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ABSTRACT: Directed C—H functionalization is a powerful Q ®_| Q o ) )
q g q ; H DG DG 2" Generation DG:
means to functionalize otherwise unreactive C—H bonds, for H., Pd catalyst \
(

which aminoquinoline amides provide a powerful and frequently o H ~ N N=
used directing group. Saturated N-heterocycles are crucial motifs in R n=t2 N Qj\§
medicinal chemistry. However, the C—H functionalization of N- '—NH N=
heterocycles has posed considerable challenges, often giving “ 4-DMAQ
incomplete conversions. On unsymmetrical substrates, poorly Deuter-

understood regio- and stereoselectivity considerations have ation O x2 Faster Reaction
prevented more forcing conditions and further limited yields. o © Up to 80% Yield
Here, we present a combined experimental and computational A':,':@gfs / © Broader Scope

. : . E o icati
study on the regio- and stereoselective C4 arylation of pyrrolidines LSF Applications

and piperidines with C3 aminoquinoline amide directing groups.
Detailed mechanistic experiments are presented including deutera-
tion, kinetics investigations, and isolation of palladacycles. Palladacycle formation is reversible and proceeds preferentially at C4,
though activation of both C—H bonds at C4, cis and trans to the directing group, occurs equally. The cis-selectivity results from strain
in the trans-palladacycle (AAGps_; ~6 kcal mol™), which is retained in subsequent transition states. Hence, the oxidative addition
step is stereo-determining. However, the turnover-limiting step for the catalytic cycle is reductive elimination, and reduced rates and
yields are observed with electron-poor aryl iodides. Importantly, kinetics experiments reveal a rapid loss of the active Pd catalyst,
likely due to the buildup of iodide, and a role for K,CO;/PivOH in catalyst turnover. Finally, we present the discovery of an
improved 4-dimethylamine-8-aminoquinoline directing group (DMAQ). This removable auxiliary achieves >2X rate acceleration,
generally improved yields, as well as improved cis-selectivity, by promoting reductive elimination. A broad reaction scope of aryl
iodides is demonstrated, including the late-stage functionalization of drug compounds which is enabled by the use of only one
equivalent of functionalized iodides.
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Bl INTRODUCTION especially to exploit the numerous potential of 3D exit vectors
from the saturated ring structures.””

The advent of amide directing groups provided a major
advance in the development of C—H functionalization
methods.””® Seminal reports from Yu® and Daugulis’ of
mono- and bidentate amide directing groups, respectively,
removed the reliance of intrinsic directing groups on a
substrate and allowed their subsequent modification to a
much broader range of polar functionality (Figure 1b)."

Developments in C—H functionalization continue to provide
exciting new disconnections for the synthesis of valuable
compounds in drug discovery and materials science." These
methods present opportunities both for increased synthetic
efficiency and for the divergent and iterative preparation of
compounds in discovery chemistry. This is notable in the
pharmaceutical industry where many iterations are required to
optimize compound properties. Saturated N-heterocycles
present extremely common substructures in medicinal
compounds, most notably piperidine and pyrrolidine rings Received:  May 3, 2023

(Figure 1a).” Regio- and stereocontrolled synthesis of such Revised:  June 12, 2023
heterocycles is therefore important in the development of new Published: July 7, 2023

drugs and continues to receive enormous synthetic attention.’

The conceptual simplicity of attaching substrates directly to

the intact rings by C—H functionalization is an attractive goal,
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Figure 1. (a) N-Heterocycles in medicinal compounds. (b) Acid-
linked amide directing groups for C—H functionalization. (c)
Previous work on the regio- and stereoselective C—H arylation of
pyrrolidines and piperidines. (d) This work: detailed mechanistic
studies on heterocycle C—H arylation with the aminoquinoline
directing groups and the development of an improved DMAQ
directing group.

Perhaps the most widely used one has been the bidentate 8-
aminoquinoline (AQ) amide directing group introduced by
Daugulis for sp* and sp® arylation where the bidentate directing
group prevents f-hydride elimination.”" Aminoquinoline
amides have been subsequently exploited extensively for a
wide range of applications and continue to see new
transformations employing a range of transition-metal
catalysts."" ™"? Various alternative carboxylic acid-linked
dlrectmg groups have emerged, for example, thiomethylani-
line,"* and Shi’s PIP (2-(pyridine-2-yl)isopropyl) amide
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group'® which have both seen significant applications.'® It is
noticeable that the aminoquinoline amide itself has seen little
variation since its introduction in 2005, with the unsubstituted
aminoquinoline used primarily. Notably, Chen developed S-
methoxy-8-aminoquinoline to facilitate oxidative removal'’
and studied the performance of different derivatives in
mediating enantioselective reactions.'”'” Broader implications
of electronic changes to the aminoquinoline are not well
studied.

More generally in palladium-catalyzed C—H functionaliza-
tion, there is limited understanding of the mechanistic basis
that dictates regio- and stereoselectivity when multiple C—H
sites are available at the same distance from the directing
group. Reactions with bidentate directing groups typically
operate through a Pd"/Pd" mechanism,”™”' commonly
involving concerted metalation deprotonation with a PdII
species benefiting from carboxylate and related additives.””
There remains little known about the turnover-limiting steps in
the majority of these processes. Observations on the relative
success of aryl iodides with different electronic features give a
mixed picture, and there are examples of C—H activation or
oxidative addition/reductive elimination steps being turnover-
limiting, though often not well distinguished. 23725 This limited
mechanistic detail hampers the development of improved
processes, especially those involving subtle selectivity features.

