Pd(L3)(OAC)] species is the most stable, with homochiral and heterochiral bis-ligated species
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found to be 6.1 and 6.5 kcal/mol higher in energy, respectively (Figure 2.10). In this case it is
likely that all [Pd] exists as the active mono-ligated [Pd(L3)(OAc)] species, in accordance with

both the 19F-NMR studies of Figure 2.9 and the absence of nonlinear effects for L3 (Figure 2.7)
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Figure 2.10. Relative stabilities of lowest energy conformers of species formed from
Pd(OAc)2 and L3. [(R)-Pd(L3)(OAc)] (top), cis-[(R,S)-Pd(L3)2] (middle), and cis-[(R,R)-Pd(L3)2]
(bottom). SMD(Generic,eps=16.7)/M06/6-311+G(d,p)//B3LYP/6-31G(d).

2.3.6. Reaction Mechanism.

The combined findings of the three ligand systems, L1-L3, implicate the steps shown in
Scheme 2.7 as key for determining rate and enantioselectivity. Reversible substrate binding

precedes the C-H abstraction step, which is partially rate determining. The relative populations
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of [Pd(L1)(OAc)] and [Pd(L1)(1-H)] differ for L1 and L3; the higher KIE value and lower order in
substrate [1] for L3 suggest that the [Pd] complex rests predominantly at [Pd(L3)(1-H)], while for
L1 the catalyst is divided between [Pd(L1)(OAc)] and [Pd(L1)(1-H)]. All subsequent steps in the
catalytic cycle, including oxidative addition of the aryl iodide, occur after the rate determining
step and are kinetically invisible.

Scheme 2.6. Kinetically Relevant Steps in Cyclopropane C-H Bond Activation.
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Scheme 2.7. Models for Nonlinear Effects of Ligand Enantiomeric Excess (Active Catalytic
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The unusual negative nonlinear effect of ligand ee and reaction rate can be discussed in
terms of two prominent models in asymmetric catalysis by Kagan and Noyori. The Kagan ML2
model (Scheme 2.7a) proposes that nonlinear effects will be observed in cases where bis-
ligated species dominate the system and serve as the active catalyst. Negative nonlinear effects
may be observed when the heterochiral species exhibits higher activity and stability than
homochiral species. In this case, the rate of reaction for racemic catalysts is predicted to be
higher than that for the enantiopure ligand, which is observed in the L1 and L2 system.
However, the instability of the calculated heterochiral bis-ligated species makes it unlikely that
this model describes ligand systems L1 and L2.

Noyori studied nonlinear effects in the alkylation of aldehydes by dialkylzinc complexes
catalyzed by chiral amino alcohols, where monomeric species are active catalysts and dimeric
species act as off-cycle spectator species (Scheme 2.7b).14 A positive nonlinear effect on
enantioselectivity is observed when the heterochiral dimeric complex of chiral Zn alkoxides is
more stable than the homochiral complexes. In such a case, the rate for enantiopure catalysts
will always be higher than that for racemic catalysts, in contrast to our observation.

Our work identifies the features of a further type of a negative nonlinear effect (Scheme
2.7¢), related to the Noyori monomer-active case, where equilibria between mono- and bis-
ligated species exist only between homochiral species due to the instability of heterochiral bis-
ligated species. Because of these equilibria, the relative concentrations of the active PdLr and
PdLs differ from the total ligand ee. At lower ligand concentrations, a higher fraction of the total
[Pd] is present as the active mono-ligated species. Indeed, for a given total Lr + Ls ligand
concentration, the minor enantiomer of the ligand exhibits a higher relative concentration of
active mono-substituted [Pd(L)(OAc)] than does the major enantiomer, resulting in a nonlinear
effect on product ee. Given these considerations and the values of Keq derived from our
computational models, we were able to successfully predict the magnitude of the nonlinear

effect with remarkable accuracy as shown by the dashed line in Figure 2.7.
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The formation of off-cycle, homoleptic Pd(L)z species also explains the effect of ligand
enantiomeric purity on rate for L1 and L3. When the same absolute concentration of ligand Luot
is divided between Lr and Ls, the concentration of the total active PdL species (PdLr + PdLs)
will be greater than for the case when Lwt is comprised of a single enantiomer of the ligand.
This consideration predicts that the reaction rate should be higher for a racemic mixture of PdLr
+ PdLs compared with the enantiopure case. Indeed, as shown in Figure 2.7, the racemic
mixture is 1.5 times faster than enantiopure ligand, in good agreement with our prediction of a
relative rate of 1.7.

We also explored computationally the enantioselectivity in the C—-H metalation-
deprotonation step using substrate 1 and ligand L1. The optimized structures and relative free
energies of the most favorable transition states for the two enantiomers are shown in Figure
2.11. In both transition states, the Pd(Il) center is coordinated to the tertiary amine of the ligand,
the N-atom of the deprotonated amide, and the carboxylate of the substrate 1. The O- atom of
the amide acts as an intramolecular base in a concerted metalation/deprotonation to activate
the (sp3)C—H bond and facilitate the Pd—C bond formation. TS(S) is more favorable than TS(R)
by 4.5 kcal/mol, which somewhat overestimates the experimental selectivity.

Enantioselectivity arises from the different orientation of the amide group in the R and S
transition states shown in Figure 2.12. There is more severe distortion of the six-membered bis-
chelate of L1 in TS(R), where the amide group rotates into the plane of the Pd square planar
complex in order to deprotonate the pro-(R) proton. This is shown more dramatically in Figure
16, which is an illustration of overlays of the reactant complex in red with TS(S) in blue (on the
left) and with TS(R) in green (on the right). The amide group in the reactant complex is pre-
organized to deprotonate the pro-(S) hydrogen, but in TS(R), distortions of the amide group and
the 6-membered diazapalladacycle are required to achieve the transition state.

These studies lead to the proposed catalytic mechanism shown in Figure 2.13 for L1.

Reversible substrate binding to form the reactive complex [Pd(L1)(OAc)] is followed by rate-
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determining C-H activation via the transition state shown in Figure 2.11. Oxidative addition of
the aryl iodide is followed by reductive elimination and regeneration of the active mono-ligated
catalyst PdL, which is in equilibrium with its homochiral di-ligated species in the case of L1 and

L2. The fraction of total Pd diverted to this off-cycle species increases with increasing ligand
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Figure 2.11. CMD TS structures with L1. DFT-optimized structures and relative free energies

of the two enantiomeric C—H metalation-deprotonation reactant complex and transition states.
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Figure 2.12. Overlay of reactant complex and TS structures. (red = reactant complex; blue =

TS(S); green = TS(R))
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Figure 2.13. Proposed catalytic cycle with ligand L1.

concentration, slowing the rate. L3, by contrast, does not exhibit this off-cycle species. The

steps within the catalytic cycle pertain to all three ligand systems.

The inverse behavior of rate with ligand concentration for L1 suggests that higher Pd:L

ratios would provide optimal efficiency by effectively allowing a higher fraction of the Pd to be
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present as the active monosubstituted species. However, the robustness of the system must
also be considered. For L1, the reaction begins to exhibit catalyst deactivation at Pd:L ratios
less than 1:2, and enantioselectivity is also eroded. In the case of L3, excess free ligand does
not adversely influence rate and may also help maintain robustness in the event of catalyst
deactivation via ligand dissociation. Indeed, we found that the total turnover number could be
tripled for reactions in the presence of eight equivalents of ligand L3.11
2.4 Conclusions

In summary, experimental observations of an unusual negative nonlinear effect in ligand
enantiopurity and negative dependence of ligand concentration on reaction rate for L1 and L2
implicate the formation of off-cycle, homoleptic Pd(L)2 species under the standard reaction
conditions outlined in Scheme 1. The formation of these species in solution was probed by NMR
titrations and kinetics modeling, and the structures of several Pd(L)z species were determined
by single-crystal X-ray diffraction. DFT calculations and model predictions of reaction rate for
the racemic compared to the enantiopure case also support a mechanistic model with the
homoleptic Pd(L)2 species as an off-cycle spectator. The formation of these species can be
prevented by manipulating the steric parameters of the tertiary amine group in the MPAAM
family of ligands. For example, the ligand L3 disfavors the formation of Pd(L3)2 complexes.
Instead, only the catalytically active, mono-substituted [Pd(L3)(OAc)] species is observed,
allowing for a higher population of active catalyst to be present in solution. Finally, this work
demonstrates the subtle influence of ligand structure on reaction kinetics and mechanism

enabling the future design of efficient enantioselective C—H functionalization catalysts.
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Chapter 3. Multiple Roles of Silver Salts in Palladium-Catalyzed C—H Activations

3.1 Abstract

Many Pd-catalyzed C—H functionalization reactions utilize stoichiometric Ag(l)-salts as
additives. Ag additives are typically used either as a terminal oxidant or as a halide scavenger
for Pd catalyst regeneration. However, recent experimental and computational studies have
shown that Ag(l)-salts may play additional roles in C—H activation processes. Notably,
cooperative Pd—Ag bimetallic C—H activations and Ag(l)-mediated Pd-catalyzed C—H arylations
can occur. The non-oxidative roles of Ag(l) salts in Pd catalyzed C—H activation are highlighted

in this chapter.

3.2 Introduction

C—H activation reactions have become attractive tools for synthesis of complex organic
molecules.1 Palladium remains the most widely used catalyst for C—H activation reactions, yet
reaction conditions have become increasingly complex as additives such as acids, bases, and
salts are included along with Pd.2 Pd-catalyzed C—H functionalizations are commonly carried out
in the presence of stoichiometric Ag(l) salts. Ag additives are used as a terminal oxidant in
oxidative functionalizations, or as a halide scavenger, particularly when iodoarenes are used as
coupling partners.s Other possible roles have been proposed: (1) Ag(l) salts promote C-C
coupling,s (2) the formation of a bi- or multimetallic Pd—Ag complex facilitates C—H cleavage at

Pd(ll),! and (3) Ag(l) salts directly promote C—H cleavage to form a Ag-arene intermediate.? In

this mini-review, we highlight recent papers in which both Pd and Ag have been employed in
transition-metal catalysis, and illustrate the significance of Ag+ in C—H functionalizations.

Pd(Il) catalyzes the oxidative dimerization (homocoupling) of benzene, thiophene, and
arylpyridine derivatives under mild conditions. Mori et al. reported a C—H functionalization
reaction in which a homocoupling of 2-formylthiophene 1 to form 2 occurs in the presence of

AgF and a Pd(ll) catalyst (Fig. 3.1a).s Since this seminal work, the utilization of silver salts in this
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compounds 3 and 4 to form product 5 using both Ag(l) salts and benzoquinone as oxidants to
regenerate the activated Pd(ll) catalyst (Fig. 3.1b).s Fagnou and DeBoef independently
described that C2 and C3 positions in indoles can be selectively functionalized in Pd-catalyzed
cross-coupling reactions depending on whether Cu(OAc)2 or AgOAc is employed as the
stoichiometric oxidant (Fig. 3.1¢c shows the Ag+ results).7 Chang and co-workers reported
selective alkenylation using pyridine N-oxides 8 and ethyl acrylate 9 to generate (E)-10 with
good stereo- and chemoselectivity (Fig. 3.1d).s Liu et al. reported a Pd-catalyzed oxidative
arylalkylation of activated alkenes 11 in the presence of AgF and PhI(OPiv)2 (Fig. 3.1e).s Based
on these experimental observations, they propose that AgF plays a key role in C—H bond

activation step, since 12 does not form in the absence of AgF.

3.3 Pd—Ag Heterodimeric Complexes in C—H Activation Reactions

In a study of heterobimetallic carboxylates, Hor et al. isolated a Ag(l)/Pd(Il) bimetallic
system and determined its structure by single-crystal X-ray crystallographic analysis.10 This
enabled the direct study of the catalytic activity of this heterometallic complex. Furthermore,
Strassner and co-workers synthesized a trinuclear Pd—Ag—Pd carbene acetate complex.i1
Through the use of energy-dispersive X-ray spectroscopy, they determined the Pd:Ag ratio to be
2:1. Subsequently, Markov et al. reported an acetate-bridged Pd(Il)-Ag(l) heterometallic
complex 13 (Figure 3.2).12 They studied its molecular geometry and electronic structure using

single-crystal XRD and quantum mechanical density functional theory (DFT) calculations.

Figure 3.2. Fragment of the polymer chain from the crystal structure. {Pdu[(p-

OOCMe)2Agi(HOOCMe)z]zhn
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In 2014, a collaboration between our group and the groups of Yun-Dong Wu and Jin-
Quan Yu identified a Pd—Ag complex involved in the activation of distal meta-C—H bonds of a
nitrile-containing template attached to benzyl alcohol, 14 (Fig. 3.3a).13,14 For the C—H activation
step, four possible active catalytic species were studied: monomeric Pd(OAc)2 16, dimeric
Pd2(OAc)s 17, heterodimeric PdAg(OAc)s 18, and trimeric Pds(OAc)s 19 (Fig. 3.3b). The
computed structures of Pd, Pd/Pd, and Pd/Ag complexes, predicted energies, and selectivities
showed that the use of a rigid nitrile-based directing group favors a cyclophane-type transition
state (Fig. 3.4).14 The U-shape of the directing group and the linear coordination of the nitrile
group orient the Pd catalyst away from the ortho hydrogen but towards the meta hydrogen. The
Ag salt is a crucial additive for the Pd(ll)-catalyzed olefination of toluene derivatives with the
nitrile-containing template. When Ag is replaced with other oxidants, both yield and meta-
selectivity decrease. We found that silver carboxylate plays a dual role, functioning as both an
oxidant and part of the heteronuclear active species in the mechanism involving PdAg(OAcC)s.
The transition state for the concerted metallation-deprotonation (CMD) C-H activation step
involves either a dimeric Pd2(OAc)s or a heterodimeric PdAg(OAc)s complex that drastically
lowers the energy of the transition states leading to the meta products. This is due to decreased
ring strain in the macrocyclic nitrile-coordinated C—H activation transition states in the dimeric
mechanisms.

