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ABSTRACT: Mechanistic investigations uncover a novel role for 2-pyridone ligands and interrogate the origin of enantioselectivity
in the (+)-norbornene mediated Pd-catalyzed meta-C(aryl)-H functionalization of diarylmethylamines. Observations from kinetics
analysis in concert with in-situ '°F NMR monitoring allow us to propose that the pyridone ligand plays a role in enhancing the rate-
and enantio-determining insertion of an arylpalladium species into a chiral norbornene derivative. The unprecedented features of 2-
pyridone ligands in asymmetric 1,2 migratory insertion, and norbornene as a transient chiral mediator in relay chemistry, provide new
insights into this ligand scaffold for future developments in stereoselective transition-metal catalyzed C—H functionalization.

INTRODUCTION

Pd-catalyzed C—H functionalization methodologies promoted
by 2-pyrdione ligands have become prominent in recent years. "
? This class of Pd-catalysis was initially discovered to facilitate
norbornene mediated meta-C(aryl)-H functionalization' and
then later developed to perform the Fujiwara—Moritani reaction
using the arene substrate as a limiting reagent’, a long-standing
challenge in non-direct C—H activation. Although the nor-
bornene-mediated relay of ortho-cyclopalladation to the meta-
position of an aryl ring system is a well-established process in
the Catellani reaction,'®!" the use of norbornene as a transient
chiral mediator to control stereoselectivity in C—H activation is
a new approach developed by the Yu group.” The origin of the
enantioselectivity for this novel stereoselective meta-C(aryl)-H
functionalization remains speculative. The 2-pyridone ligand
scaffold was originally conceived as a potential surrogate in lieu
of acetate and was hypothesized to act as an improved internal
base for promoting C—H bond cleavage (Scheme 1).! Experi-
mental and computational studies of non-directed Pd-3,5-ditri-
fluoromethyl-2-pyridone-catalyzed C—H functionalization by
the Yu group have suggested that the 2-pyridone ligand could
accelerate C—H activation by lowering the energy barrier for
concerted-metalation deprotonation as well as prevent catalyst
degradation by forming a stable trimeric Pd-pyridone complex.’

Scheme 1. Role of Pyridone as an Acetate Surrogate in C-H
Functionalization.
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These striking mechanistic features of 2-pyridone ligands and
the chiral norbornene transient mediator prompted us to study
the reaction in Scheme 2, norbornene-mediated Pd-2-pyridone-
catalyzed meta-C(aryl)-H functionalization. This investigation

reports mechanistic studies supporting previous work as well as
presenting novel mechanistic understanding of the catalyst rest-
ing state and the enantio-controlling step for Pd-catalyzed (+)-
norbornene mediated meta-C(aryl)-H functionalization. These
findings could enable further development of norbornene medi-
ated meta-C(aryl)-H functionalization.

Scheme 2: Asymmetric Pd-norbornene (4)-pyridone (5)-cat-
alyzed C-H arylation of diarylmethylamines.’
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RESULTS AND DISCUSSION

Our mechanistic investigation of the Pd-catalyzed C(aryl)-H
arylation of biarylmethylamines (Scheme 2) began with prob-
ing the kinetic behavior of the reaction by simultaneously meas-
uring the consumption of substrate 1 and the formation of reac-
tion product 3, revealing a temporal loss of reaction mass bal-
ance and an increase in % e.e. of product 3 from 76% to 90% as
the reaction proceeds to high conversion of 1 (Figure 1). Further
analysis of the reaction mixture led to the detection of a Pd-
norbornene (4)-pyridone (5)-catalyzed C(aryl)-H double aryla-
tion side reaction to yield 7 (Scheme 3). This undesirable pro-
cess forming 7 accounts for the missing mass and was hypoth-
esized to occur through the kinetic resolution of product 3 in a
second aryl addition. Studies monitoring the reaction of racemic
product (+)-3 yielded a temporal increase in the % e.e. of 3,



from which we calculate that the arylation of 3 to form 7 oc-
curred through a kinetic resolution process with a selectivity
factor of s = 7. Therefore, to establish kinetic dependences of
substrates in this reaction, we chose to interrogate the intrinsic
kinetics of this reaction by monitoring the consumption of 1.
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Figure 1: Reaction progress data for reaction of Scheme 2 (top).
Temporal monitoring of 3 % e.e. (bottom).