The first report of palladium-catalyzed C—H arylation of N-
heterocycles was from our lab in 2014 on proline amino-
quinoline amide, which achieved cis-C3 arylation.”® Piper-
idine,”” azetidine,”® and other ring sizes with C2 directing
groups have since been successfully arylated.”””*° Maes
reported the arylation of amine-linked piperidine C3
picolinamide,31 we reported the use of a C4 aminoquinoline
amide directing group on piperidines,”” and Sanford reported
the C4 arylation of piperidine derivatives with an N-linked
directing group.****

In 2018, we developed the C4 functionalization of
pyrrolidines and piperidines with a C3 aminoquinoline amide
directing group (Figure 1c).”> This work displayed selectivity
for C4 on both the 5- and 6-ring derivatives and gave cis-
selectivity in both cases, with a minor trans-product also
formed only for the piperidines (Figure lc). Although useful
yields were obtained for the cis-substituted products, a plateau
at 60—70% conversion was observed. More forcing conditions
did not improve conversions and gave reduced selectivity.
Furthermore, these processes gave low yields with electron-
poor aryl iodides. Nonetheless, this methodology was applied
to the preparation of enantiopure (—)-paroxetine derivatives to
stud;r the paroxetine serotonin transporter (SERT) binding
site.

Given the value of the N-heterocycle products and the
difficulty in achieving full conversion due to the required
selectivity and other limitations on the process, we identified
that this transformation represented a very interesting
opportunity to gain more insights into the regio- and
stereoselectivity requirements for directed C—H functionaliza-
tion reactions that could be of general use. Additionally, we
aimed to use the mechanistic insight to overcome previous
limitations, specifically (i) the low yields with aryl iodides
bearing electron-withdrawing groups resulting in a limited
scope and (ii) the general plateau in conversion.

Here, we describe detailed experimental and computational
investigations into the mechanistic features and the origin of
both the regio- and stereochemical outcomes for 5- and 6-
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membered heterocycles with C3 directing groups (Figure 1d).
Mechanistic and kinetic investigations provide insights into
each step of the process and how these influence the reaction
outcomes. Previous limitations are overcome with the
development of a new 4-dimethylamine-8-aminoquinoline
(DMAQ) amide directing group, which achieved improved
yields and broader reaction scope.

B RESULTS AND DISCUSSION

C—H Activation Step. We began the study by using
deuterium labeling experiments to probe the C—H activation
step independently from the overall catalytic cycle. Treating N-
Cbz piperidine 1 with catalytic Pd(OAc), and excess AcOD-d,
led to deuterium incorporation at three positions f- to the
directing group (Scheme la).”” Increased deuteration was

Scheme 1. (a) Pd-Catalyzed C—H Deuteration of Piperidine
1; (b) Pd-Catalyzed C—H Deuteration of Pyrrolidine 2;“
(c) Deuterium Incorporation (%) at Different Positions of
Pyrrolidine 2 as a Function of Time"
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“9% D determined by quantitative 'H NMR in DMSO-dg at 100 °C. *
Determined by quantitative '"H NMR in toluene-dg at 100 °C.

observed at C4 compared to the C2-position, despite the
stronger C(4)—H bond, in line with the regioselectivity of C—
H arylation.” At C2, deuteration was observed exclusively at
the cis-position. However, both cis- and trans-C(4)—H bonds
were deuterated extensively (75% D and 66% D, respectively).
Subjecting the S-membered ring pyrrolidine-3-carboxamide 2
to the same conditions gave similar regio- and stereochemical
outcomes (Scheme 1b). Reaction at C4 was again favored over
C2, resulting in 88% D incorporation at both cis- and trans-
C(4)—H positions. Monitoring the D-labeling over time by 'H
NMR indicated that deuteration of cis- and trans-C(4)—H
positions proceeded at a similar rate, while C(2)—H
deuteration was much slower and resulted in lower levels of
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D incorporation (Scheme 1c). The observation of pyrrolidine
trans-deuteration was surprising as it corresponds to the trans-
fused 5,5-palladacycle and trans-arylation does not occur. Prior
studies on proline substrates indicated only cis-deuteration,
though cyclopentyl amides have shown cis- and trans-
deuteration.”® The final isotopic distribution was independent
of the N-protecting group, with similar results obtained with a
smaller methyl carbamate substituent, indicative that the Boc
group is not required for steric reasons.’” No deuteration was
found at C3 for either the piperidine or pyrrolidine ring, ruling
out potential acid-mediated enolization. In addition, no
reaction occurred in the absence of a Pd catalyst. Together,
this was suggestive of a reversible cleavage of both cis- and
trans-C(4)—H bonds, forming cis- and trans-cyclopalladated
intermediates regardless of the ring size. The formation of
trans-6-membered palladacycles has previously been proposed
for cyclohexane and tetrahzdropyran systems bearing an 8-AQ
amide directing group and is consistent with the
diastereomeric mixture of piperidine products formed in the
reaction with aryl iodides.

In recent years, hydrogen—deuterium exchange has attracted
significant attention in pharmaceutical research, enabling
powerful diagnostic and analytical tools, as well as providing
access to drug candidates with advantageous pharmacokinetic
properties.”’ As such, this catalytic C—H deuteration itself
offers potential for the synthesis of D-labeled pyrrolidine and
piperidine fragments and building blocks for drug discovery.
Deuterated pyrrolidine 2-d; was isolated in an 83% yield and
>90 %D at cis-C(2), cis-C(4), and trans-C(4), upon two
consecutive deuteration cycles.’”

With this fully labeled derivative in hand, we examined any
kinetic isotope effect (KIE) of C(4)—H arylation. Consistent
with a reversible C—H activation step, partial H/D scrambling
was observed when subjecting 2-d; to the standard arylation
conditions in the absence of aryl iodide.*” On the other hand,
no detectable D incorporation was found upon treatment of
pyrrolidine 2 with Pd(OAc), and K,CO;/AcOD-d, in toluene-
dg. Reasoning that this could be due to the acidic amide acting
as a proton source, pyrrolidine 2-d, was synthesized via H/D
exchange in MeOD-d, (Scheme 2).*° Pleasingly, when
subjecting 2-d, to the arylation conditions, no erosion in %
D was observed in the substrate. As such, this derivative was
used for KIE evaluation. The initial rate of C—H arylation for
proteo- and deutero-pyrrolidines 2 and 2-d, was first compared
in independent experiments (Scheme 2a). Similar individual
rate constants were observed (ki; = 1.19 = 0.13 mM min ™" and
kp = 0.99 + 0.15 mM min~"), resulting in a small KIE of 1.20.
Similarly, no large primary isotope effect was found when 2
and 2-d, competed for a limiting amount of 4-iodoanisole
(Scheme 2b). These results indicated that the C—H activation
step is not turnover-limiting. At the same time, the small
positive KIE value could be ascribed to an equilibrium isotope
effect, consistent with a reversible C—H bond cleavage.43