After this discovery of a heterodimeric Pd—Ag transition state model, a more general
effort to understand the cooperativity between Pd and Ag in C—H functionalizations was
undertaken. For example, Yu and co-workers reported a Pd(ll)-catalyzed ortho-C—H amination
reaction of N-arylbenzamides 24 using additives such as AgOAc and CsF (Fig. 5a).1s
Computations by the Schaefer group suggest that [PdAg(m-OAc)s] is the active catalyst that
creates a cooperative interaction between Pd(ll) and Ag(l) which stabilizes the C—H activation

transition state.ie
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Figure 3.3. Pd-catalyzed meta-selective C—H alkenylation of toluene derivatives. (a)
Method of interest that contains a nitrile-containing template; (b) Active catalytic species
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Figure 3.4. Monometallic and bimetallic C-H activation transition states.
Tan et al. developed a similar nitrile template containing a silicon atom in the tether,

which gives excellent meta-selectivity for C—H olefination of benzyl alcohols (Fig. 3.5b).17 The
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larger size of the silicon atom along with elongated Si—C and Si—O bonds allows for greater

separation between the directing nitrile and reacting aromatic group.

a) 0 Pd(OACc), (10 mol%) o
Ar - o AgOAc (1.0 eq_uiv.) Ar
N’ \[( “NR, CsF (2.0 equiv.) N’
H + o DCE, 130°C H
H 18 h NR,
20 21 22

Ar = p-(CF3)CgF,4
—NR2 = —N(CH2)5

b) i-Pr i-Pr Pd(OAC), (10 mol%) -Pr, FPr
oS COEt  Ac-Gly-OH (20 mol%) oS
@ [ AgOAC (3 equiv.)
. HFIP (10 equiv.)
H - °C, 6-
NG eg, DCE, 90 °C, 6-24 h N NG
»3 COEt o4

Figure 3.5. C-H Functionalizations with AgOAc. a) Pd(ll)-catalyzed ortho-C—H amination

reaction of N-arylbenzamides b) Pd(ll)-catalyzed meta-C—H activation using a Si-containing

tether.

More recently, our group and the Yu group studied a template with a conformationally

flexible alkyl chain for meta-C—H olefination of benzoic acid derivatives, such as amide 25, using

silver and mono-protected amino acid (MPAA) ligands, such as N-acetyl valine (Fig. 3.6a).1s

Computations showed that MPAA stabilizes the Pd—Ag heterodimer prior to C—H activation and

lowers the barrier of coordination to the nitrile group of the template, leading to product 26. In

the absence of the MPAA ligand, the most stable heterodimeric catalyst is 27, which is 14 kcal

mol-1 less stable than precatalysts Pds(OAc)s and Agz2(OAc)4, the reference state for these

calculations (Fig. 3.6b). Ligand exchange of the kz-acetate with N-acetyl-glycine gives the more

stable heterodimer 28, which is about 6 kcal mol-1 more stable than 27.

Xu, Jin, and co-workers explored a Pd-catalyzed, remote meta-selective C(spz)-H

activation of distal arene-tethered alcohols consisting of different chain lengths (Fig. 3.7a).19

43



a) Pd(OAC)2 (10 mol%) EtOzC

(6] CN Ac-Val-OH (20 rT]Ol%) | (6] CN
H N/\/o . CO.Et AgOAc (3 equiv.) N/\/o ©)
| ||/ NaOTs (1.0 equiv.) |
Me HFIP, 70 °C, 24 h Me
25 26
Me O
b) )\ Me /_/<
07350 —N o)
Pd +Ac-Gly-OH )= SPd’
Me—( »—Me - AcOH Me_< >_Me
Oo.. .0 .0
Ag Ag
27 28
AG = 14.2 kcal mol™ AG = 8.4 kcal mol

Figure 3.6. Pd-catalyzed meta-C—H activation of benzoic acids with an amide template. a)
Reaction conditions b) Heterodimer catalyst stabilization by N-acetyl—glycine. Energies are

relative to Pds(OAc)s and Agz2(OAC)a.

© CO,Et  Pd(OACc), (10 mol%)
+ W Ac-Gly- OH (20 mol% (10)
NC OMe AgOAc (1 5 equiv.)
H
29

HFIP, 55 °C
CO,Et
b) OMe
o (0]
(0] o
OMe @\OMe 137(/ )
> 151° SN 1460 ) N
~Hy 7 “HON 7 “HY
O\“ ‘O’/Pd /(N g o‘“ ‘O’/Pd /(N g O>‘/‘O’/Pd Ag/
Ag . A O/
=0/ 09 O\“‘?é
31 32 >/ 33

Figure 3.7. Pd-catalyzed meta-C-H activation of benzoic acids with an ether template. a)
Reaction conditions. b) Meta, ortho, and para heterodimeric C—H activation transition states
studied computationally.

They also performed DFT calculations to elucidate the origins of meta-selectivity and the effects
of different linker lengths between the directing group and remote C—H bonds. Although the
directing template employed in their study is different from that used in Yu's work,117 the

reaction likely takes place through a similar Pd—Ag heterodimeric mechanism. Figure 3.7b
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shows the most stable TS structures with a short linker. The meta-TS 31 is the most stable TS
with a C—N-Ag angle of 151°, which is relatively close to the optimal nitrile ligand binding angle
of 180°. The ortho-TS 32 is less stable due to a less favorable C—N—-Ag angle of 146°, which
causes steric repulsions between the oxygen atoms of the bridged acetates cis to the Pd-C
bond and the benzyl hydrogen atoms. The para-TS 33 shows a distorted C—N-Ag angle of

137°, rendering it higher in energy than the meta-TS 31.

3.4 Silver-Mediated, Palladium-Catalyzed C-H Activation

In 2016, Larrosa and co-workers reported that a Ag(l) carboxylate, and not a Pd(ll)
species, is responsible for C—H activation in a Pd/Ag-mediated C—H arylation system, likely
through a CMD mechanism (Figure 3.8).20 Both stoichiometric and kinetic mechanistic studies
were done to show that phosphine ligated Ag(l) carboxylates activate electron-deficient arenes.
They showed that the reaction order of Pd, with excess PPhs is zero. This implied that a process
external to the catalytic cycle is the rate-limiting step of the overall reaction. The proposed
mechanism of Ag(l)-mediated C—H activation, rather than a Pd(ll)-mediated C—H activation, is
consistent with their kinetic studies, and involves an off-cycle process of forming Ag(O2CAd)
from Ag2C0Os and AdCO2zH. The proposed catalytic cycle is shown in Figure 3.9a.

U a1
@H * K5COs3 (2 equiv.) OMe
ceon 7 EREERY oo

34 35 36

Figure 3.8. Ag(l)-mediated Pd-catalyzed C-H arylation of electron-deficient arenes.
Subsequently, Sanford and co-workers investigated the role of AgOPiv in the

stoichiometric activation of CeFsH in a well-defined Pd(ll) complex and in the Pd(ll)-catalyzed

oxidative dimerization of 2-alkylthiophenes 37 (Figure 3.9b).21 Through in situ 1.9F NMR studies,

her group was able to detect a Ag—CsFs complex and compare it to an authentic sample.
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a) Larrosa: Pd/Ag-mediated C—H arylation
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Figure 3.9. Proposed catalytic cycles for Ag(l)-mediated C-H arylation. a) Larrosazo, b)

Sanfordz1, and ¢) Hartwigz.



Subsequently, H/D exchange between CeFsH and D20 catalyzed by various metal pivalates
showed 63% deuterium incorporation in reactions with AgOPIv, as opposed to 9% using CsOPIiv.
This provided evidence that AgOPiv and CeFsH react to generate Ag—CeFs, which can then
transmetallate Pd to form the resulting product 38 (Figure 3.9a). Sanford and co-workers also
showed computationally that a Ag—Ag dimeric TS structure 39 bearing two axial dioxane ligands
is lower in energy than the dimer with free axial coordination sites (Figure 3.10b). Based on their
DFT calculations, monomeric AgOPIv is unlikely to be the reactive species in this reaction.

a) Pd(dtbpy)(OAc),
AgOPiv R__s s

RS\ —H - "2
) dioxane, 100C )= |

18 h

Figure 3.10. Pd-catalyzed oxidative dimerization of 2-alkylthiophenes. a) Reaction of
interest. (b) Proposed transition structure for CMD across two Ag centers.

In both studies by Larrosa and Sanford, the silver carboxylate was shown to be capable
of cleaving the C—H bonds in arenes. Hartwig and co-workers expanded on the work of Larrosa
and Sanford and isolated a phosphine-ligated arylsilver(l) species. They demonstrated its ability
to undergo transmetallation of the aryl group to palladium, and its competency as a reaction
intermediate in the catalytic process (Figure 3.9c).22 They report a method of a highly site-
selective formation of C(aryl)-C(sps) bonds by the Pd-catalyzed and Ag-mediated allylation of
aryl C—H bonds 40 with allylic pivalates to make (E)-allylarenes 42 (Figure 3.11). A synergistic

catalytic process is proposed in which cleavage of an aryl C—H bond occurs through a
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phosphine-ligated AgOPiv complex that exists as two rotamers, 43 or 44. L-AgOPiv reacts with
an arene to form an arylsilver intermediate through a pivalate-assisted CMD mechanism. Then,
a (m-allyl)palladium pivalate species is formed after aryl transfer, followed by reductive
elimination to afford the allylarene product 42 and PdL2. Hartwig isolated and characterized the
Pd and Ag intermediates by X-ray crystallography. This provides convincing support for the

proposed catalytic cycle.

a F Ph
) ’ ﬁ\\/ P(t-Bu),(2-OMeCgHy) (L)
+ Pl AgOPiv Spp (13)
L’ 'OPiv  Cs,CO; 100°C, 18 h
40 a1 42
o) tBu, tBu, °) P|vO OPiv
tBu—P AgOPiv  t-Bu=P- AgOP|v / \
dII_PdII
P R

¢BJ \tBu tBU ‘tBu OMe
45

Figure 3.11. Pd-catalyzed direct allylation of arenes with allyllic pivalates. a) Reaction of
interest in the presence of AgOPIv, b) Ligated AgOPiv complex, c) Resting state of Pd catalyst
during the allylation
3.5 Conclusions

The role of Ag(l)-salts has been described here for various Pd-catalyzed C—H activation
processes. A growing number of reports in the area of heterometallic Pd—Ag transition metal
catalysis suggest that either a cooperative effect occurs between Pd and Ag throughout the
catalytic cycle, or silver carboxylates can cleave the C—H bonds in arenes, and the resulting
arylsilver(l) complex can transfer its aryl moiety to a Pd intermediate. More studies are
necessary to assess the extent of the contribution of Ag(l) salts in cases other than C-H
arylation reactions. An understanding of these reactions will be beneficial to the further

development and application of heterometallic C—H activation processes.
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Chapter 4. Rational Development of Remote C—H Functionalization of Biphenyl: Experimental
and Computational Studies
4.1 Abstract

We report simple and efficient nitrile-directed meta-C—H olefination, acetoxylation and
iodination of biaryls. Compared to our previous approach of installing a complex U-shaped
template to achieve a molecular U-turn and assemble the large sized cyclophane transition
state for the remote C—H activation, a synthetically useful phenyl nitrile functional group could
also direct remote meta-C—H activation. This reaction provides a useful method for modifying
biaryl compounds because the nitrile can be readily converted to amines, acids, amides or other
heterocycles. Notably, the remote meta-selectivity of biphenylnitriles could not be expected from
previous results with a macrocyclophane nitrile template. DFT computational studies how show
that a ligand-containing Pd—Ag heterodimeric transition state (TS) favors the desired remote
meta-selectivity. Control experiments demonstrate the directing effect of the nitrile and exclude
the possibility of non-directed meta-C—H activation. Substituted 2-pyridone ligands were found
to be key in assisting the cleavage of the meta-C—H bond in the concerted metalation-
deprotonation (CMD) process.
4.2 Introduction

Remote C—-H bond activation/functionalization is essential for ultimately realizing
molecular editing of organic structures through site-selective C—H functionalizations.1 Previously,
a number of approaches including electronic and steric effects have been exploited to achieve
the site-selectivity of remote C—H activation of aromatic substrates.2 In 2012, the Yu group has
designed a nitrile-containing U-shaped template that directs remote meta C—H bonds of benzyl
derivatives via a macrocyclophane-like palladated intermediate.s The combination of both
distance and geometry was recognized as a very effective strategy to obtain the site-selectivity

of remote C—H activation. We and others subsequently developed a number of U-shaped nitrile
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templates for meta- or para-selective C—H functionalization of aromatic alcohols, carboxylic
acids and amines.s

Biphenyl derivatives have wide applications in ligand design as well as in
pharmaceuticals.s Although a lot of biphenyl scaffolds have been synthesized via Suzuki
coupling, however, presence of olefin moiety is not tolerated because of the competition and
interference of Heck coupling. Due to the nitrile group is a transformable handle that can
conduct a multitude of further transformations into an amine, acid, amide, ketone and
heterocycle,s the use of readily available biphenyl nitrile substrates to direct remote C-H
activation is a very powerful method for biaryl synthesis. In our previous work, we installed a U-
template to afford meta-selective C—H functionalization of biaryl carboxylic acids (Scheme
4.1a).3 Computational analysis showed that such design requires a molecular U-turn and a large
ring size of the cyclophane transition state. We compared the three possible Pd-containing
transition state (TS) species: monomeric Pd(OAc)2, dimeric Pdz2(OAc)s and heterodimeric
PdAg(OAc)s. Interestingly, the Pd—Ag heterodimeric species gave lower activation barriers for
CMD C-H activation step.7-c Encouraged by the computational heterodimeric transition state,
we envisioned that the installed U-shaped template for the assembly of the large sized
cyclophane transition state may not be necessary for meta-C—H activation. Instead, the linear
nitrile could coordinate to the dimeric transition metal and lead to a similar U-turn to reach the
meta C—H bond. In this work, we use a 2-cyanobiphenyl substrate to compare the monomeric
and dimeric transition states, and show that the Pd—Ag dimeric TS is predicted to give excellent
meta-selectivity (Scheme 4.1b).

We report 2-pyridone ligand-promoted meta-selective C—H olefination, acetoxylation and
iodination of the biaryl derivatives via Pd(II)/Pd(0) or Pd(I)/Pd(IV) catalysis (Scheme 4.1c). This
approach avoids the design and installation of U-template to accomplish the high meta-
selectivity. The modified 2-pyridone ligand improves the reactivity and gives moderate to good

yields for all three transformations of biaryls. Computational studies reveal that the meta-
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selectivity resulted from the flexibility of a ligand-containing dimeric transition state structure.
The free energy calculations for the meta-selective olefination pathway indicate that the CMD
C-H activation step is the turnover-limiting step, which is also implied by the large
experimentally found KIE values. Compared to the acetate pathway, the involvement of two 2-
pyridone ligands gives lower energetic barriers in the all of steps of the mechanism.