Scheme 3. Kinetic Resolution Via Second Arylation of Prod-

uct 3.
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Experiments aimed at determining the catalyst robustness
and concentration dependencies of each reaction component
were conducted according to the same excess and different ex-
cess protocols of Reaction Progress Kinetic Analysis (RPKA)!*
13 with the term “excess” defined by Equation 1. Figure 2 shows
the kinetics profiles for experiments carried out using the same
excess protocol. The time-adjusted curves, as indicated by the
arrow in Figure 2, enable the comparison of the kinetic profiles
for the two experiments as they react under identical substrate
conditions onward from the point of intersection of the arrows.
The overlay of these two reaction profiles indicates that the re-
action rate under standard conditions is not influenced by either
the additional catalyst turnovers completed or the presence of
products 3 or 7 in the reaction vial, compared to the fresh

conditions of the same excess experiment. This observation of
overlay for experiments of same excess confirms that the ab-
sence of both irreversible catalyst deactivation and product cat-
alyst inhibition during catalysis.
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Figure 2: Kinetic profile for C-H arylation reaction shown in
Scheme 1 plotted as [1] against time carried out using the same
excess procedure with [excess] = 0.2 M. Both reactions with
[PA(OACc),] =0.01 M, [4] =0.02 M, [5] =0.015 M, and 3.0 equiv.
of AgOAc in chloroform at 80 °C. (blue circles) [1]o = 0.1 M; [2]o
=0.3 M. (red circles) [1]o = 0.08 M; [2]o = 0.28 M. (red non-filled
circles) time-adjusted data from red circles.

After confirming the robustness of the Pd catalyst, we next
interrogated the concentration driving forces of the reaction
through different excess experiments. The data for the different
excess experiments in Figure 3 demonstrates zeroth order rate
dependence for both substrates [1] and the [2]. First order rate
dependence on [Pd(OAc),] and [4] co-catalyst were revealed
via Variable Time Normalization Analysis'* (Figures 4 and 5).
Overlay between the profiles indicates the order in both [Pd]
and [4] shows n = 1, or first order dependence in each case. We
also established the lack of a nonlinear effect on product ee as
a function of [4].
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Figure 3: Different excess experiments to determine reaction order
in [1] and [2] plotted as the assumed [3] against time. All reactions
with [Pd(OAc),] = 0.01 M, [4] = 0.02 M, [§] =0.015 M, and 3.0
equiv. of AgOAc in chloroform at 80 °C. (blue circles) [1]p = 0.1
M; [2]o = 0.3 M. (red circles) [1]o = 0.1 M; [2]o = 0.6 M. (green
circles) [1]o=0.2 M; [2]o=0.3 M.
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Figure 4: Variable Time Normalization Analysis (VTNA)!* for re-
actions containing varied [Pd(OAc),] plotted as the assumed [3]
against normalized-time. All reactions contain [4] = 0.02 M, [5] =
0.02M, [1]o=0.1M, [2]o=0.3 M, and 3.0 equiv. of AgOAc in
chloroform at 80 °C. (blue circles) [Pd(OAc)] = 0.01 M. (red cir-
cles) [Pd(OAc)] = 0.02 M. (green circles) [Pd(OAc)] = 0.005 M.
Overlay for n=1 signifies first order kinetics in [Pd].
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Figure 5: Variable Time Normalization Analysis'* for reactions
containing varied [4] plotted as the assumed [3] against normal-
ized-time. All reactions contain [Pd(OAc),] = 0.01 M, [5] =0.015
M, [1]0=0.1 M, [2]o=0.3 M, and 3.0 equiv. of AgOAc in chlo-
roform at 80 °C. (blue circles) [4] = 0.04 M. (black circles) [4] =
0.02 M. (pink circles) [4] =0.01 M-

Experiments to probe the influence of additives [5] and [6]
showed that the absence of 6 changed neither the enantioselec-
tivity of the reaction nor the global rate of reaction. Reactions
excluding the pyridone ligand, 5, formed product but suffered a
drop in enantioselectivity of 3 and an inferior yield of product
3, (Scheme 5). Increasing concentration of 5 caused a small in-
crease in rate up to 2 equiv compared to [Pd], while further in-
creases in concentration of S diminished rate. This suggests that
5 might play a role pulling Pd off-cycle to an inactive species at
high concentrations. The identity of this S-containing off-cycle
palladium species potentially could be the trimeric Pd-(S) struc-
ture (Scheme 6) previously characterized with x-ray crystallog-
raphy by the Yu group.’ This multimeric Pd-5 species could
form when Pd:5 is greater than 1:2, and this Pd complex is likely
to be catalytically inactive.