Stoichiometric experiments were then performed to isolate
the relevant palladacycle intermediates after C—H activation.
Attempts to react pyrrolidine 2 with Pd(OAc), in Ph-CF;, t-
amyl-OH, or MeCN failed to deliver any isolable Pd(II)-
complex. Reasoning that this process could be thermodynami-
cally unfavorable, the use of stabilizing ligands was evaluated.
Pleasingly, using 2.2 equiv of pyridine afforded monomeric
complex 4-Py in a 66% yield as a single diastereomer with Pd
exclusively at C4 (Scheme 3). A relative cis-configuration of the
pyrrolidine ring was first assigned based on 2D NOESY NMR

https://doi.org/10.1021/acscatal.3c01980
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Scheme 2. KIE for Pyrrolidine C(4)—H Arylation in (a)
Parallel Rate Experiments and (b) Intermolecular
Competition Experiments®

(a) Parallel Experiments

L

2 (3 equiv)
Pd(OAc), (5 mol%)

‘o

i’

K,COj, PivOH N N
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Scheme 3. Synthesis of Mononuclear $,5-cis-Palladacycle
Complexes 4-Py and 5-PCy;“

Pd(OAc), (1.1 equiv)
Pyridine (2.2 equiv)

] N
N~ = Pd
MeCN (0.05 M) /  cbN A
60°C,5h H H
N H O

66%
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- -

CHCI3,25°C, 1h

“(a) cis-Configuration of 4-Py determined by NOESY NMR. (b)
Crystal structure of palladacycle 5-PCy;. Hydrogens are omitted for
clarity, except for those at the ring junction (C13 and C14).

and then unambiguously confirmed by X-ray diffraction after

ligand exchange with tricyclohexylphosphine (Scheme 3b).
The X-ray structure of 5-PCy; showed the pyrrolidine ring

to adopt an envelope conformation, where the Pd center and
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the amide substituents occupy pseudoequatorial and pseudoax-
ial positions, respectively. A slightly distorted square planar
geometry was found at Pd, confirming the bidentate
coordination of the AQ auxiliary.

The reactivity of complex 4-Py was investigated under both
deuteration and arylation conditions.”” Unfortunately, the use
of 35 wt % DCI resulted in complete degradation at room
temperature, while just unreacted 4-Py remained after 18 h at
reflux in MeOD-d,. On the other hand, deuteration of both cis-
and trans-C(4) positions was observed using AcOD-d, in
toluene-dg at 110 °C, likely due to Pd(OAc), being generated
in situ. Importantly, complex 4-Py was a competent catalyst in
the C—H arylation of pyrrolidine 2, giving the desired product
in a 49% vyield under otherwise standard conditions. Finally,
stoichiometric arylation of 4-Py with 4-iodoanisole gave the
corresponding 4-arylated product as a single cis-diastereomer.
In this case, a lower 13% yield was obtained, likely due to both
a detrimental effect of stoichiometric pyridine and the more
stabilized palladacycle. Together, this suggested that closely
related palladacycles bearing a carboxylic acid ligand instead of
pyridine are likely active intermediates in the reaction of
pyrrolidine 3-carboxamides.

Kinetic Investigations into Oxidative Addition and
Reductive Elimination. Having established that the C—H
bond cleavage is neither stereo-determining nor turnover-
limiting, we turned our attention to the subsequent oxidative
addition and reductive elimination steps. Initially, we used
Burés’ variable time normalization analysis (VINA) to
determine the kinetic order in each reaction component.**
The formation of arylated product 7a was monitored over time
using different initial loadings of Pd(OAc),, aryl iodide, or
pyrrolidine substrate (Figure 2). Evaluation of the reaction
profile under standard conditions (green diamonds) revealed a
fast initial conversion, giving 7a in a 19% yield after just 30
min®” However, the rate of arylation decreased progressively,
reaching a plateau at 5—6 h. Unreacted pyrrolidine 6
accounted for the remaining mass balance almost entirely,
suggesting product inhibition or other catalyst deactivation
processes (vide infra). Assuming such effects to be less
pronounced in the first stages of the reaction, earlier time
points (up to 45 min) were considered to evaluate the order in
Pd(OAc), (Figure 2a). Faster formation of product 7a was
observed at higher catalyst loadings, resulting in four
nonoverlapping concentration traces. Normalization of the
timescale for At [cat]" gave an optimal fitting of all profiles
with n = 1 (Figure 2d).*

This indicated a first-order dependence in the catalyst,
consistent with a mononuclear Pd species being involved in the
turnover-limiting step. A positive correlation was also found
between equivalents of 4-iodoanisole and reaction rate (Figure
2b). Timescale normalization revealed a clear profile overlap
with the power o equal to 1, reflecting a first order in aryl
iodide (Figure 2e). ** On the other hand, decreasing the initial
concentration of substrate 6 did not affect the rate of product
formation, and overlap was observed only for a = 0 (Figure
2¢,f). The reaction rate was also independent of the loading of
K,CO; and PivOH, though this influenced the final
conversion.” Finally, no significant difference in the reaction
outcome was found with different stirring rates, ruling out a
potential mass-transfer effect.”” Overall, this was consistent
with either oxidative addition or reductive elimination as the
turnover-limiting step, while the observed zero-order depend-
ence in 6 could likely be ascribed to catalyst saturation under
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Figure 2. Use of VTNA to determine the reaction order in Pd(OAc),, Arl, and pyrrolidine 6. The profiles obtained under standard conditions are
represented by green diamonds. Top row: concentration of product 7a as a function of time using different initial concentrations of (a) Pd(OAc),,
(b) Ar—1, and (c) substrate 6. Each data point corresponds to a discrete reaction. Bottom row: concentration profiles of 7a after timescale
normalization for the first order in (d) Pd(OAc),, (e) Ar—I, and (f) 6. Reaction conditions: (a) 6 (0.2 mmol), ArI (0.6 mmol), Pd(OAc), (7—20
umol), K,CO; (0.2 mmol), PivOH (0.2 mmol), PhCF; (200 uL); (b) 6 (0.2 mmol), Arl (0.45—0.9 mmol), Pd(OAc), (10 umol), K,CO, (0.2
mmol), PivOH (0.2 mmol), PhCF; (200 uL); (c) 6 (0.15—0.2 mmol), Arl (0.6 mmol), Pd(OAc), (10 pmol), K,CO; (0.2 mmol), PivOH (0.2

mmol), PhCF; (200 uL).