Scheme 4.1. Rational development of meta-selective C-H functionalizations of biphenyls.
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4.3 Results and Discussion

Based on the computed Pd-Ag dimeric model involving simple phenyl nitrile, we began
to investigate the feasibility of achieving remote meta-selective C-H olefination of 2-
cyanobiphenyl (la) with ethyl acrylate (2a) as the coupling partner (Table 4.1). We were

pleased to find that under the reaction conditions of 10 mol% of Pd(OAc) and 3.5 equivalent of
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AgOACc in HFIP at 80 oC, the olefination product was isolated in 16% yield with the encouraging
meta-selectivity (meta:others = 4:1). To enhance the reactivity and meta-selectivity, we added
pivalic acid as the ligand; the yield and selectivity showed slight improvement. Then several
additional type of pyridine or quinolone ligands (L2-L4)s developed by our laboratory were
evaluated, but no significant acceleration of the reaction was observed. The poor meta-
selectivity by L4 is probably due to the strong sulfonic acid destroying the dimetallic bridge.
Inspired by the fact that the MPAA ligand improves the meta-selectivity for the U-template
directed C—-H activation, we tested Ac-Gly-OH and other NHAc group containing bidentate
ligands (L6-L7);s unfortunately, the meta-selectivity significantly decreased. We suppose that
the bidentate ligands may change the angle of dimetallic bridge to activate the ortho- or para-C—
H bond and give a mixture of olefination products. Recently, our group found that the 2-pyridone
ligand is very powerful for assisting the C—H bond cleavage in the CMD process.i0 We propose
that the aromatic skeleton of 2-pyridone is probably superior for stabilizing the Pd—Ag dimeric
bridge and improving the reactivity and selectivity. A suite of commercial available 2-pyridone
ligands (L8-L20) were investigated. To our delight, the addition of L18 afforded meta-product 3a
in 61% yield and meta-selectivity was up to 6:1. To adjust the electronic property of 2-pyridone
for further improving the reaction yield, several 3-alkyl-5-nitropyridone ligands (L21-L27) were
synthesized. The experimental results showed that L24 gave the best yield (73%) and
selectivity (meta:others = 6:1).

To exclude the possibility of non-directed C-H olefination of arenespony and to
demonstrate the directing function of nitrile, we conducted several control experiments using
other 2-substituted biphenyls under the optimal conditions (Scheme 4.2). Replacing nitrile with
the electron-withdrawing (NO2 and CO2Me) or electron-donating substituents (Me) gave no
meta-selectivity, albeit with good yield for the olefination products. The results indicate that non-

directed C—H olefination easily occurs in the presence of 2-pyridone ligand, but the meta-
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Table 4.1. Ligand evaluation for meta-selective C—H olefination of 2-cyanobiphenyl. [a]

Reaction conditions: 1la (0.1 mmol), 2a (5.0 equiv), Pd(OAc)2 (10

mol%), ligand (20 mol%),

AgOAc (3.5 equiv), HFIP (2.0 mL), 80 °C, air, 60 h. [b] Isolated yields and the meta-selectivity

was determined by GC-MS analysis (assisted with 1tH NMR analysis of the crude reaction

mixture). HFIP =1,1,1,3,3,3-Hexafluoro-2-propanol.

CN + %\H/OEt

o
H (5 equiv)

Pd(OAc), (10 mol%)
Ligand (20 mol%)

AgOACc (3.5 equiv)
HFIP (0.05 M), 80 °C, 60 h

CO,Et
1a 2a
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selectivity is hard to control by the electronic biases. Therefore, the directing effect of nitrile is
critical for the meta-selectivity in the present catalytic cycle.

Scheme 4.2. Control Experiments
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With optimized conditions for meta-C—H olefination in hand, we proceeded to investigate the
scope of the reaction with biphenyl derivatives (Scheme 4.3). When electron-donating or -
withdrawing substituents were attached to the nitrile-containing phenyls, the olefination reaction
occurred smoothly and gave the desired products 3b-f in good yields with high meta-selectivity.
Because the ortho-substitution may contribute to the torsion of biphenyl about the joining single
bond to form the favorable activation conformation, high yields and selectivity of 3g, 3i, 3q and
3r are observed. A broad range of meta- and para-substituents on the olefination phenyls are
tolerated, providing the products in good yields. In the cases of ortho- or para-chloro-substituted
substrates, the electronic biases decrease the yields of the corresponding products 3h and 3p,
and give lower meta-selectivity. In contrast, meta-ester substituted biphenyl gave low yield for
the desired product 3l but the selectivity still favored meta-position. We surveyed the
compatibility of the present meta-olefination on the complex natural product derivatives. The
reactions were accomplished by treating with biphenyl-containing dihydrocholesterol and
menthol derivatives. Despite low yields observed, likely due to steric hindrance, the meta-
selectivity was good. These biologically active derivatives may provide more possibilities for
drug discovery. We also evaluate the C—H olefination reaction on 1 mmol scale to synthesize

meta-olefination product 3n, which was purified on a silica gel column to give 71% isolated yield

56



Table 4.2. Substrate scope for meta-C(spz)-H olefination. [a] Reaction conditions: 1 (0.1

mmol), 2a (5.0 equiv), Pd(OAc)2 (10 mol%), L24 (20 mol%), AgQOAc (3.5 equiv), HFIP (2.0 mL),

80 °C, air, 60 h. [b] Isolated yields and the meta-selectivity was determined by GC-MS analysis

(assisted with 1H NMR analysis of the crude reaction mixture).
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with 7:1 ratio for meta:others. The almost pure meta-product 3n was obtained in 50% vyield after
recrystallization with EA/hexane and meta-selectivity is more than 20:1 via H1 NMR analysis.

We next explored the scope of olefin coupling partners (Scheme 4.4). The acyclic or
cyclic a,p-unsaturated esters underwent the olefination and gave the desired products 3u, 3v,
3z and 3aa in moderate to good yields with high selectivity. The geometry of the 3z was
determined to be Z configuration comparing the 1H NMR analysis with the previous literature.ioo
The transformation was also suitable for a,B-unsaturated ketone and amide, albeit providing
lower yields (3w and 3ab). Interestingly, the olefins attaching with sulfonate and phosphonate
afforded high yields and excellent meta-selectivity for the corresponding products 3x-y.

Table 4.3. Olefin scope for meta-C(sp2)—H olefination. [a] Reaction conditions: 1a (0.1 mmol),
2 (5.0 equiv), Pd(OACc)2 (10 mol%), L24 (20 mol%), AgOAc (3.5 equiv), HFIP (2.0 mL), 80 °C, air,
60 h. [b] Isolated yields and the meta-selectivity was determined by GC-MS analysis (assisted

with 1H NMR analysis of the crude reaction mixture).
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+ PR ™
R AgOAc (3.5 equiv)
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Having established the feasibility of nitrile-directed meta-C—H olefination, we turned our
attention to the use of the catalytic system to investigate other meta-C—H transformations. We
first attempted to use Pd(I1)/Pd(IV) catalysis to realize the meta-acetoxylation reaction under the
nitrile-template directed meta-C—H oxidation conditions (Scheme 4.5).44-e Fortunately, when the
PhI(OAc)2/Ac20 oxidation system was employed, the meta-oxidation product 6a was isolated in
51% vyield with 9:1 ratio of meta:others. The yield of 6a significantly dropped in the presence of
AgOAc as the oxidant, indicating no Pd—Ag dimeric complex was involved in this catalytic cycle.
A variety of substitutions on different positions of biphenyl substrates were tested, giving the
desired products 6b-g in moderate yields with good selectivity. We proposed that the Pd—Pd
dimeric intermediate having higher activation barriers is less favorable than Pd-Ag species,
which led to the lower reactivity of oxidation reaction than olefination. In order to accomplish
diverse meta-selective transformations, we then studied the meta-C—H iodination reaction. As
shown in Scheme 4.6, meta-C—H iodination reaction has been realized using N-iodosuccinimide
(NIS) as iodinating reagent via Pd(Il)/Pd(IV) catalysis.

Scheme 4.3. Representative examples for meta-C(sp2)—-H iodination. [a] Reaction conditions:
1 (0.1 mmol), N-lodosuccinimide (3.0 equiv), Pd(OAc)z2 (10 mol%), L24 (20 mol%), AgOAc (1
equiv), HFIP (2.0 mL), 100 °C, air, 60 h. [b] Isolated yields and the meta-selectivity was

determined by GC-MS analysis (assisted with 1tH NMR analysis of the crude reaction mixture).

O Pd(OAc), (10 mol%) O

CN L24 (20 mol%) - CN
R + NIS AgOAc (1 equiv) R
O (3 equiv) HFIP (0.05 M), 100°C, 60 h O
H |
1 7a, R = H, 40% (m:others = 5:1)

7b, R = OMe, 79% (m:others > 20:1)
To showcase the broad synthetic utility of biphenyl nitrile, the meta-functionalization
products were converted to diverse functional groups (Scheme 4.7). The olefination product 3a

was firstly reduced to aliphatic motif 8, which is more common in nature, and then the further
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reduction of 8 afforded a free amine and alcohol-bearing biphenyl 9. The nitrile could be easily
converted to amide 10 and ester 11 under basic or acidic condition, respectively. Remarkably,
tetrazole derivative 12, which owns the 2-biphenyl tertazole privilege skeleton of anti-
hypertension Sartan drugs,11 could also be generated in the presence of azide reagent.

Scheme 4.4. Diversifying transformations of nitrile directing group. a) Pd/C (20%), Hz,
EtOH, 40 oC, 1 h; b) LiAlH4 (6 equiv), Et20, rt, 5 h; ¢) 30% H202, K2COs (20 equiv), DMSO/H-0,
rt, 15 h; d) AcOH, H20/H2S04, 120 oC, 6 h; after work-up, H2S0Oa4 (5 drops), EtOH, 90 oC, 3 h; e)

TMSNs (12 equiv), Bu2SnO (0.3 equiv), toluene, 80 oC, 2 days.

1a
O NH, ¢standard OEt

conditions
(@)
O 3a |O
OH a) CO,Et
b) d) o
9, 76% 11, 55%
S ®
c) CN e)
l (@]
CO,Et O CO,Et
10, 31% 8, 70% 12, 73%

Mechanistic experiments were conducted to support the proposed origins of meta-
selectivity. We initially performed a H/D exchange experiment of deuterated substrate [Ds]-1a in
the presence of 5 equivalents of water (Scheme 4.8a), but no protonated product as well as
starting material was observed, supporting that the C—H bond cleavage is irreversible. Kinetic
isotope effect (KIE) studies were also conducted (Scheme 4.8b). The intermolecular competition
experiments provided a Pw/Po value of 4.6 and parallel KIE was measured and the value of

kn/ko was 2.6. These results indicate that C—H cleavage is probably the turnover-limiting step.12
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Scheme 4.5. Preliminary mechanistic studies.

a) D/H exchange experiment

O Pd(OAc), (10 mol%) O
CN OEt L24 (20 mol%)
o + 2 , .
o AgOAc (3.5 equiv), H,0 (5 equiv)

CN

D > b D

O 2a HFIP (0.05 M), 80 °C, 60 h ] O _
D

D (5 equiv) no H/D exchange was observed

CO,Et
D
[Ds]-1a [D4]-3a, 25% (72% SM recovery)

b) KIE experiments

O O Ethyl acrylate O O
CN CN  standard condition CN CN
D D and/or > D D and/or
O O Pu/Pp = 4.6 O
kHIkD =26 s s
D D H D CO,Et CO,Et
D 1a D a

3
[Ds]-1a [D4]-3a

We conducted the computational studies to understand how the meta-selectivity
occurred, and why the 2-pyridone ligand promoted reactivity. Quantum mechanical calculations
were performed with Gaussian 09.13 Ground state and transition state geometries were
optimized in the gas phase using the B3LYP-D314 functional with the 6-31G(d)1s basis set for all
nonmetal atoms and the LANL2DZ1s basis set with effective core potential (ECP) for Pd. Single-
point corrections were calculated using Truhlar's MO0617 functional with the 6-311++G(d,p)1s
basis set for all nonmetal atoms and the SDD1s effective core potential for Pd. Single-point
solvation energies were calculated by using SMD solvation model (solvent = generic, eps = 16.7,
epsinf = 1.625625) to model HFIP. Vibrational frequencies were computed to determine if the
optimized structures are minima or saddle points on the potential energy surface corresponding
to minima and transition state geometries, respectively. The reported free energies include zero-
point energies and thermal corrections calculated at 298.15 K and 1 atm. Molecular structures

were illustrated with CYLview.20
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Figure 4.1. Optimized geometries and angles of the substrate and AgOAc model.

First, we investigated the intrinsic optimized geometries of the 2-cyanobiphenyl substrate
and a model system of a benzonitrile group coordinated to an Ag center (Figure 4.1). The
substrate has a Ci—C2—Cs—Ca dihedral angle of 48°. The optimal C=EN-Ag angle of benzonitrile
is 179°, showing that linear coordination to the metal center dictates a strong ligand binding.

In order to understand the origin of meta-selectivity, we investigated and compared
several possible ortho-, meta- and para-selective CMD transition state structures involving a
Pd(OAc)2 monomer, a Pdz(OAc)s dimer, and a PdAg(OAc)s heteronuclear dimer using an
acetate ligand to assist CMD process (Figure 4.2). To our surprise, each model system was
meta-selective. The Pd-Ag heterodimeric model gave an energetic barrier 5.7 and 10.0 kcal
mol-1 lower than the Pd—Pd dimer and Pd monomer models, respectively. Our results are in
accord with previous studies of Pd-catalyzed meta-selective C—H activation reactionsz-cgwhere
the longer intrinsic length of a Pd—Ag complex compared to a monomeric Pd complex
accommodates a more favorable coordination of the 2-cyanobiphenyl substrate.

We found the 2-pyridone ligand gives an improvement of meta-selectivities. To explain
the observation, we compared the free energies of 2-pyridone and acetate assisted CMD TS.
To construct the 2-pyridone-containing TS, the first question is how many 2-pyridone ligands are
coordinated to the metal centers at the CMD TS? In order to reduce computational burden, we
use zero, one, two, and three 2-pyridone ligand L18 instead of L24 to compare the relative free

energies of TSs. Interestingly, the CMD TS was lowest in energy when one L18 bridged the Pd
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Figure 4.2. Summary of CMD transition structures in the presence of an acetate ligand.