Scheme 4: Pd3(5)s(u’-OH) structure as determined by x-ray
crystallography.®
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Scheme 5: Reactions of Scheme 2 With and Without Pyri-
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In order to probe the catalyst resting state suggested by the
zeroth order rate dependence on [1] and [2], we carried out re-
actions using 8, a fluorine derivative of 1, using in-situ ’F NMR
reaction monitoring (Scheme 6). Several new '°F NMR signals
(Figure 6) that were not associated with the starting material, 8,
or arylated product, 9 were observed while monitoring the Pd-
norbornene (4)-pyridone (5)-catalyzed C—H arylation of 8. An
investigation of the '"F NMR literature*?° indicated that the
signals located between -84 ppm to -96 ppm could tentatively
belong to ortho-palladated aryl fluorides 10 or 13 while peaks
located between -120 ppm to -124 ppm could potentially indi-
cate the presence of para-palladated aryl fluorides 11 or 12 (.

Scheme 6: ’F-NMR Identification of Pd Species.
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To determine if pyridone, 5, played a role in forming these
hypothesized palladated aryl fluoride catalyst resting states, we
observed the '°F NMR signals of reactions of 8 with Pd(OAc),
and Ag(OAc) under different conditions. The '°F NMR signals
for a reaction containing S (Figure 6a) are significantly different
for reactions that exclude 5 (Figure 6b, 6¢). The '’F NMR sig-
nals in Figure 6¢ indicate that palladacycles 10 and 11 readily
form when reacting 8 with palladium acetate in the absence of
both norbornene 4 and pyridone S. Intriguingly, the Pd-nor-
bornene (4)-mediated C—H functionalization of 8 in the absence
of pyridone, 5, still yielded product, 9, and produced '°F NMR
signals that were the same as the putative signals for 10 and 11
(Figure 6b). However, these putative ’F NMR signals for 10
and 11 did not persist during the reaction of 8 with 2 in the pres-
ence of both 4 and 5, which suggests that pyridone 5 could play
arole in forming the catalyst resting states 12 and 13. These in-
situ "F NMR studies taken together with the zeroth order rate
dependence on [1] suggest that Pd is saturated in 1 during reac-
tion and support the involvement of the 2-pyridone ligand in the
rate- and enantio-determining step.
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Figure 6: In-situ '’F NMR spectroscopy of Pd intermediates ob-
served in reactions with substrate 8; a) reaction between 8 with 2
in the presence of both 4 and §; b) reaction between 8 and 2 in the
absence of pyridone §; c¢) interaction of 8 with Pd in the absence of
both 4 and S. All reactions were conducted at 50 °C in d-chloro-
form. Hypothesized chemical structures of catalyst resting states
based upon '°F NMR literature precedent.'>2

A reaction mechanism accounting for all these experimental
observations is shown in Scheme 7. The pyridone ligand §
brings inactive Pd-trimer on-cycle to reversibly react with 1 and
form racemic intermediate 15. This arylpalladium species, 15,
then undergoes rate-limiting 1,2-migratory insertion into the en-
antiopure norbornene, 4. The resulting insertion intermediate
then goes on to react and yield product 3. The insertion of the
racemic arylpalladium intermediate, 15, into the enantiopure
norbornene, 4, is the first elementary step of the catalytic cycle
involving a diasteroselective reaction between a racemic inter-
mediate and a chiral reagent. The irreversibility of this diaster-
oselective reaction of 15 with 4 suggests that this rate-determin-
ing step is likely to also be the enantio-determining step for the
reaction shown in Scheme 2. The role of the 2-pyridone ligand

within the rate-determining step is demonstrated by the previ-
ously shown '"F NMR data (Figure 8A) of an arylpalladium
resting state that likely contains 5. The inferior product % e.e.
generated under reactions that do not contain 5 also confirm the
involvement of the 2-pyridone ligand in the enantio-controlling
step (Scheme 6).

Scheme 7: Proposed mechanism for the reaction of Scheme
2.
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CONCLUSION

In summary, our kinetics-based mechanistic investigation
has revealed that the 2-pyridone ligand S accelerates the rate of
the reaction as well as improves the product selectivity for the
enantio-controlling insertion of 15 into 4. We found that stere-
oselective kinetic resolution of 3 by Pd-5-6-catalyzed C(aryl)—
H arylation contributes to the high % e.e. product observed at
the end of the reaction. /n-situ NMR spectroscopy results offer
further characterization of the arylpalladium catalyst resting
state for this robust Pd-catalyzed (+)-norbornene mediated
meta-C(aryl)-H functionalization, supporting its role as a tran-
sient chiral mediator. The findings from this work could enable
further developments in norbornene mediated meta-C(aryl)-H
functionalization.
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