the synthetically relevant conditions, i.e., a catalyst resting state
involving a Pd—substrate complex.*’

Expecting opposite electronic requirements for the aryl
iodide reactant in the oxidative addition and reductive
elimination steps, the effect of different para-substituted
iodoarenes was investigated. In typical Pd(0)/Pd(II)-catalyzed
reactions, the oxidative addition step is well known to benefit
from electron-rich ligands to increase electron density on Pd
and electron-poor aryl iodides to help withdraw electron
density.**” The reductive elimination step reverses these
electronic requirements. In Pd(II)/Pd(IV) processes, the
demands of these steps on the aryl iodide electronics are less
clearly defined.”"***" Competition experiments between two
different aryl iodides for a limiting amount of pyrrolidine 6
revealed a faster reaction with more electron-rich coupling
partners (Scheme 4a). Individual kinetic profiles also showed a
faster rate with more electron-rich aryl iodides and gave a
linear Hammett dependence with a negative slope (Scheme
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4b).*” A better correlation was obtained using electrophilic
substitution constants o+, rather than o, values, suggesting the
involvement of mesomeric effects.”” The negative Hammett
correlation was consistent with the formation of a partial
positive charge in the turnover-limiting transition state, which
could be stabilized by electron-donating substituents in direct
conjugation. Consequently, we interpreted this to support
reductive elimination, rather than oxidative addition, as the
turnover-limiting step of the reaction.

Computational Analysis. To corroborate the experimen-
tal data, the mechanism of C—H arylation of pyrrolidine-3-AQ_
amide was examined by density functional theory (DFT)
calculations (Figure 3). A slightly simplified system was chosen
to model the experimental conditions, involving Pd(OAc),,
toluene as the solvent, and methyl carbamate as an N-
protecting group.51 Initial catalyst coordination to the AQ
auxiliary resulted in the exergonic formation of acetic acid and
Pd-complex I-1, which was taken as the starting point to
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Scheme 4. (a) Competition Experiments with para-
Substituted Aryl Iodides;” (b) Hammett Plot of log (ky/k;;)

as a Function of 6,

(a)

| Ry R,
/©/ Pd(OAc), 0 0O
Ry (0.01 mmol) NHQ NHQ
K;CO3, PivOH
6 . (0.6 mmol) » .
(0.2 mmol) N N

| Ph-CF3, 110 °C
Boc Boc
a)Ry = OMe 7a (19%) Rp= H 7b (5%)
Ry b) OMe 7a (18%) CF5 7¢ (2%)
(0.6 mmol) c) H o 7b(15%) CF; 7¢ (5%)
b) o6
y =—(0.37£0.14)x + (0.08£0.07)
-OMe 2_
04 Q. R*=0.929
F o2 T, Me
X
3 L cl
=3 b
g o
L 9 -COo.Et
-0.2 <
-CF,
04
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“Determined by 'H NMR using 1,3,5-trimethoxybenzene as the
internal standard. Q = quinolin-8-yl.

investigate the subsequent steps, as in previous stud-
es.23#%3352 Amide complex I-1 was considered to be the
resting state of the catalytic cycle, consistent with the zero-
order kinetics observed in the pyrrolidine substrate.**”*>** A
direct oxidative addition of iodobenzene to I-1 was found to be
energetically unviable, similar to reported computational
studies involving aryl bromides.””* In contrast, an inner-
sphere concerted metalation deprotonation (CMD) event was
found to be feasible at both cis- and trans-C(4)—H positions,
whereby the acetate ligand acted as an internal base for C—H
cleavage with simultaneous formation of the C—Pd bond
(Figure 3a).22

Very similar energetic barriers were observed for the
corresponding transition states TS-CH,;, and TS-CH,,,,
(AG* = 249 and 24.2 kcal mol™, respectively), consistent
with the stereochemical outcome of C—H deuteration.
Cleavage of the trans-C(4)—H bond was allowed only with a
pseudoequatorial orientation of the AQ auxiliary, while the
lowest energy pathway for cis-C(4)—H activation involved a
pseudo-axial arrangement of the directing group (Figure 3b).
C—H activation afforded cis- and trans-palladacycle inter-
mediates I-2,; and I-2,,,,, exhibiting a slightly distorted square
planar geometry at the Pd center (Figure 3a). I-2; and I-2,,,,,
were found to be 8.3 and 14.5 kcal mol™" uphill from I-1,
respectively. This was in line with the experimental evidence
for a quasi-reversible C—H activation step, which failed to
afford any isolable palladacycle without exogenous ligands. In
addition, the isolation of palladacycle 4-Py as a single cis-
diastereomer (cf. Scheme 3) was consistent with the
thermodynamic stability of I-2; (AAGgg = 6.2 kcal
mol™").>* This is likely due to the higher strain of the trans-5,5-
bicyclic system in I-2,,,. An alternative outer-sphere CMD
mechanism was also contemplated,z‘?’b’55 but calculations
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pointed instead to a new inner-sphere process with associated
energies that could not compete with that proposed in Figure
3a and was thus discarded.” The feasibility of an inner-sphere
CMD event at cis-C(2) was also evaluated, but no conclusive
energetic discrimination could be ascertained versus cis-C(4)
(AAGeycy < 1 keal mol™).* From I-2, and 1-2,,,,
oxidative addition was then evaluated using iodobenzene as a
model substrate. Acetic acid dissociation followed by iodide
coordination allowed oxidative addition to occur through 3-
membered transition states TS-OA_;, and TS-OA,,,,, (Figure
3a). This gave penta-coordinated complexes I-3,, and I-3,,,,,.
Once the C—H bond is activated to obtain the cis- and trans-
palladacycles I-2; and I-2,,,, the reaction has a clear
energetic preference for the cis-based pathway which is
maintained until the final products. Oxidative addition is
therefore the stereo-determining step with TS-OA,,;
calculated to be 6.9 kcal mol™' higher in energy than TS-
OA,.” %7 This energy difference is baked in from the
palladacycle formation, resulting in exclusive formation of cis-
arylated products. Reductive elimination from the Pd(IV)
complexes occurred through unsaturated square-pyramidal
transition states TS-RE and TS-RE,,, forming the new
C—C bond. Halide abstraction and protodemetalation would
finally give the arylated product and allow catalyst turnover. In
the cis-arylation pathway, a similar energetic barrier was found
for oxidative addition and reductive elimination steps (AG* =
32.3 and 33.9 kcal mol™}, respectively). In this case, TS-RE;
resulted in 1.6 kcal mol™' higher energy than TS-OA,
supporting the kinetic evidence for a turnover-limiting
reductive elimination. On the other hand, the highest
activation energy in the trans-pathway was associated with
TS-0A,,.,; (AG* = 39.2 kcal mol™).