1 OAc does CMD; 2 OAc bridging

3 free pyridone ligands: AAG = 3.1

1 pyridone does CMD; 1 pyridone, 1 OAc bridging

1 free AcOH, 2 pyr-H: AAG = 0.0

1 pyridone does CMD; 2 OAc bridging
1 free AcOH, 2 pyr-H: AAG = 3.8

1 pyridone does CMD; 2 pyrfdones bridging

3 free AcOH: AAG =1.3

Figure 4.3. Varying the number of L18 at the PdAg(OAc)s meta-selective CMD TS.
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and Ag metal centers while another L18 assist CMD. Using these calculations, we found the
optimal PdAgL2(OAc) TS (Figure 4.3).

The detailed ortho-, meta- and para-selective PdAgL2(OAc) CMD transition states are
shown in Figure 4. In the ortho-selective transition state structure, we found that the dihedral
angle between carbons 1-4 is about 115° but the dihedral angle of an optimized 2-
cyanobiphenyl by itself is 48°. Also, the C=EN—-Ag angle is 104°, which is far from an ideal ligand-
to-metal coordination angle of 179°. This causes the Ag—N bond distance to increase to 2.45 A.
The para-selective TS in blue shows similar characteristics to the ortho-TS where a longer N—
Ag bond distance destabilizes the TS structure. But the meta-selective CMD TS in green has
the lowest energetic barrier of 21.9 kcal mol-1, and its dihedral angle between carbons 1-4 of 48°
shows that the substrate has not been as distorted as seen in ortho- or para-TS structures. Also
the N—Ag distance is much shorter, at 2.26 A, indicating a stronger chelation to Ag, which
stabilizes the TS. Also, the shorter C—H bond distance indicates an earlier transition state for
meta-selectivity, which shows the ease of achieving the most favorable meta-TS structure.

Ortho-selective CMD TSm Meta-selective CMD TSm

AG*=25.9, AAG¥=4.0 AG¥=21.9, AAG¥=0.0
+
//N‘Ag_o
1
C‘ f Pd‘N ~-NO2
/ P Q ‘H..O));;/
; ’ Me

A
C,-C,—C;-C, ~48°
C=N-Ag <« 139°

:l( > N-Ag 2.26 A ’
> I Para-selective CMD TSm

237 | AG¥=27.5, AAG+=5.6

/
C,—C,—C,—C, < 115° \f’ “\ - DR~
C=N-Ag < 104° 2

C,~C,—C,—C, < 50°

N-Ag 2.45 A = 3\\ A C=N-Ag £ 130°
— & i\ N-Ag 2.37 A
O i ) Ng=%216 ’
ad " 140N, | %
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Me
Figure 4.4. PdAgL2(OAc) CMD transition state structures for ortho-, meta- and para-

selectivities.
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We also analyzed the distortion energy at the transition state. To do this, we separated
both the reactant complex and transition state structures into two parts: the substrate includes
the 2-cyanobiphenyl with the proton undergoing CMD while the catalyst contains everything else
in the system. We performed single point calculations of the two separated parts, the substrate
and the catalyst, for reactant complex 1 and meta- selective CMD TS structure. Then we
subtracted the energy of the substrate in the CMD TS from the energy of the substrate in the
reactant complex to obtain the distortion energy of the substrate, Esuw (Figure 4.5). The same
can be done to find the distortion energy of the catalyst Eca, where this equals the energy of the
catalyst in the CMD TS minus the energy of the catalyst in the reactant complex. To get the total
distortion energy Ewtal, we add Esu + Ecat together and overall, we found that the total distortion

of the meta-structure was the smallest in comparison to that of the ortho- and para-structures.

reactant complex int 1 m-selective CMD TS

N
e Y\

N
A,

Distortion energy MetaCMDTS OrthoCMDTS ParaCMD TS

E..: (kcal/mol) 1.2 3.3 3.6
Equp (kcal/mol) 28.2 36.5 32.4
Eiota (kcal/mol) 29.5 39.8 36.0

Figure 4.5. Distortion analysis of the CMD TS involving two L18 ligands.

To demonstrate the 2-pyrdione ligand enhanced the reactivity, we used MO06 for single
point calculations in the free energy profile for the meta-pathway in the heterodimeric
PdAg(OAc)s and PdAgL2(OAc) mechanisms. As shown in Figure 4.6, the PdAgL2(OAc)

mechanism lowers the energy barriers of every step compared to the PdAg(OAc)s mechanism.
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Outside of the catalytic cycle, trimeric Pds(OAc)s dissociates into monomeric Pd(OAc)z2 and

dimeric Agz(OAc)4 dissociates into Ag(OAc)2 Two pyridone ligands can displace two acetate

groups to form the heterodimeric activated catalyst. The first key step is the CMD C-H

activation in which one pyridone acts as a base to deprotonate the arene (TS 1), while a new

Pd—C bond is formed, leading to Int 2. The second step is alkene insertion (TS 2) involving the

olefin-coordinated palladacycle Int 3 to form Int 4. The third step is B-hydride elimination (TS 3)
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Figure 4.6. Free energy profile for meta-selective C—H olefination of 2-cyanobiphenyl. The

pathway in red represents the Pd—Ag dimeric system with acetate ligands. The pathway in black

represents the Pd—Ag dimeric system with 2-pyridone L18 ligands. Structures shown above

correspond to the pyridone pathway.

66



where the hydride is transferred to Pd to form the m-complex Int 5. In the last few steps of the
catalytic cycle, the palladium hydride intermediate Int 5 undergoes product dissociation,
reductive elimination to release the acetic acid, and oxidation of Pdo with the Ag oxidant to
regenerate the Pdi catalyst. There are several possibilities with the different orders of these
steps. This process is expected to be highly exergonic and require low activation barriers. The
details of these steps were not calculated. The calculation also shows that the C—H activation
step suffers highest energy barriers in the whole mechanism, which is consistent with the KIE
experimental results.
4.4 Conclusion

We have developed methods for meta-C—H olefination, acetoxylation and iodination of 2-
cyanobiphenyl derivatives via palladium/2-pyridone catalysis. The 2-pyridone ligand is critical for
improving the reactivity and meta-selectivity. The reaction could be used to synthesize diversely
substituted biaryls due to the versatile transformations of the simple phenyl nitrile. Though the
nitrile is spatially and geometrically unfavorable to direct meta-C—H activation, DFT calculations
proposed a nitrile assisted Pd—Ag dimeric transition state that favors the meta-selectivity.
Among acetate, NHAc and 2-pyridone as proton acceptor in the CMD process, only 2-pyridone
ligand could provide both good yields and highly meta-selectivity for these transformations. The
computational results also indicated that one molecule of 2-pyridone and one acetate molecule
participate in the bimetallic bridge to give the lower energy barriers. The computational
dimetallic bridge mechanism opens a new avenue for other remote C—H activation reaction
design.
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Chapter 5. Differentiation and Functionalization of Adjacent, Remote C—H Bonds

5.1 Abstract

Site-selective functionalization of C—H bonds will ultimately afford chemists
transformative tools for editing and constructing complex molecular architectures. Towards this
goal, developing strategies to activate C—H bonds that are distal from a functional group is
essential. In this context, distinguishing remote C—H bonds on adjacent carbon atoms is an
extraordinary challenge due to the lack of electronic or steric bias between the two positions.
Herein, we report the design of a catalytic system leveraging a remote directing template and a
transient norbornene mediator to selectively activate a previously inaccessible remote C—H
bond that is one bond further away. The generality of this approach has been demonstrated
with a range of heterocycles, including a complex anti-leukemia agent, and hydrocinnamic acid

substrates.

5.2 Introduction

Functionalizing C—H bonds selectively at various locations of molecules will ultimately
afford synthetic chemists transformative tools to modify and construct molecular structures.12,3
C-H bonds that are remote from functional groups (>6 bonds away) are widespread, and
distinguishing these C—H bonds bearing little difference in electronic property is a formidable
challenge in C—H activation.s;5,6,7,8,9.10,11,12 For example, benzoazine, especially quinoline, is a
ubiquitous motif in natural products, pharmaceuticals, agrochemicals, and functional materials.
Multiple C-H bonds on these structures are remote from the chelating nitrogen atom and
difficult to distinguish electronically (Figure 5.1a). While the selective functionalization of C-H
bonds on the azine ring was achieved by taking advantage of strong electronic and steric
bias,13,14,15.16,17,18,19 directed C—H activation on the benzene moiety is limited to C8 position via
chelation assisted process.z2021 To functionalize the remaining remote C—H bonds, a recoverable

and bifunctional template was developed to direct the palladium(ll) catalyst selectively to the
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remote C5 position through the coordination with the nitrogen of quinoline.22 This raises a
fundamental question of whether such remote directing effect can be exploited to reach other
C-H bonds that are one bond further away, thereby significantly expanding our toolkit for
functionalizing remote C—-H bonds selectively. For example, it would be highly enabling if a
directing template can selectively activate the distal C6 or C7 positions of (iso)quinolines which
are similarly electron-deficient and unreactive according to the calculated Fukui indices of
various heterocycle substrates. While engineering the template to match the distance and
geometry is potentially feasible, such alternation of the template will inevitably vary with different
classes of substrates. Thus, we began to investigate the possibility of combining the remote

A Challenges in remote site-selective C—H functionalization

C2, C3, C4 selectivity: based on electronic and steric biases
[Rh] (ref. 17), [Ir] (ref. 18), [Pd] (ref. 19),
[Ni)/AIR3 (ref. 20, 21), [Co] (ref. 22)

C8 selectivity: based on proximate directing
[Rh-Rh] (ref. 23), [Ir] (ref. 24)

C6 vs. C7: similarly electron-deficient and inert
how to distinguish adjacent, remote C-H bonds?

C5 selectivity: based on remote directing
[Pdl/Template (ref. 25)

B strategy
H H H DG— H H DG H i H R H
[ Lol ) 1 1 coupling Lol
FG Cc—-C-C C—C—C Mediator FG C—C—C Reagent FG c—Cc—-C
--------- ETTTTERS = LTS
Template
fong distance remote directin, alladation rela functionalizing the site
9 g p y one bond further away
FG: functional group; DG: directing group
C Remote site-selective C-H arylation of benzoazines and hydrocinnamic acids
] cat. Pd(OAc), y 5 o M o
cat. Ac-Gly-OH ; N COMe
HE X Template Ars S N—Pd—N z
Hel + A~ — HeL : N
"7 N NBE-CO,Me H™7 NT 'l' NBE-CO,Me
silver salt : Me NC
Ar: aryll group then DMAP up to 86% yield :  Template:

Figure 5.1. Remote site-selective C-H functionalization. a) Challenges in remote site-
selective C—H functionalization. b) Strategy using remote directing and one-bond relay. c)

Remote site-selective C—H arylation of benzoazines.
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directing effect with a one-bond relay strategy using a transient mediator (Figure 5.1b). We
envision that the template directs the initial remote palladation at the C5 position, and
subsequently, the norbornenezs,2s,25,26,27 relays the palladation to the C6 position (Figure 5.1c).
This strategy could provide a reliable method to distinguish remote C—H bonds which are
adjacent to each other and have similar electronic and steric properties (i.e. C6 position and C7
position of quinoline), as well as to override the electronic bias (i.e. the more reactive C5
position and the less reactive C6 position of quinoline).

To reduce this design into practice, the orchestration of remote directing and the
subsequent relaying step faces multiple challenges that must be addressed by carefully
engineering molecular structures of the nitrile template, norbornene and ligand. First, the initial
C-H palladation directed by the weakly coordinating nitrile template might be prevented by the
competitively binding norbornene. On the other hand, the formed macrocyclic C—H palladation
intermediate is highly reactive and could undergo the functionalization with aryl iodide prior to
the desired norbornene interception and subsequent relay. Second, the norbornene-relayed
meta-C—H activation, a highly complex multiple-step sequence, could only proceed with a
limited number of previously identified monodentate pyridine and pyridone type of ligands. 23,2528
In contrast, the weakly coordinating nitrile template often requires a different set of bidentate
ligand for remote directing.s,11,22 Finally, the B-carbon elimination step in the norbornene relay
has always relied on the ortho-directing group that is adjacent to the initially formed palladium-
carbon bond. However, the remote directing group is further away and cannot provide the
necessary steric hindrance.

5.3 Results and Discussion

Owing to the pivotal importance of quinolines and isoquinolines in drug discovery, we
selected 3-methyl-isoquinoline as the model substrate to explore the feasibility of remote
directing and subsequent relay (Table 5.1). Exploratory studies were conducted using template

T1 that was previously shown to selectively direct C5 C—H palladation of quinolines.22 Since
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Table 5.1. Exploration of reaction conditions that enables remote site-selective arylation

of benzoazines.