To compare the reaction mechanism and selectivity features
between different ring sizes, we also examined the C—H
arylation of piperidine 3-carboxamide.’ Equally facile C—H
activation was again observed for both cis- and trans-C(4)
positions through inner-sphere CMD, with TS, -CH,; being
slightly favored over TS;,-CH,,,. In contrast to the S-
membered ring, however, a much smaller energetic difference
was found between cis- and trans-palladacycle intermediates
(AAG s = 0.4 kcal mol™) as a result of the considerably
reduced strain energy in 5,6-fused ring systems.”* Interestingly,
the highest energetic barrier for piperidine C—H arylation was
found to be dependent on the geometry of the system (Figure
4). Easier oxidative addition with iodobenzene was observed
for the cis-geometry (AAGys—as' = 3.9 keal mol™"), while
reductive elimination was more facile for the trans-diaster-
eomer (AAG .t = —1.9 kcal mol™'). Nonetheless,
comparable activation energy was observed for both pathways
(AG.F = 31.1 keal mol™; AG,,,;* = 33.9 kcal mol™!). This
was consistent with the observed formation of major cis- and
minor trans-arylated piperidine products.

Studies on Catalyst Deactivation. The rate of arylation
of pyrrolidine 6 with 4-iodoanisole decreased progressively
over time with a plateau at 5—6 h, at approx 60% conversion to
product 7a. We applied Blackmond’s reaction progress kinetic
analysis (RPKA) protocols to investigate the reasons for this
stall in reactivity.”” A “same-excess” experiment was applied to
mimic the reaction at a later time point chosen as t = 1 h
(approx half of the total conversion). Lower initial loadings of
6 and aryl iodide were used to match their concentrations after
1 h while keeping the same excess between them. The amount
of base was also corrected by addition of the expected amount
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Figure 4. Calculated transition states for oxidative addition and reductive elimination on piperidine-3-AQ amide with iodobenzene. All free energy

of KHCOj; at t = 1 h. Timescale adjustment of the same-excess

values (AG,gg in kcal mol™) refer to the most stable conformation, calculated at the CPCM(toluene)-DFT/m062x/Def2tzvpp level of theory.

profile to the 1 h reference point revealed that the traces did

compared to the standard reaction.*”

T

1'.spip'OAm)ns

Tspip'RExrans
AG* = 33.9 kcal-mol!

AG** 29.2 keal-mol-1

not overlay, with a higher rate of substrate consumption

To investigate the possibility of product inhibition as the
reason for the nonoverlay, an additional same-excess plot was
constructed with the addition of product 7a at the
concentration expected at 1 h.*” Again, no visual overlap of

the profiles was observed upon time adjustment. As such,
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inhibition by the arylated product could not account for the
reduction in rate. Deuteration studies were consistent with this

finding. Treating N-Cbz 4-tolyl-pyrrolidine 3b with 10 mol %
Pd(OAc), and excess AcOD-d, led to deuterium incorporation

at cis-C(2) and trans-C(4), and deuteration also occurred at
the ortho-positions on the newly installed aromatic ring via a
larger 7-membered palladacycle intermediate.””*” Despite this,
preferential deuteration of substrate 2 was observed when a

mixture of 2 and arylated derivative 3b was treated under the
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same labeling conditions.”” No difference in reaction rate for
the same-excess profile was also observed upon addition of the
byproduct KI.*

Considering instead irreversible catalyst deactivation, Burés
recently reported a VITNA approach to estimate the
concentration of the active catalyst in a reaction mixture
when direct quantification is not possible.”’ A linear VTNA
plot should be expected upon normalization of the timescale
for all kinetically active species, but variations in the [active
cat.] during the reaction can result in deviation from linearity.
As such, mathematic linearization of the VINA profile
provided an indirect way to estimate the [active cat.] at
different time points. Here, a nonlinear profile was observed
after normalization of the timescale for [Pd(OAc),] and [ArI],
which exhibited a kinetic order # 0 (Figure Sa). This indicated

MeQO,
o A | Pd{OAC), o
N e . /@/ K;CO3, PivOH NHO
MeO Ph-CF;, 110 °C
N
Boc Boc
6 7a
a) 300
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~— 150 ® ¢
= f
= 100 90 *
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3 [cat] [Arl])1At
100 @
b)
80
=
©
o 60
2 o
3 [s]
o 40
R s}
20 [= R = R |
[s]
0 [s] [s] o
0 1 2 3 4
time (h)

Figure 5. (a) Concentration profiles of 7a after timescale normal-
ization for all kinetically relevant species. Green diamonds: original
VTNA profile assuming [cat.] to be constant during the reaction and
equal to the initial [Pd(OAc),]. Red circles: linearized plot obtained
through mathematical estimation of [active cat.]. (b) Estimated
profile of catalyst deactivation. Q = quinolin-8-yl.

that the total palladium catalyst concentration was not
constant during the reaction. According to Burés’ procedure,
a series of [cat.] values were calculated to yield a linear VITNA
profile (R* = 0.999). Plotting the output values as residual
active catalyst (%) versus time gave an estimated profile of
catalyst deactivation (Figure Sb). This indicated a very fast
decrease in active catalyst concentration with <20% remaining
after 2 h.