H M ‘
+
=N CO,Me

10 mol% Pd(OAc),
20 mol%: ligand
1 equiv. template-MeCN

_

1.5 equiv. NBE-CO:zMe

CO:zMe
O M
. o

Aycozm

silver salt
1a (1 equiv.) 3 squiv. HFIP, heating 2a-complex NBE-CO:Me
With T1 as the template: Ma Ac
& FaC S By o o Xy ~50H
| P P | _ _ AcHN._-COzH
N7 TOH N7 07 TMe N N
o 9 _Gly-
f N_F — L1, <5% L2, <5% L3, <5% L4, <5% L5, Ac-Gly-OH, 21%
| |
Bu 0
Ms NG >_<
i AcHN .~ AcHN -~ Y j\ no ligand
NMez SPh AcHN N
T1-MeCN Bn
L6, <5% L7, <5% L8, <5% <5%
With Ae-Gly-OH as the ligand:
o) = o) o = o)
MeQ N F T ‘ N F
N—Pd—N FaC N—Pd—N N—F"d—N FsC N—Fd—N
} O )
- I‘I Et \‘I Me I‘I ||| E
Me NC Me NC Me O
T1-MeCN O T2-MeGN T3-MeCN NG T4-MeCN NG
21% (56% SM) 249 (55% SM) 63% (24% SM) 37% (51% SM) g
“\.. \ | =
MeD
N—Pd—u N—F'd——N N—Pd—N CFs
Me | | T3-MeCN
l ‘l ‘ without NBE-CO;Me
CFa
T5-MeCN T6-MeCN T7-MeCN 10% mixture (80% SM)

52% (27% SM) 45% (43% SM) <5% (892% SM)

pyridone and pyridine type ligands have been shown to be critical for enabling the Pd-catalyst-
relay by norbornene analogues,2s.25.28 we attempted C6 arylation of isoquinoline-T1 substrate
using such monodentate ligands (L1, L2, L3, L4). The lack of desired reactivity under these
conditions may be attributed to the fact that the weakly coordinating nitrile directing group is
prevented from binding to the Pd(ll) center in the presence of pyridone and pyridine additives.
To ensure the coordination of the nitrile directing group, we decided to evaluate bidentate

ligands bearing weakly coordinating group (L5, L6, L7). To our delight, N- acetylglycine (Ac—
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Gly—OH, L5), one of the mono-N-protected amino acid (MPAA) ligands, turned out to be
compatible with the nitrile template, affording the desired C6 arylated isoquinoline-template
complex in 21% vyield. The recyclable template that bound to the product could be readily
removed by in situ treatment with 4-dimethylaminopyridine. Notably, displacement of the
carboxylic acid group of MPAA ligand with a strongly coordinating group, N-heterocycle
(bidentate ligand L8, L9), led to loss of reactivity (< 5% vyield). These findings demonstrate the
importance of matching both the directing template and norbornene with a specific ligand. With
this promising lead in hand, we proceeded to evaluate the templates. Firstly, replacing the
electron rich left-wing (T1) with electron deficient aryl group (T2) slightly increased the yield to
24%. Switching the directing phenyl nitrile moiety from meta- to para-position on the right-wing
(T3) improved the yield markedly (63%). These results are consistent with the notion that site
selectivity in remote C—H activation is based on the precise recognition of distance and
geometry. Other structural variations of templates reduced the yields (T4, T5, T6). Absence of
the nitrile moiety (T7) or the norbornene reagent resulted in loss of the desired reactivity.

The established remote site-selective C—H arylation protocol was then extended to other
pharmaceutically important benzoazines (Table 5.2). Firstly, we evaluated the isoquinolines and
found that a range of derivatives (2a to 2d) were compatible, providing C6 arylation products in
moderate yields by using template T3. Notably, bromine and chlorine, which serve as useful
synthetic handles for subsequent chemical manipulation, were tolerated (2b, 2d). We were
delighted to find that this strategy is also applicable to quinoline family by using template T1 or
T2 depending on substitution pattern: T1 for quinolines bearing no functional group on C2-
position; T2 for C2-substituted quinolines. The C6 arylation of simple quinoline proceeded

smoothly (2e), giving 71% isolated yield. A broad range of quinoline derivatives bearing C2, C3,
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Table 5.2. Remote site-selective arylation of benzoazines.

H
=
Het + Ar—I
N
1 (1 equiv.} 3 equiv.

10 mol%s Pd(OAc)a
20 mol% Ac-Gly-OH
1 equiv. template-MeCN

1.5 equiv. NBE-CO:zMe

silver salt, HFIP, 80 “C or 100 °C

then DMAP, toluene, 80 *C

Ar e ;
Het '
e
N

| =
o] P o]
)
N—F‘Id—N o
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||I N
Me NC
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= =
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= =
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N (]

2s (T2), 3% 2t (T1), 82%
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Ar s x>
,>*Me N
N
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2y (T1), 41% 2z (T1), 73%
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2¢ (T3), 50%

Ar N Me
~
N
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- OO
N
.
OMe N

Ar !
=N
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P
N
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Ar.
=
=
N
OMe

2p (T1), 81%
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= - = |
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= / s
N N
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X Ar S
S o
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2e (T1), 71% 21 (T2), 70%

CF; Ar
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Ar T Ar SN COzEt
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N N Me
F
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LY
N N
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2ad, 68% 2ae, 47%

MeQ.C

2aj, 47% 2ak, 72%
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w CJ w I ® ) ()
3 0N ) FaC ¥ FsC N F =
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C4, C7, or C8 substituents (2f-2g) were suitable substrates. Electron-neutral, electron-donating,
and electron-withdrawing substituents were all well tolerated, providing yields of up to 86%.
Substrates 3-cyano quinoline (2m) and 4-methoxy quinoline (2n) gave lower yields due to the
presence of the coordinative nitrile (competing with the template) and the C4 substitution
(hindering the C5 palladation) respectively. Disubstituted quinolines were also compatible,
affording the desired products in moderate to good yields (2r, 2s, 2t). Notably, polycyclic
guinolines also afforded the remote arylation products in good yields (2u, 2v). The broad utility
of this method is demonstrated with a wide range of benzoazines including quinoxaline (2w),
benzoxazole (2x), benzothiazole (2y, 2z), indazole (2aa), and thienopyridine (2ab). Late-stage
modification of an antileukaemic and antitumour alkaloid, camptothecin (2ac), at previously
inaccessible site was also successful. In conjunction with our previous methods, we have thus
far developed tools to functionalize this highly complex natural product at C5, C6 and C8 with
precision demonstrating the unique power of site selective C—H activation.22,29 Notably, the
structural modifications at these positions through semi-synthesis had led to the discovery of
drugs, such as topotecan and irinotecan.so

We next surveyed the scope of aryl iodides using quinoline as the substrate (Table 5.2).
Ortho-, meta- and para-monosubstituted aryl iodides (2ad to 2ai) were all suitable coupling
partners, providing desired products in moderate yields. Furthermore, the di and trisubstituted
aryl iodides were compatible under the reaction conditions, giving the desired products in
moderate to good yields (2aj to 2ao0). Electron rich aryl iodides were not effective coupling
partners (less than 15% yields), implying that the oxidative addition of aryl iodides to
palladacycle is not facile. In comparison, the reactivity of these electron-rich aryl iodides can be
restored by attaching an electron-withdrawing group (2ak, 72% yield). The regioselectivities
observed with various heterocycle substrates and aryl iodide coupling partners are consistently
high. In the representative examples (2a, 2e, 2af), either none (2e, 2af) or less than 5% of the

over-arylated product (2a’) was detected. Notably, Fukui indices of most heterocycle substrates
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show that the electronic density of the remote C6 and C7 sites has little difference, thus further
showcasing the unique advantage of our approach using distance and geometry to differentiate

remote C—H bonds.

C5CMD TS Norbornene Insertion TS C6CMD TS B-Carbon Elimination TS
AG* = 26.2 kcal mol! AG* = 20.8 kcal mol! AG* = 32.4 kcal mol! AG* = -0.7 kcal mol”!
| |
SN r \l/ N
oL /N

A ’\ A
/\\ _ﬂ——(‘ })
-b'/ l,‘\/(él\ /T,, .
l" J,-.' EP ST 4N
/\’34

2\ ‘—\;- 9

Van

MPAA ligand: on MPAA ligand: off MPAA ligand: off MPAA ligand: off
CN directing group: on CN directing group: on CN directing group: off CN directing group: on

Figure 5.2. DFT-optimized CMD transition state structures. a) CMD transition state for C—H
bond at C5 position; b) Transition state for norbornene insertion; ¢) CMD transition state for C—H
bond at C6 position; d) Transition state for f-carbon elimination.

Although the nitrile directed remote C—H palladations,11,22and the norbornene relay from
ortho- to meta-positions has been previously shown separately,22.232425 how these two
processes are successfully merged in such a complex catalytic cycle is puzzling based on
previous mechanistic understanding. Computational studies provided detailed information about
the incredibly complex C—H functionalization mechanism which utilizes a bifunctional template
coordinated to two Pd metal centers. Figure 5.2 highlights the transition state structures for C5
CMD (concerted metalation-deprotonation), norbornene insertion, C6 CMD, and [-carbon
elimination steps. The nature of the Pd template allows the nitrile group of the side arm to direct
the second Pd catalyst to reach the C5 position of quinoline, but surprisingly the nitrile group
has to come on and off of the Pd center in order for the catalytic cycle to proceed. The MPAA
ligand promotes the first C5 CMD step but then dissociates in order to provide a vacant
coordination site for subsequent norbornene insertion. These studies reveal the extraordinary

complexity of merging the nitrile template and the norbornene transient mediator for palladation

79



relay. The ability of both the MPAA ligand and the nitrile group to only associate during certain

steps of the catalytic cycle is essential for completing the catalytic cycle, as shown in Figure 5.3.
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Figure 5.3. Free energy profile of Pd-catalyzed remote C6-arylation of quinoline.

To further test whether this strategy can be broadly used to differentiate remote,
adjacent C—H bonds, we embarked on remote site-selective C—H arylation of other arenes
bearing covalently attached U- shaped templates (Table 5.3). We found that
tetrahydroisoquinoline can be arylated at the C7 position, which is also one bond further away
compared to the previous C8 arylation using remote directing template alone (4a). The reaction
conditions tolerated a range of substituents at different positions, including 1-methyl (4b), 3-
carboxylate (4c), 5-ethyl (4d), 5-phenyl (4e), and 5-bromo (4f). Finally, para-arylation of
phenylpropanoic acid derivativess was also realized using this approach (6a, 6b) (Table 5.4).
Various aryl iodides containing mono or disubstitutions were compatible, giving moderate yields

(6c¢ to 6f).
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Table 5.3. Remote C7-arylation of tetrahydroisoquinolines.

10 mol% Pd(OAc);

20 mal% Ac-Gly-OH
o] 1.5 equiv. NBE-CO,Me
\ I] B .
H™ 7 5=0
N
Al' ~

NG 3 equiv. aryl iodides T
3 equiv. AgOAc
3 HFIP, 100 °C 4
‘ O CO;Me
N N O N
‘ T 0 T ~T
Me
NO; NO, NO,
4a, 55% ab, 44% ac. 47%
Et Ph Br
I 1) )
~7 ~r ~y
NOz NO2 NO2
4d, 48% de, 45% af, 31%

Table 5.4. Remote para-arylation of phenylpropanoic acid derivatives.

10 mol% Pd(OAc),

o 20 mol% Ac-Gly-OH
1.5 equiv. NBE-COzMe T
N
Y NG 3 equiv. aryl iodide @

e 3 equiv. AgOAc Ar
5 HFIP, 100 *C 6
o] 0 0
cl T Me T Me T
vepliveatiivac
NO, NO, MeO,C
6a, 77% 6b, 46% 6¢, 39%
2% (without NBE)
0 o] 0
i T Me T Me T
o N (L e SO
COsMe MeO NO2
6d, 49% 6e, 46% CFa  6f,43%
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5.4 Conclusions

In summary, we have developed a new strategy to distinguish remote C—H bonds within
one-bond distance. This new method, along with previously developed template chemistry,
allows us to access two different remote C—H bonds with precise control. The established
approach is generally applicable to a wide range of heterocycles as well as other classes of
synthetically useful substrates. The delicate cooperation of a remote directing template, a
transient mediator norbornene and MPAA ligand reveals great potential for developing

unprecedented catalytic systems in C—H activation.
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Chapter 6. Cyclization by C(sps)—H Functionalization by a Transient Directing Group

6.1 Abstract

We report the development of a Pd(ll)-catalyzed C(sps)-H cyclizative arylation of
ketones with a transient directing group (TDG). Based on calculations, the oxidative addition
step implicates a highly strained trigonal bipyramidal geometry around a Pd(IV) intermediate
afforded by the bidendate transient directing group and the intramolecular arylation. As a
consequence, the unproductive protodeiodination outcompetes the cyclizative arylation Pd(II/IV)
pathway under standard conditions. The desired selectivity was achieved by prudent selection
of the transient directing group and silver(l) source. The reaction is accelerated by the inclusion
of stoichiometric quantities of trifluoroacetic acid, which benefits both the palladium catalysis, as
well as the attachment of the transient directing group for the pivotal C(sps)-H palladation.
Critically, the use of 2-pyridone ligand improves vyields significantly and enables the arylative
cyclization of both methyl and linear methylene C—H bonds. The reaction is showcased in a two-
step synthesis of a substituted indane using 3-iodoanisole as the linchpin in a [3+2] cyclization

concept featuring two C(sps)—H arylations.

6.2 Introduction

C(sps)-H functionalization by Pd(ll) catalysis offers manifold opportunities to expedite
synthesis of complex molecules.12,3.456 Towards that end, our lab and others aim to develop
strategic disconnections,s,9,10,11,12 that could be enabled by creative applications of C-H
functionalization. In this way, we aim to develop a logic of C—H functionalization in synthesis.
Advances in understanding of metal geometry effects, ligand acceleration/catalyst stabilization,
palladium speciation, and control of supposed Pd(ll/1V) oxidative addition pathways have been
pivotal to the successful development and proliferation of palladium-catalyzed C-H
functionalization reactions. 13,14, 15, 16, 17 Crucial to the successful promulgation of C—H

functionalization logic in synthesis is the avoidance of directing group auxiliaries, and the use of

84



Scheme 6.1. Directed C(sps)-H arylation-cyclization reactions.
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a transient directing group is a powerful strategy to this end. While highly attractive due to the
opportunity for highly efficient synthesis, chemical transformations reliant on a transient directing
group are stymied by the highly dynamic nature of the reaction. The use of transient directing
groups has significant confounding effects on reaction developmentis,is,20,21,2223: first, the free
directing group moiety is often a very good ligand for palladium,24 which can have a deleterious
impact on reactivity; and secondly, the acidic environment employed to promote directing
group/substrate condensation 25, 26,27, 28,29, 30 typically precludes fine control of the ligand
environment around palladium. Thirdly, most of the successful TDG strategies for harnessing

Pd(ll)-catalyzed C—H functionalization have resorted to bidentate directing groups, which can
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saturate the Pd coordination sphere, effectively impeding the use of additional ligand(s) to
modulate Pd reactivity. Specific to the cyclization reaction we present here, the combination of
transient bidentate directing group and intramolecular arylation inevitably involves a highly
strained bipyramidal Pd(IV) intermediate. Thus, the challenge was two-fold: retain conditions
amenable to a transient directing group catalysis, while also taking consideration for the unique
oxidative addition pathway required for intramolecular arylation. To date, all known ring-closure
reactions that leverage C(spsz)—H functionalization require an auxiliary directing group.

Previous developments in the field of directed palladium-catalyzed C(sps)—H arylation
are shown in Error! Reference source not found..s1,32 Both depicted strategies employ the 8-
aminoquinoline amide (AQ) directing group, which requires additional steps for installation and
removal. When utilizing the AQ directing group, removal typically requires exposure of the
substrate to strong acids and/or multistep manipulations.s1,33 Chen has employed directing
group auxiliaries to make cyclophane-braced peptide macrocycles, which highlights the
potential for C(sp3)-H arylation-cyclization reactions to impact the broader scientific
community.is,19 Comparing Chen’s work to ours, the Pd(IV) intermediate (Int 5) invoked in our
reaction manifold is significantly more strained and rigid, making the reaction more challenging
to solve. The Watkins cyclization (Error! Reference source not found.), which is conceptually
related to the reactions described herein, was a single example reported with little additional
information regarding the scope of the reaction.s2 This article describes the first example of
cyclization by C(sps)—H functionalization through the agency of a transient directing group. This
work is a first step toward the broader aim of developing relay C(sps)-H functionalizations for
chemical synthesis.
6.3 Results and Discussion

We desired a catalytic method to transform compound 1 to substituted indane 2 (Error!
Reference source not found.). In the wake of the directing group formation by Schiff base

formation, we anticipated that directed C(sps)—H bond activation would generate palladacycle
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Int 4. A subsequent intramolecular oxidative addition of the C—I bond to the Pd(ll) center of Int 4
would

Scheme 6.2. Ring-formation through directed C(sps) —H functionalization raises
guestions of palladium(lV) geometry. TFA = trifluoroacetic acid; HFIP =
hexafluoroisopropanol. Yields were determined by i1H NMR spectroscopy using 1,3,5-
timethoxybenzene as internal standard.

o Pd(OAc), (10 mol%)

glycine (50 mol%) [0} o
CH; ©:>—/< + CH,4
CH; AgTFA (1.5 equiv.) CH; CH
I HFIP:ACOH (1:1) 0.2 M H O ®
1 110 °C, 16 h (Air) 2 5
' 18% 0
Glycine ' C-H 13%
Condensation: Activation A Reductive
y 1 Elimination
— o - ) )
o Oxidative Addition
|
oy /| e >
Pd_ W S-CHs
| bicyclo[3.2.1]octane-l/ike /Pld N
I cH intermediate palladacycle I om)
3
— o —
Int 4 Int 5

likely proceed through the intermediacy of an architecturally strained bicyclo[3.2.1]palladacycle
Int 5. Reductive elimination of Int 5 would finally form the five-membered ring of 2. In fact, the
direct cyclization of 1 to 2 may be achieved, albeit in low yield, under the conditions shown in
Error! Reference source not found.. Since this reaction also afforded a comparable amount of
compound 3, we needed to confront several issues in an effort to improve the ratio of 2 to 3.
First and foremost, we needed to find a way to suppress the undesired, palladium-catalyzed
protodeiodination (1 |:> 3). In other words, superior selectivity of the Pd(ll/IV) redox couple must
be achieved. Unbound palladium(ll) in solution could engage in non-productive

protodeiodination, whereas directing group-bound palladium(ll) proceeded through the desired
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cyclization reaction. Preliminary calculations (Error! Reference source not found.) indicated
that the productive aryl iodide-induced Pd(lI/IV) oxidative addition would pass through a very
high energy putative transition state TS 2 to reach bicyclic Pd(IV) intermediate Int 5. The high
energy of the Pd(Il/IV) transition state was associated not only with the steric hindrance of the 2-
substituted aryl iodide 1, but also a high ring strain energy. Indeed, calculations indicated that
the TS 2 was of higher energy than the concerted metalation deprotonation (CMD) C-H
activation transition state TS 1. Thus, providing conditions and coordination environments
around palladium were essential to controlling selectivity between cyclization and

protodeiodination.

(o)

o
'II
? N—Pd

o CH !
—Pd" 3 CH
N ¢ H3C I A\

AG

Sep.
Reactants

Imine Concerted 5 Oxidative Reductive
formatlon Metallation Deprotonation addition elimination

Figure 6.1. Calculated reaction coordinate diagram for C(sps)-H cyclizative arylation of
ketones with a transient directing group (energies in kcal mol-1).

Pd(IV) organometallic chemistry has been inextricably linked with the massive growth in
palladium catalyzed C-H functionalization.3s Controlled access to this rarified and reactive

palladium oxidation state has been key to the success of a significant portion of palladium
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catalyzed C-H functionalization reactions. The palladium(lV) complexes that have been
characterized and described thus far have nearly all been octahedral.ss 35 Calculations
suggested that the intramolecular oxidative addition of the C—I bond in Int 4 to Pd(Il) would
generate the topologically unique Int 5 with a rare trigonal bipyramidal coordination geometry at
the metal center, consideration for this outcome was leveraged in our efforts to optimize the
formation of indane 2. Our study of the direct cyclization of 1 to 2 was sustained by the hope
that higher efficiencies might be possible by modulating the coordination geometry of the
putative Pd(IV) intermediate preceding product 2.

Our initial thoughts toward reaction optimization suggested that we could modulate the
geometry at Pd(IV) in Int 5 by changing the nature of the transient directing group. Our results
shown in Error! Reference source not found. are consistent with several theories in transient
directing group chemistry. In this case, AcOH is considered to be the catalyst for the transient
imine formation.2s We observed generally superior reactivity with the alkyl amine TDGs (TDGL1-
TDGY7), suggesting that the aniline TDGs (TDG8-TDG13) have insufficient reactivity in
condensations with ketones. Lack of reactivity in pendant pyridine directing groups (TDG6-
TDG?7) indicate that a LX type ligand as directing group is preferred in Pd-catalyzed TDG C—H
functionalization. As clearly indicated in Error! Reference source not found., the loading of
TDG significantly impacts overall palladium reactivity, as more chelate-bound palladium seems
to attenuate both protodeiodination reactivity and desired C-H functionalization chemistry.
Based on a glycine (TDG1) stoichiometry screen, we reason that increased glycine loading
decreases overall reactivity, while decreased glycine loading allows unbound [Pd] to participate

in protodeiodination.
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Table 6.1. Effect of transient directing group identity and stoichiometry.

(o) Pd(OAc), (10 mol%) o
TDG (50 mol%) 0
CH; = + CH;
CH3 AgTFA (1.5 equiv.) CH H
I HFIP:AcOH (1:1) 0.2 M 3 H CHs
110 °C, 16 h
1 2 3
o o
H,yN
NHAc H,yN SO;H 2
H,N \)]\OH HZN/\)LOH HzN/\/ 2N 503 \/\SO3H
TDG1 TDG2 TDG3 TDG4 TDG5
18%/13% 6%I37% 6%/28% 0%/0% 0%/0%
e A
= | X Conditions 2 3 1
H,N \N HoN 25 mol% glycine | 8% | 19% | 15%
TDG7 TDGS-TDG13 50 mol% glycine | 18% | 13% | 27%
0%/0%
X = SH 0%/0% 100 mol% glycine | 8% 8% | 35%
= | X = OH 0%/12%
= 0, 0,
H,N ~ X = NHAc 0%/15% o o
N X =8SO03H 1%/18% \[Pd] Proposed
= 0, 0,
1DGE X = CO?H 0°AI3 % / [Pd] Resting State
o 1o X=H 1%/13% NH,
0%/0%
\_ J

After carefully examining the role of each reagent and its impact on the reaction, we

discovered that the Ag(l) salt is the likely culprit in promoting unproductive protodeiodination

(Error! Reference source not found.), although Pd(OAc): is, of course, ultimately responsible

for the side reaction as evidenced by the control reaction. As AgTFA stoichiometry was

decreased, we observed a steady decline in protodeiodination while the yield of desired product

remained steady at ~20% vyield. In many reported intermolecular TDG C-H arylation

conditions,2s,26 several equivalents of the aryl iodide are employed, which to some degree may

compensate for protodeiodination and homo-coupling of the excess iodoarenes. In an

intramolecular C-H arylation reaction, there is an inherent limitation of the 1:1 stoichiometry;

thus, if any protodeiodination or homocoupling occurs, the mass balance suffers considerably.
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We thus wondered if modification of the Ag(l) counterion might temper some of this unwanted
reactivity.
Table 6.2. Protodeiodination controlled by AQTFA. Discovery of AgsPO4 and TFA effect on
C(sps)-H arylative cyclization.

o Pd(OAc), (10 mol%)

glycine (50 mol%)
CH3 CH3
CH,4 X equiv. [Ag(l)
add|t|ve

HFIP:AcOH (1:1) 0.2 M

1 110 °C, 16 h 2
equiv. AgTFA 2 3 1 equiv. Ag;PO, | equiv. TFA 2 3 1
1.5 equiv. 18% | 13% | 27% 0.7 equiv. -- 38% | 3% | 24%
0.9 equiv. 20% | 6% | 29% 1.5 equiv. - 43% | 6% | 13%
0.7 equiv. 21% 4% 37% 4.5 equiv. - 35% | 8% | 28%
0.5 equiv. 19% | trace | 44% 1.5 equiv. 1.5 equiv. 52% | 13% | 30%
omit Pd(OAc),® | 0% 0% | 95% 1.5 equiv. 4.8 equiv. | 24% | 34% | 0%
awith1.5 equiv. AGTFA 1.5 equiv. 19.2 equiv. 4% | 45% | 0%

Since the Ag source plays a role in promoting the undesirable protodeiodination pathway,
we screened several Ag sources. As reported in the supporting information, Ag(l) salts
commonly employed in palladium-catalyzed C-H arylations furnished significantly lower yields
of the desired product. In the reaction shown in Error! Reference source not found., when we
employed 0.5 equivalents AgsPOas, the yield improved significantly, from 20% to 43%, while
protodeiodination remained around 6%. We considered that this might be indicative of a Pd/Ag
couple being responsible for selectivity in Pd(ll/1V) catalysis. AgTFA is thought to be a highly
reactive silver source, due in part to its high solubility in organic solvents, while AgsPOa is
essentially insoluble. From these results, it seems likely that the Ag(l) concentration has a

strong influence on the product distribution. In addition, we also considered whether the
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introduced phosphate ion could accelerate the reaction though coordination of the palladium
metal center.36,37,38

Our aim was to understand how the AgTFA/AgsPO4 reagent change promoted desired
reactivity, and so we explored how each aspect of this reagent change affected the reaction.
Initially, we theorized that phosphate could be acting as a ligand at palladium. As shown in the
supporting information, screening the identity and equivalents of phosphate additives resulted in
either a reduction in reaction efficiency or no change, indicating that phosphate may not be key
to the yield enhancement. When the trifluoroacetate ion was reintroduced to the reaction as
trifluoroacetic acid (Error! Reference source not found.), we found that this reagent could
exert broad control over the palladium reactivity. With addition of 1-2 equivalents of TFA, the
desired C—H arylation yield increased by ~10%, with a concomitant small increase in
protodeiodination. When TFA was increased beyond this loading, up to 30% of solvent (19
equiv.), protodeiodination was enhanced to 45% vyield, while the desired arylation process
became non-competitive. TFA seems to have broad impact on the profile of palladium catalysis
occurring in solution. The impact of TFA on the reaction is significant in several ways. Upon
physical examination of the reactions, the solubility of otherwise insoluble silver phosphate
increases as TFA is increased; thus, TFA may control a slow infusion of AgTFA into the solution
upon reaction with AgsPO4. However, this does not account for instances where a large excess
of TFA is present, under which conditions the palladium catalysis is almost entirely shunted to
protodeiodination. This phenomenon indicates that either the high acidity or a direct
trifluoroacetate-palladium interaction controls some reactivity pathway. Upon closer examination
of this result, calculations showed that productive silver-mediated iodide abstraction from the
trigonal bipyramidal intermediate Int 5 led to an octahedral TFA bound Pd complex Int 6 (Error!
Reference source not found.). This calculation suggests that TFA may facilitate the

reorganization at Pd to the more favorable octahedral geometry. Use of Pd(TFA)z2 as Pd source
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showed no improvement on the reaction efficiency, and use of other strong acids like haloacetic

acids or others in place of TFA as additive also furnished no benefit.

®
AG=-14 o
TFA
CH AgTFA
NPN ’ ) Voa \ s
7 \N —_— Pd\
s I >N
Y g N
Q o]
Front view: Int 5 Front view: - - Side view:

Geometry of Geometry of

Int 5 with iodide: Z, ~ Int 6 with TFA:
trigonal bipyramidal octahedral
Top view: L Top view:

Figure 6.2. Calculated structures of Int 5 and Int 6. TFA = trifluoroacetate.

To examine how this new cyclization reaction is impacted by C-H bond type, we
investigated intramolecular arylations of linear methylene C—H bonds. We also anticipated that
the palladium geometry may have implications on either the stereochemical or regiochemical
outcome of this reaction. Linear methylene C-H activation by CMD is thought to proceed
through a higher-energy transition state, and often fails under conditions reported for
functionalization of methyl and cyclic methylene C—H bonds.2s After extensive screening of
conditions, we found that an increased glycine loading, increased temperature, and omission of
TFA led to a 52% yield of substituted indane 5 with 5:1 dr for the reaction outlined in Error!

Reference source not found.. Omission of TFA, reduced AcOH loading, and increased glycine
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loading indicated that reduced acidity of the solvent medium improved reaction yield. More
broadly, our observations indicate that at higher temperatures, strongly acidic conditions
promote unselective palladium reactivity pathways leading to protodeiodination and general
substrate degradation. Thus, increased glycine loading (broad reactivity attenuator) and
increased temperature (broad reactivity promoter) are inversely related and must be balanced to
afford the highest yield of desired product. Contrary to previous reports,2s use of B-alanine as
the TDG furnished no detectable cyclization product; this observation was surprising since
calculations revealed that the B-alanine-derived 6,5 palladacycle is less strained than the
glycine-derived 5,5 palladacycle. As shown in the supporting information, the substrate is easily
prepared in a single, scalable step from commercially available starting materials, and thus this
method for transforming an unactivated methylene C—H bond provides direct access to
stereochemically defined, disubstituted indanes. While Dyker, 39,40 Fagnou, 41 Cramer, 42
Baudoin,s3 and othersio have developed palladium(0/Il) catalyzed C(sps)—H arylation reactions
that afford benzo-fused frameworks, it seems, at the time of writing, that the nature of the Pd(0/11)
redox frameworks employed in these reactions limit the gamut of reactivity to methyl and cyclic
methylene C(sps)-H bonds due to kinetically competitive B-hydride elimination in linear
methylene C(sps)-H functionalization.4,45,46 Furthermore, Baudoin has established that the
C(sp3)-H bond in the B position of enolizable ketones will not undergo efficient C—H
functionalization in the Pd(0/ll) redox framework, specifically precluding the acetyl indane
compounds described herein as potential product classes derived from that chemistry.s7

The high levels of diastereoselectivity in this reaction are uncharacteristic of C(sps)-H
arylative cyclizations. Reports of auxiliary-directed palladium catalyzed C—H arylation-cyclization
from the Chen laboratory generally exhibit the low or no diastereoselectivity.19,31 Based on
calculations showing that the oxidative addition step in the proposed catalytic pathway has the

highest energy barrier, we reasoned that the relative stereochemical relationship reflected in
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compound 5 might be arising from a well-ordered and rigid Pd(ll/1V) transition state analogous
to TS 2 (Error! Reference source not found.).