Several plausible causes of catalyst deactivation were
evaluated. Reasoning that small amounts of water could form
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from thermal decomposition of KHCO3,°>** the effect of H,0
was first investigated. However, low amounts of water (1-5
equiv) did not affect the reaction.®

We then hypothesized that catalyst deactivation could arise
from generation of unreactive Pdl, (Table 1). o4 Despite no

Table 1. Effect of Different Iodide Sources on Catalyst
Turnover in the C—H Arylation of Pyrrolidine 6

MeQ
Q} Pd(OAc), (5 mol%) o
KZCO3 (1 equiv)
L_g ©/ PivOH ( 1equw) NHQ
Ph-CF3, 110 °C
(3 equiv) Boc
6 7a
entry variation from above 6 (%)” 7a (%)“
1 none 22 67
2 Bu,NI (1 equiv) 99
3 KI (1 equiv) 30 62
4 Bu,NOAc (1 equiv) 99 traces
S Me,NClI (1 equiv) 21 61
6 Pdl, (no K,CO, and PivOH) 99
7 no K,COj; and PivOH 98 4
8 Pdl, (no PivOH) 91 7
9 no PivOH 70 28
10 PdI, 22 64

“Determined by 'H NMR using 1,3,5-trimethoxybenzene as the
internal standard. Q = quinolin-8-yl.

evidence for KI-mediated inhibition found by RPKA studies,*
iodides generated in solution during the reaction may be
detrimental. In fact, the addition of tetrabutylammonium
iodide as a soluble I” source completely inhibited conversion
(entry 2). In contrast, 1 equiv of KI did not affect conversion,
likely due to its poor solubility in the reaction media (entry 3).
Only traces of the product were found upon addition of
Bu,NOACc, suggesting a detrimental effect of the Bu,N* cation
on catalyst turnover presumably through solubilization of
iodide (entry 4). On the other hand, using Me4NCI which has
been reported to form insoluble iodide salts,"*" did not affect
reactivity (entry S). Pdl, was not a competent catalyst in the
absence of K,CO; and PivOH (entry 6). On the other hand,
one turnover was observed using Pd(OAc), under the same
conditions, giving 7a in a 4% NMR vyield (entry 7). A similar
difference between PdI, and Pd(OAc), was found upon
removal of PivOH (entries 8 and 9). Finally, using K,CO; and
PivOH in the presence of PdI, fully restored catalytic activity
(entry 10).
Opverall, iodide ions in solution suppressed C—H arylation,
likely by formation of unreactive PdI,.** However, the
combination of K,CO; and PivOH enabled catalyst turnover,
likely by regeneration of CMD-active carboxylate-bound
catalytic species and formation of insoluble KI. As such,
iodide inhibition is likely to be a cause of catalyst deactivation,
particularly at higher conversions. Following similar findings,
Wisniewski recently postulated a physical entrapment of the
catalyst in a related Pd-catalyzed C(sp*)—H functionalization
with aryl iodides.® Catalyst deactivation in our system could
be ascribed to a similar effect, although spiking experiments
with fresh Pd(OAc), did not enable further conversion.””
Nonetheless, this overall loss of the palladium catalyst was the
cause of the incomplete conversion, which limited turnover in
our system.
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Scheme S. Proposed Catalytic Cycle”
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“Pg = protecting group. Q = quinolin-8-yl.

Several strategies were investigated to improve reactivity.
Ligands were screened in an attempt to stabilize on-cycle Pd
species and avoid catalyst deactivation, including monodentate
pyridine ligands,é6 monoprotected amino acids, and pyridones
which have been shown to promote CMD processes.””*® The
addition of picolinic acid derivatives was also investigated
having been reported by Sanford to avoid catalyst deactivation
in the Pd-catalyzed C—H arylation of bicyclic N-hetero-
cycles.34 However, no improvement in the reaction outcome
was observed, nor upon the addition of other additives,
including oxidants, halide scavengers, and other coordinating
ligands.” Switching potassium carbonate to the cesium
carbonate, which had been used to circumvent catalyst
deactivation deriving from physical entrapment of Pd,* did
not result in a higher yield of cis-C(4)—H arylation but gave
higher levels of cis-to trans-epimerization.”” Aryl bromides gave
very low reactivity (12% conversion). Furthermore, the
reaction was unsuccessful with more electrophilic coupling
partners, diaryliodonium and aryldiazonium salts, which would
have avoided iodide formation.®” Hence, an alternative
approach was required.

Proposed Catalytic Cycle. Based on the above exper-
imental and computational studies, the following Pd"/Pd"
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catalytic cycle could be proposed (Scheme $). Initial catalyst
coordination to form intermediate II is followed by reversible
C—H bond cleavage, proceeding via inner- or outer-sphere
CMD. Equally facile cyclometallation can occur at both cis-
and trans-C(4) positions of S- and 6-membered rings. This in
turn gives the corresponding palladacycle complexes IIT and
IV. Only cis-pyrrolidine species III can undergo oxidative
addition; thus, it is identified as the stereo-determining step for
pyrrolidine arylation. On the other hand, the computational
analysis indicated a feasible oxidative addition for both
diastereomeric piperidine complexes. Deuteration experiments
suggested that C—H activation can also occur at cis-C(2) from
intermediate II, though to a lower extent, and very low levels of
arylation at C2 are observed.

Formation of Pd(IV) intermediate VI after oxidative
addition is followed by reductive elimination to forge the
new C(sp®)—C(sp®) bond. This was identified as the turnover-
limiting step, as supported by kinetic analysis and DFT
calculations. Finally, halide abstraction and protodemetalation
liberate the product and close the catalytic cycle. Importantly,
catalyst turnover is enabled by the combination of K,CO; and
PivOH, which regenerates the active catalyst while sequester-
ing detrimental iodide as insoluble KI. The arylated product

https://doi.org/10.1021/acscatal.3c01980
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Scheme 6. Evaluation of the Steric and Electronic Requirements of the Aminoquinoline Directing group”

|
y F5 /©/ X A
3 oqu
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Boc g, 8-19 Boc 7d,20-28b X =Cl
HN Me \
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FNH N= Ny FNH N FNH N=
6 8 9 10 Me
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X = OMe 72% (22a) X = OMe 68% (23a)

X=Cl 10% (20b) X=Cl 19% (21b) X=Cl 56% (22b) X=Cl  52% (23b)
o] OR NMe,
\ N 16 R=Me \
E—NH N= E—NH N=" 17 R=Ph FNH N=
15 18 R=iPr 19
X = OMe 49% (24a) R=Me X =OMe 83% (25a) | X =OMe 81% (71%)" (28a)
X=Cl 29% (24b) X=Cl  63% (25b X=Cl 76% (28b)

R =Ph X=0OMe 75% (26a

X=Cl

R=jPr X=0Me 76% (27a

X=Cl

(25a)
(25b)
(26a)
53% (26b)
(27a)
(27b)

60% (27b

“Yields determined by 'H NMR, using 1,3,5-trimethoxybenzene as the internal standard. ® 1 equiv of Arl was used. n.r. = no reaction.

can also undergo reversible C—H activation forming off-cycle
Pd species VIIIa—c. Nonetheless, this does not result in
catalyst inhibition as confirmed by RPKA studies, likely due to
a fast equilibration favoring on-cycle intermediate III. On the
other hand, VTNA studies showed rapid catalyst deactivation,
limiting the efficiency of the reaction. Although a definitive
cause could not be identified, it is clear that soluble iodide
causes significant inhibition. Subsequent efforts focused on
finding a solution to overcome the limitations.

Directing Group Evaluation. As exogenous additives
were not successful in improving reactivity, we examined the
electronic and steric properties of the aminoquinoline amide
directing group. Variations in the pK, of the proximal (amide
NH) or distal (quinoline N) binding sites were anticipated to
influence the coordination to the Pd center and impact several
elementary steps and off-cycle processes.””’' However, the
potential to reduce loss of the palladium catalyst was also
considered. Factors to improve the reductive elimination step
in particular were expected to have a beneficial effect on the
reaction efficiency based on the identification of this step as
turnover-limiting. To provide insight into the requirements of
both coordinating sites of the directing group, we varied both
the steric and electronic properties of the aminoquinoline
systematically with more electron-rich and electron-poor
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substituents on both the benzenoid and pyridine rings.”"”*

The substitution of the AQ ring was evaluated in the reaction
of pyrrolidine amides with both 4-iodoanisole and 4-chloro-
iodobenzene to avoid any electronic bias from the coupling
partner and aiming to improve the outcome with both
(Scheme 6).

First, the use of an acylhydrazide linker (8) completely
suppressed the reaction, supporting the importance of a S-
membered coordination mode of the directing groups. No
reaction was observed upon introduction of a methyl
substituent either at the 7- (9) or 2-position (10) presumably
due to unfavorable steric hindrance. Decreasing the electron
density on the proximal binding site with a 6-Cl group gave a
lower arylation yield (11). Similarly, low conversion was
observed moving the -Cl substituent to CS (12). Installation of
an electron-donating methoxy group in the same positions (13
and 14) restored good reactivity, though without any
significant improvement from the parent AQ. A similar
electronic effect was observed for the distal binding site, with
4-Cl derivative 15 giving lower yields with both aryl iodides.
However, a breakthrough in our investigations was obtained in
the presence of a methoxy substituent at C4 (16). This
electron-rich DG afforded p-methoxy- and p-chlorophenyl
pyrrolidine products in 83 and 63% NMR yields, with a 20%
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increase compared to 6. Encouraged by these promising
results, variations in the electron-donating character of the 4-
substituent were further explored. Small changes in the ether
group did not result in further improvement (17 and 18).
However, optimal reactivity was finally observed with
derivative 19, bearing a dimethylamino substituent. This
DMAQ_ amide directing group gave the corresponding p-
chlorophenyl product in a 76% vyield, compared to the 45%
previously observed. In addition, only a slightly lower NMR
yield was found when reducing the loading of 4-iodoanisole to
just 1 equiv (71% vs 81%).

Comparison of the reaction profiles for the formation of
derivatives 7a and 28a showed faster conversion with the new
auxiliary, affording the desired product in an 80% yield (by 'H
NMR) after just 6 h (Figure 6). This indicated a substantial

R R
9 Q \/> 0 Q \/>
F?‘\NH N= NH  N=

Arl (3 equiv) MeO,
Pd(OACc); (5 mol%)
K,CO3 (1 equiv)
PivOH (1 equiv)

B —— e —

N PhCF3, 110 °C, 18 h

Noc 6R=H Noc 7aR=H
19 R = NMe, 28a R = NMe;
100
80 N °
o
° <
¥ 60 ¢
= °
o ®
s 40
2 ° 7a (AQ)
.0 . % 28a (DMAQ)
09
0 1 2 3 4 5 6 7
time (h)

Figure 6. Temporal profiles for C(4)—H arylation with 4-iodoanisole
using either AQ or DMAQ directing groups. Yields determined by 'H
NMR, using 1,3,5-trimethoxybenzene as the internal standard. Each
time point corresponds to a discrete reaction.

improvement in reaction efficiency using DMAQ. It is notable
that C4 aminoquinoline substitution is significantly underex-
plored, and the reaction with 19 represents the first example of
this AQ-based directing group used in C—H functionalization.