Table 6.3. Optimization of arylative cyclization of linear methylene C(sps3)-H bonds in
AcOH co-solvent mixtures.

Pd(OAc), (10 mol%)

(0] glycine (50 mol%) (o)
Additive o
CH, > o, CH,
Ag;PO,4 (0.5 equiv.) CH
I NCH;  HFIP:ACOH 3:1,0.04 M - : H CHs
110 °C, 72 h 3
4 5 6

Condition Additive 5 dr 6 4

110 °C, 36 h TFA . 20% | 81| 7% | 64%
1.25 equiv.

120°C, 72 h TFA . 38% | 8:1 | 10% | 51%
1.25 equiv.

glycine (1 equiv)
140 °C, 72 h -- 52% | 5:1 | 10% | 37%
in 5:1 HFIP:AcOH

B-alanine? (TDG2) TFA

. 0% nd | 20% | 80%
120 °C, 72 h 1.25 equiv.

850 mol% replaces glycine as TDG

Conditions we thought relevant to the unique Pd(Il/IV) oxidative addition process of this
system have been optimized: the insoluble nature of AgsPOs reduced off-cycle
protodeiodination, and the presence of trifluoroacetic acid promoted desired iodide abstraction
and facilitated geometric relaxation at the Pd(IV) metal center. However, we had not addressed
any apparent improvement of the C—H palladation step purported to be [Pdi-OAc] mediated
CMD. Indeed, the previous reportzs of intermolecular ketone-TDG-directed linear methylene
C(sps)-H arylation report no substrates with a-branched substrates, indicating that this
substrate class is very challenging for C(sps)-H activation, regardless of strained Pd(IV)

pathways. The use of 2-pyridone in place of acetate as the purported CMD ligand has enabled
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significant improvement in several Pd catalyzed C—H functionalization reactions. s 49,50,51,52,5354 In
theory, the 2-pyridone ligand is a superior CMD alternative to acetate and can be electronically
tuned by substitution of the pyridone ring. We elected to study 2-pyridones specifically because
this particular TDG-catalyzed reaction manifold employs a bidentate directing group, which
saturates the coordination sphere of palladium(ll) and precludes the use of some other ligand
classes.ss Not only is the pyridone ligand implicated in the C—H CMD step of catalysis, but prior
reaction profile analysis suggests that the ligand also reduces decomposition of the Pd
catalyst.se In reported examples of palladium-catalyzed ketone TDG C—-H functionalization,
AcOH is employed as a significant portion of the solvent medium in order to catalyze the difficult
TDG-substrate condensation step. It has been reported that ketone substrates require an
exogeneous acid catalyst to form the TDG-imines,2s,26 whereas acid catalysis for aldehyde and
amine condensations is generally not needed,sss7 presumably due to the increased ease with
which aldehyde-derived imines form and hydrolyze. This can loom as a significant challenge in
reaction design for ketones, since AcOH outcompetes binding to Pd(Il) and precludes the
effectiveness of exogeneous ligands through competition. Indeed, when 2-pyridones are
included in the reaction with even low loadings of AcOH (5% v/v), the reaction efficiency drops
as delineated in the supporting information. However, our observation that small quantities of
TFA have a modest improving effect on the reaction (Error! Reference source not found.)
inspired the concept that TFA alone could be the TDG acid catalyst, and the smaller requisite
guantities required could enable the use of ligands like 2-pyridone.

Remarkably, we observed an appreciable improvement in reaction efficiency with the
application of 2-pyridone ligands and 1.5 equivalents TFA in neat HFIP (Error! Reference
source not found.). The electronics of the 2-pyridone have a significant impact on the reaction
efficiency. Substitution of the 3-position with electron-withdrawing groups shows a modest yield.

The vyield improves when the 5-position bears an electron-withdrawing group, and an apparent
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additive effect is observed with significant yield improvements when the 3- and 5-positions are
both electron-deficient to
Table 6.4. Discovering conditions compatible to use of ligand.

Pd(OAc), (10 mol%)
glycine (1.0 equiv.)

[0} TFA (1.5 equiv.) 2FG FG
ligand (40 mol%) fo) | X
CH3 ) > -.||/< N O
AgsPOy4 (0.5 equiv.) CH, N
| cHs ?;Pog%lr CH3 ligand scaffold
4 ’ 5
Ligand | FG' | FG2 | Yield | dr Condition®? | Yield
L1 NO, - 44% | 9:1 36 h 69%
L2 F - | 35% | 91 130 °C 46%
L3 CN - 39% | 7:1 omit pyridone 2%
L4 - NO, 59% 8:1 omit TFA 3%
L5 CF 45% | 7:1 60% ligand 80%
- 3 (o .

80% ligand 83%
L6 - Cl | 46% | 7:1
L7 NO, F 68% | 91 omit Pd(OAc),® | 0%
L8 NO, | cI 71% | 8:1 omit glycine® 0%
L9 NO, | NO, | 71% | 9:1 omit AgzP0O,4° 17%
L10 | NO, | CFy | 67% | 9:1 4using L9 Pall 9:1-8:1 dr

Cusing 80 mol% L9

furnish the desired carbocycle in ~70% vyield. Looking more closely at these new ligand
conditions in Error! Reference source not found., the cyclization process still runs at similar
efficiency when the reaction time is shortened to 36 hours; however, elevated temperatures are
still required. Under the new ligand conditions, TFA becomes essential to reactivity, because it
is now thought to be the lone catalyst for imine formation/hydrolysis. Higher ligand loading of 80

mol% significantly enhances the yield to 83%, possibly due to the dilute conditions employed for
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this type of intramolecular cyclization and the dynamic palladium/ligand environment. Control
experiments indicate that palladium and glycine are essential for reactivity, while some reactivity
(17% yield) is still observed when AgsPOa is omitted.

Table 6.5. Scope of reaction. Yields based on mass of isolated material after purification;

performed on 0.1 mmol scale unless otherwise noted.
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Pd(OAc), (10 mol%)
glycine (50-100 mol%)?@

o) TFA (1.5 equiv.) X\(\/\[NOZ
L9 or L10 (80 mol%) 0 |
CH; > /< N o
AgsPO, (0.5 equiv.) oH H
I "R HFIP, 0.04 M \ 3 L9 X=NO,
110-150 °C?, 36 h L10 X = CF,

Linear Methylene Arylation Products

CH;
CH; CH,3
CH
5 7a 3 7b
86% (L9) 8.5:1 dr 72% (L10) 10.5:1 dr 45% (L9) 8.7:1 dr

68% (L9)
86% (L9, 1 mmol scale)

42% (L10)

0 0 FiC o
F CH3 O,N CH3 CH,
CH;3 CHj CH,4
7d 7e 7f
53% (L10) 10:1 dr 45% (L9) 6.6:1 dr 71% (L10) 11:1 dr
45% (L9) 67% (L9)
0
CH;
yo” G
3
CH
7h 7i CHs 7j° :
38%° (L9) 91%° (L10) 27%° (L9)
87% (L9)

CHj
7c

93% (L9) 13:1 dr

79
83%° (L9)

CH,

7k
69% (L9) 10:1 dr

Methyl Arylation Products

C : (o] Fs;C 0o Br{ : : (o]
CH;3 C : CH; CH;
2 8a

8b

qond
CH,

8c
71% (L10) 70% (L9) 50% (L9) 80% (L10)
63% (L9) 69% (L9)
CH, CH
CHs HsC CHs s
8d 8e 8f
60% (in 3:1 HFIP:AcOH) 0% (L10) 40% (L9)¢
(12%) (L9) 0% (L9)

3100 mol% glycine, 150 °C for methylene C-H arylation; 50 mol% glycine, 110 °C for methyl C-H arylation ®Pmajor product
°single diastereomer isolated Yreaction performed at 150 °C with 100 mol% glycine

Gratifyingly, these conditions are generally broad in scope (Error! Reference source

not found.), and the 2-pyridone ligand effect is still apparent in the 1° C—H bond substrate: the
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simple acetylindane 2 is formed in 71% yield when L10 is used as ligand. Our optimized
conditions are shown in Error! Reference source not found. along with isolated yields of the
products. The reaction yield generally benefits from a longer alkyl group on which the C—H bond
is functionalized (7a, 7c, 7g, 7i), which we attribute to greater stability of product towards further
reactivity with palladium due to increased steric hindrance. Reactivity is diminished by steric
repulsion when the alkyl chain of interest is branched vicinal to the position of C-H
functionalization (7h). Small increases in steric bulk on the distal side of the ketone is allowed,
but a concomitant drop in yield is observed (7b). The tert-butyl ketone substrate 8e furnishes no
product, which is consistent with the theory that the transient directing group is operative on the
ketone through condensation. Steric influence vicinal to the directing methyl ketone is apparent
in the synthesis of quaternary ketone 8f. Fluoroindanes are accessible, as well as aryl bromo-
and chloroindanes, which could be amenable to subsequent cross-coupling reactions. The yield
for these bromo- and chloroindanes can exceed 90% (7c, 7i). There is some reduction in
reaction efficiency when the arene is substituted meta to the iodide (7d, 7e), though substitution
at the para and meta(prime) positions are tolerated. The reaction furnishes very little product
with electron-rich aryl iodides, but when the ligand is switched for AcOH most of the reactivity is
recovered (8d). The reaction gives a high yield of 83% when scaled to 1 mmol (7a).

As a larger goal, we sought to couple directed intermolecular C—H arylation with the
intramolecular C—H annulation reaction developed in the first part of this report as part of a new
[3+2] ring forming reaction (Reaction (1), Error! Reference source not found.). The different
outcomes of Reactions (1) and (2) in Error! Reference source not found. highlight the salient
differences between the reaction pathways of inter- and intramolecular Pd(ll) catalyzed
C(sps)-H arylation. As we slowly developed conditions more conducive to the high energy
Pd(Il/IV) oxidative addition process required for ring-closure, the intermolecular C(sps)-H
arylation step became less favorable. As shown in Error! Reference source not found., the

one-pot [3+2] C—H arylation reaction between 3-methyl-2-butanone and 1,2-diiodobenzene (10)
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afforded low vyields of the desired acetylindane 2 (Reaction (1)). Several phenomena negatively
influence the outcome of this reaction. Under typical palladium-catalyzed C—H functionalization
conditions, 1,2-Diiodobenzene (10) is unstable and readily undergoes protodeiodination. As a
result, significant quantities of iodobenzene in solution react preferentially to form the dead-end
phenyl substituted butanone product 3. 1,2-diiodobenzene (10) is also a relatively hindered aryl
iodide coupling partner, and so the steric hindrance projected by the ortho-iodo functionality
slows the first arylation step (9 to 1).ss Compound 1 also undergoes protodeiodination,
competing with the final ring-closing event. We postulate that both of these protodeiodination
events occur through a Pd(ll/1V) pathway.

Scheme 6.3. Understanding reactivity pathways of the [3+2] double C(sps)-H arylation.

RasailsenRcas

Pd(OAc), (10 mol%)
AgTFA (1.5 equiv.)
glycine (50 mol%)

3:1 HFIP:AcOH, 0.2 M

CHs 110 C, 36 h
9 10
2.0 equiv.
o Pd(OAc), (10 mol%)
AgTFA (1.5 equiv.)
(@) CH, glycine (50 mol%)
| CH; 3:1 HFIP:AcOH, 0.2 M
110 C,36 h
1
. . sterically
. Reaction (1) Reaction (2) . via
Condition Yield 2/3/1 Yield 2/3 hindered HaC CHs highly strained
As Shown 5%I7%114% 18%/13%

Ag;P0, (0.5 equiv.)?

Ag3PO, (0.5 equiv.)?
1.5 equiv. TFA

Ag3PO, (0.5 equiv.)?
1.5 equiv. TFAP
in neat HFIP
L9 (80 mol%)®

trace

5% (yield of 2)

trace

43%16%

52%I13%

70%/10%

@# CH,

slower

proto-
deiodination
o
proto-
IS CH3
deiodination HaCJ\(
1 CH3 o H
dead
HsC end
H faster

CH,

transition state
o |
H,;C
CH,

2replaces AgTFA Padditive

We thus reenvisioned the proposed [3+2] double C(sps)-H functionalization arylative
cyclization. After the intermolecular C(sps)-H arylation depicted in Error! Reference source
not found. between 3-iodoanisole (11) and ketone 12, we took advantage of a curious property

of substituted phenyl ethers: regardless of steric hindrance, the silver(l) mediated iodination of
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the benzene ring occurs exclusively para to the ether electron donating group.ss As such, a
telescoped process was devised: after the intermolecular C(sps)—H arylation of ketone 12 was
complete, addition of I2 and AgOAc to the room-temperature reaction mixture furnishes the
desired aryl iodide intermediate 13. After isolation, ring closure using conditions developed for
electron-rich arenes completed the cyclization sequence in two reaction vessels, furnishing the
desired indane 14 in 35% yield. While the aryl ether substrate promotes the requisite arene
iodination, electron-rich iodoarenes are less reactive as Pd(ll) |:> Pd(IV) oxidants, and for this
reason the yields are somewhat lower.

Scheme 6.4. A two-pot procedure for ring construction by iterative C—H arylation,
iodination, arylation. Isolated yields; aperformed on 0.4 mmol scale; vperformed on 0.2 mmol

scale cperformed on 0.1 mmol scale. TFA = trifluoroacetic acid; HFIP = hexafluoroisopropanol.

Pd(OAc), (10 mol%) Pd(OAc), (10 mol%)
glycine (1.0 equiv.) o glycine (1.0 equiv.) MeO

\@ \f‘\ TFA (1.5 equiv.) Meo\ml\ TFA (1.5 equiv.) \(}:? /O

> CHs > <
AgOAc (1.5 equiv.) AgsPO, (0.5 equiv.) CH,
3:1 HFIP:AcOH, 0.2 M ! CH; 3:1 HFIP:AcOH, 0.04 M CH,
" 130°C,36 h 13 150 °C, 36 h 14
3 equiv. then1lé hAiOAC 38%? 35%¢

(56% in two steps®)

6.4 Conclusion

In conclusion, a C(sps)-H arylative cyclization of ketones has been developed featuring a
transient directing group strategy and the use of 2-pyridone ligands to enhance reaction
efficiencies. The reaction is effective for intramolecular arylations of unactivated methyl and
linear methylene C(sps)-H bonds and can proceed with high margins of diastereoselectivity.
Controlling the Pd(ll/IV) pathways between C(sps)-H arylation and protodeiodination was
essential to the successful reaction development, and this was determined through co-product
analysis. Based on calculations, this ring annulation reaction process is proposed to proceed
through an unusual trigonal bipyramidal Pd(IV) intermediate, which reorganizes to a favored
octahedral geometry upon silver(l)-mediated iodide abstraction and TFA coordination. The ring

closure reaction described herein was applied to complete a stepwise [3+2] double C(sps)-H
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arylation, which takes advantage of intermolecular C(sps)-H arylation to strategically relay C-H
functionalization events.
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Chapter 7. Computational Exploration of a Pd(ll)-Catalyzed vy-C-H Arylation where
Stereoselectivity Arises from Attractive Aryl-Aryl Interactions

7.1 Abstract

The enantioselective Pd(ll)-catalyzed y-C—H arylation of picolinamides with a chiral
BINOL phosphate ligand was explored using density functional theory (DFT). Enantioselectivity
arises from attractive aryl-aryl interactions between the pseudo-equatorial phenyl substituent of

the substrate and the chiral BINOL phosphate ligand.

7.2 Introduction

Transition-metal catalysis is a powerful tool for aliphatic C—H functionalization.1 While a
number of enantioselective Pd(ll)-catalyzed C—H desymmetrization processes have been
reported by the Jin-Quan Yu group, there are few chiral ligands for asymmetric oxidative C—H
functionalization with Pd(ll) catalysts.2 Chiral phosphines are incompatible with the reaction
conditions needed for oxidative Pd(ll)-catalyzed C—H functionalization.s Scheme 7.1 shows
three examples of new classes of anionic chiral ligands that have been developed for Pd(ll)
catalysts that enantioselective C—H bond activations.

Yu et al. described a highly selective enantiotopic methylene C—H arylation in thioamide
derivatives (Scheme 7.1a).4 Gaunt et al. used a BINOL-phosphoric acid derivative to enable Pd-
catalyzed enantioselective C—H amination of aliphatic amines to form aziridines (Scheme 7.1Db).
However, the role of the ligand has yet to be explained in either case.s Duan et al. used a
BINOL-derived phosphoric acid and amide as ligands for aminoquinoline-directed benzylic 3-C—
H arylation of 3-arylpropanamides (Scheme 7.1c).s

Scheme 7.2 depicts a highly enantioselective picolinamide auxiliary-directed benzylic C—
H arylation of 3-arylpropylamines that Gang He and Gong Chen et al. have reported recently.7
This reaction requires (R)-BINOL phosphoric acid, Cs2COs, and solvent-free conditions to

produce the (S)-enantiomer of the product with up to 97% e.e. It has been known that Cs2CQOs s

107



Scheme 7.1. Examples of Enantioselective Pd(ll)-catalyzed C-H Activation

Phosphine Ligands
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a highly soluble salt, which is essential since such reaction conditions are neat. We have

investigated the role of the chiral ligand in controlling stereoselectivity. The experimentalists

found the C—H activation step to be the rate- and stereoselectivity-determining step of the C—H

aryl- ation. Two different transition state models, A and B, were proposed as possible key
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concerted metallation deprotonation (CMD) C—H activation steps, involving either one L ligand
or two L ligands bound by Cs+ (Scheme 7.3). Based on observations of a non-linear correlation
between e.e. of L and e.e. of the product, it was proposed that multiple BINOL phosphate
ligands might participate in the transition state.7

Scheme 7.2. The He and Chen Enantioselective Pd-catalyzed Chiral Phosphate-mediated
benzylic C-H Arylation Directed by a Picolinamide Auxiliary Group

| X AN

N~

—
\

[PACI,(CH5CN)] (5 mol %)

Ligand (25 mol %)
H HHN 0] Ar HN (@)
s Arl (1.5 equiv.)
Cs,C0O3 (2.5 equiv.), neat, 110 °C *

up to 97% e.e.

(R)-BINOL phosphoric acid

Scheme 7.3. Proposed Transition State Models for the Enantioselective C—H Palladation

Model A Model B
(with one L) (with two L and Cs*)

Truncated Model A
(with Me instead of L)
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7.3 Results and Discussion

We used computations to differentiate between the two models and to elucidate the
origins of enantioselectivity. In the two models developed, the role of the BINOL phosphate
ligand differs at the transition state. In Model A, one phosphate ligand is responsible for both the
metal coordination and hydrogen abstraction. However, in Model B one phosphate ligand
coordinates as an anion to Pd, while the other phosphate ligand acts as an internal base for the
hydrogen abstraction during the CMD step; here the phosphates are ion-paired to Cs+. We also
studied a truncated Model A without BINOL to establish the favored geometry of the transition
state.

Quantum mechanical calculations were performed with Gaussian 09.s For Model A,
geometries were optimized in the gas phase using the B3LYPs functional with the 6-31G(d)10
basis set for all non-metal atoms and the LANL2DZ +f (1.472)11 basis set with effective core
potential (ECP) for Pd. Single point corrections were calculated using Truhlar's M0612 functional
with the 6-311++G(d,p)13 basis set for all non-metal atoms and the SDD s effective core
potential for Pd.

For Model B, ground state and transition state geometries were calculated using
ONIOM(B3LYP9/6-31G(d)10-LANL2DZ11:UFF15) which enables optimizations of organometallic
compounds with bulky ligands.is The BINOL ligands were calculated at the MM level while all
the other atoms were calculated at the QM level. SCF (electronic) energies were obtained by
single-point calculations using M061s functional with the 6-311++G(d,p) basis set for all non-
metal atoms and the SDDis effective core potential for Pd. Vibrational frequencies were
computed at the QM:MM level to determine if the optimized structures are minima or saddle
points on the potential energy surface corresponding to minima and transition state geometries,
respectively. The reported free energies include zero-point energies and thermal corrections

calculated at 298.15 K and 1 atm. Molecular structures are illustrated with CYLview.17
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We studied the proposed catalytic cycle shown in Scheme 7.4. The computed barriers
for each major step can be found in Supporting Information. The cycle starts with an activated
Pd catalyst A as a bisligated species binding to the picolinamide substrate via N-H bond
cleavage to form B. The y-carbon of the substrate coordinates to Pd to form reactant complex
C. Then, C-H activation occurs via CMD to form D. The neutral chiral phosphate ligand
exchanges with MeCN to form E. Oxidative addition of iodotoluene occurs to form the Pd(IV)
complex F, followed by reductive elimination G to form the arylated product. Computationally, it
was found that the C— H activation step is the rate- and stereodetermining step, in accordance
with experimental observations.

Scheme 7.4. Proposed catalytic cycle for Pd-catalyzed C—H arylation of picolinamides
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We first studied a simple model system, truncated Model A, in which the BINOL
phosphate ligand in Model A is truncated to methyl substituents. The transition states for CMD
are shown in Figure 7.1. The preferred conformation of the dimethyl phosphate is chiral, but the
small methyl groups have minimal effect, so the (S) and (R) pseudo-equatorial TSs have slightly
different energies. In OMe TS(S)-2a and OMe TS(R)-4a, there is a 1,3-diaxial interaction
between the phenyl group and the closest methyl group, as seen in the Newman projection
along the Ci1—C2 bond. This steric clash causes OMe TS(S)-2a to be 1.4 kcal mola1 and OMe
TS(R)-4a to be 1.5 kcal mol-1 higher in energy than OMe TS(S)-1a. The TS structure is lower in
energy when the phenyl substituent is in the pseudo-equatorial position. We then used this

information to build Model A with one chiral BINOL phosphate ligand and a phenyl substituent at

OMe TS(R)-3a: AAG*=0.1 OMe TS(R)-4a: AAG*=1.5

Figure 7.1. Conformers of CMD transition states of truncated Model A where BINOL is

replaced with methyl groups. Free energies are in units of kcal mol-i.
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the pseudo-equatorial position.

Figure 7.2 shows the two lowest energy TS structures of Model A with one chiral
phosphate BINOL ligand, TS(S)-1a and TS(R)-2a. The BINOL phosphate ligand, shown in blue
in Figure 7.2 defines a plane, Ca—Cb—P. In TS(S)-1a, Ca—Co—P is approximately coplanar with
the square-planar Pd complex. However, in TS(R)-2a the Ca—Cv—P plane is rotated 90° about
the C2 axis and is perpendicular to the square-planar Pd complex. The binding mode of the
BINOL phosphate ligand to Pd produces interactions that affect the enantioselectivity of the
reaction.

The five-membered palladacycle, highlighted in blue on the right structure in Figure 7.2
puckers either above or below the palladacycle to form two different envelope conformations.

Notably, both structures avoid steric clashes between the phenyl ring and methyl substituent by

TS(S)-1a: AAGt= 0.0 v
AGt=26.8

H y b ¥ o
/Ph ! *{
Pd—Cl//CZ‘H d \ g 5 b
\Nl—c/CHs N W
n o ‘ TS(R)-2a: AAGF=3.2 7| \
CH3 t \ AGH=300 i /T

\

Figure 7.2. Optimized geometries of lowest energy transition states TS(S)-1a and TS(R)-

2a for Model A involving one BINOL phosphate ligand.
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having the phenyl ring in the pseudo-equatorial position. TS(R)-2a is 3.2 kcal mol-1 higher in
energy than TS(S)-1a.

We surmise this energy difference is due to T-shaped interaction between the phenyl
ring and the naphthyl substituent of the (R)-BINOL phosphate ligand. Experimentally, Chen et al.
obtained 97% e.e. (AAGt = 2.8 kcal mol1 at 110 °C) in favor of the (S)-enantiomer from this
reaction, which is in reasonable agreement with our computed results of AAG: = 3.2 kcal mol-.
According to previous calculations, a C—H—1r distance of 3.17 A provides about 2.5 kcal mol-1 of
stabilization in a benzene dimer.1s TS(R)-2a does not have such C—H-T1 interactions because
the ligand is bound perpendicular to the square- planar Pd complex. We analyzed the edge-to-
face aryl-aryl interaction by measuring the distance from the center of one benzene ring to the
center of the second benzene ring (Figure 7.3). This distance of 5.47 A gives 2 kcal mol-1
stabilization for calculations on benzene dimers.1s Both the C—H—1T and edge-to-face aryl-aryl
interaction is absent in the TS(R)-2a, the binding mode of the phosphate ligand is essential to

the enantioselectivity.

4

TS(S)-1a: AAG*=0.0 TS(R)-2a: AAG= 3.2

Enantioselectivity due to attractive aryl-aryl interaction

Figure 7.3 Edge-to-face aryl-aryl interaction in TS(S)-1a.
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Model B consists of two phosphate ligands bound by Cs+. Details of the conformational
analysis for the Cs-complex and the chiral catalyst are present in the Supporting Information.
Figure 7.4 shows the lowest energy TS structures from Model B. Unlike Model A, TS(R)-b is
only 0.8 kcal mol1 higher in energy than TS(S)-b; Model B does not reproduce the
experimentally observed level of selectivities of 97% e.e. In both TS(S)-b and TS(R)-b, the Ca—
Cov—P plane of the ligand that participates in the H-abstraction is in the same plane of the ligand
coordinated to Pd is rotated such that it is perpendicular to the square-planar Pd-complex. The
orientation square-planar Pd-complex; the Ca—Cu—P plane of the of both BINOL ligands around
the phenyl ring increases the possibility for arene—arene interactions. All other ligand binding
mode combinations that were explored with less arene—arene interaction gave higher energy
transition states. This arises because the lowest-energy complexes both exhibit 5-membered
palladacycles that minimize the possibility for steric clashes, since the phenyl substituent is in
the pseudo-equatorial position. In both TS(S)-b and TS(R)-b, the phenyl ring is positioned
between both BINOL ligands, allowing for —1r interactions to occur between the phenyl ring
and the aromatic portions of the ligands. TS structures that did not exhibit such arene—arene
interactions with the ligands were at least 3.0 kcal mol-1 higher in energy. The addition of
another BINOL phosphate ligand in Model B allows for more stabilizing arene—arene
interactions, which reduces the enantioselectivity.

In our mechanism, Cs+ does not affect the CMD rate-determining TS, but the non-linear
correlation between e.e. of L and e.e. of the product may arise from a BINOL phosphate ligand
dimeric species bound by Cs+ that is present off-cycle. This complex dissociates to form a
monoligated species, serving as the activated catalyst A, as shown in our proposed mechanism.

Since the reaction is run neat, Cs+ may have additional non-catalytic roles.
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\CH TS(S)-b: AAGH= 0.0 ™~
AG*= 36.0

Ph & ’
P T /“(-
N—— CCH3 TS(R)-2a: AAGt=0.8 >
H CH3 AGt=36.8

Figure 7.4. Optimized geometries of lowest energy transition states TS(S)-b and TS(R)-b
for Model B involving two BINOL phosphate ligands.
7.4 Conclusions

We have elucidated the origins of the enantioselective palladium-catalyzed benzylic C—H
arylation reaction of picolinamide-derivatized alkyl amines with aryl iodide.s The transition state
involves a pseudo-equatorial position of the phenyl substituent on the 5-membered
palladacycle. When the ligand is positioned to abstract the H leading to the (S) product, there
are stabilizing arene—arene interactions. The computed activation free energies (AAG:) are
consistent with experimental e.e.’s. Model A, proposed by Chen et al., with one phosphate

ligand, predicts the correct enantioselectivity, while Model B, with two phosphate ligands bound
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by Cs+, predicts enantioselectivity that is much smaller than found experimentally. We anticipate
that chiral catalysts with stabilizing arene—arene interactions can tune the enantioselectivity of

C-H activation processes.
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