Kinetic analysis of the reaction using VINA confirmed a
zero-order dependency in pyrrolidine substrate 19, suggesting
no varlatlon in the overall rate law when using the DMAQ
auxiliary.”” However, no significant difference in the estimated
catalyst deactivation was found between AQ and DMAQ
groups.39 As such, the effect of different substituents at C4 of
the quinoline on the reaction kinetics was investigated to
uncover the mechanistic basis for the observed improvement in
reactivity. In a competition between substrates 15—17 and 19
with unsubstituted AQ amine 6 for a limiting amount of 4-
iodoanisole, more electron-rich derivatives showed a prefer-
ential reaction. This resulted in a negative Hammett
correlation, obtained by plotting log([Px]/ [PH]) as a function
of para-substitution constants ¢, (Figure 7a).”’

Preferential catalyst coordmatlon to stronger o-donating
DGs may produce a similar observation.”” Nonetheless, a
negative Hammett slope was also found upon analysis of
individual arylation rates, suggesting a substitution effect on
the turnover-limiting transition state (Figure 7b). Importantly,
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Figure 7. (a) Hammett plot for competition experiments with
different 4-substituted quinoline directing groups. (b) Hammett plot
of log (ky/ky) as a function of o, for individual kinetics using different
4-substituted AQ_amides.

a >2-fold increase in initial rate was observed using the DMAQ_
auxiliary (kDMAQ[’ 6.13 + 1.01 mM min~" and kyq = 2.65 +
0.69 mM min~").>” The relatively low kpmaq/kaq ratio and
hence AAG* did not afford an appreciable energetic difference
for this step by DFT calculations (AAGyqpyaq’ < 1 keal
mol™").>” Nonetheless, this remains significant from a synthetic
perspective, leading to the observed improvement. Together,
this implies that the DMAQ %roup provides an advantage to
the reductive elimination step.

Second-Generation Pyrrolidine and Piperidine C(4)—
H Arylation with C3 Directing Groups. With the new DG
group in hand, we explored the scope of pyrrolidine C—H
arylation (Scheme 7). Pleasingly, the DMAQ auxiliary afforded
significantly higher yields of cis-3,4-disubstituted pyrrolidine
products compared to the first-generation system. Excellent
regio- and stereoselectivity were preserved in all cases, with no
need to reoptimize the reaction conditions. Furthermore, the
higher conversion enabled easier chromatographic purification.
N-Boc- and N-Cbz-protected pyrrolidines 28a and 30a were
isolated in 78 and 80% yields, respectively. Para- and meta-
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Scheme 7. Scope of Pyrrolidine C(4)—H Arylation Using a 4-DMAQ Directing Group”
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28j 28k 30d 30e 30f (281) 43%32°
4% (< 10%) 31% (n.r) 35% (23%) 44% 64% (59%) from estrone

“When applicable, yields obtained for the same aryl iodide with the first-generation 8-aminoquinoline system are reported in parenthesis (see ref

35). “ 1 equiv of Arl used. ® Isolated as 1:1 mixture of cis-3,4-diastereomers. n.r. = no reaction. Q' = 4-Dimethylamino-quinolin-8-yl.

substituted arenes could be installed in high yields, particularly
in the presence of electron-donating substituents (30b—c and
28g—h). The most striking improvements were found in the
reaction with more electron-poor aryl iodides. 4-Cl and 4-
CO,Et derivatives 28b and 28c were obtained in 71 and 60%
yields, respectively, with a ~30% increase compared to that in
the AQ_ system. Good reactivity was also observed for p-
trifluoromethyl and p-trifluoromethoxy groups, giving 57 and
61% yields of the respective products (28d—e). Benzyl alcohol
and bromide functionalities were well tolerated, providing
useful handles for downstream elaboration (28f and 28h).
Pleasingly, the second-generation DMAQ auxiliary allowed the
use of ortho-substituted aryl iodides. Useful yields were now
obtained for 0-OMe and o-F derivatives 28i and 28j, which
could not be installed using the parent AQ_directing group.
Importantly, the reaction scope could also be extended to
electron-poor heteroaromatic groups. 4-(3-Pyridyl)-pyrrolidine
28k was isolated in a 31% vyield, while no reaction was
previously observed. Functionalized pyridines were also
tolerated, giving synthetically useful yields of 2-Cl- and 2-
OMe-pyridyl derivatives 30d and 30e. Good reactivity was
observed for N-tosyl indole 30f, formed in a 64% yield. Finally,
the new DG could be leveraged to install more complex
aromatic substituents. This was exemplified in the synthesis of
alkylated estrone derivative 28I, formed in a 43% yield using
just 1 equiv of the valuable estrone-derived iodide. This
constitutes a significant improvement in efficiency given that
aryl iodides are typically used in significant excess.
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Next, we investigated the DMAQ_ effect on the C—H
arylation of piperidine rings. In this case, formation of a small
amount of unidentified side products was observed under the
same conditions used for pyrrolidines. The reaction with
DMAQ_facilitated the lowering of the reaction temperature,
and optimal results with increased mass balance were obtained
at 90 °C.*” Under these conditions, the second-generation DG
provided higher conversion together with an improved dr in
favor of the cis-isomer. This could be again ascribed to an
easier reductive elimination, promoting the formation of cis-
piperidine products (cf. Figure 4). Pleasingly, cis-configured p-
methoxyphenyl piperidine 32a was formed in a 71% yield,
versus 44% with AQ_(Scheme 8). Improved yields (58—64%)
were also found for paroxetine and Br-paroxetine intermediates
32b and 32¢.*”*° Finally, 2-iodothiophene was successfully
installed (32d), though without any increase in dr.

The DMAQ _directing group could be efficiently removed
using the same conditions previously reported for AQ
cleavage.” Cis- and trans-configured carboxylic acid derivatives
33 and 34 were accessed in excellent yield under
complementary hydrolytic protocols (Scheme 9). Importantly,
the DG could be recovered from the crude reaction mixtures
either as the free base or N-Boc-protected derivative. Reductive
conditions were also demonstrated to afford alcohol-containing
pyrrolidine building block 35 in a 69% yield.

The synthetic utility of the improved DMAQ_ directing
group was finally showcased in the late-stage functionalization
of bioactive compounds. A two-step functionalization of
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Scheme 8. Piperidine C(4)—H Arylation Using a 4-DMAQ
Directing Group”
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“Products isolated as single cis-isomers. Yields and dr obtained for the
same aryl iodide with the first-generation 8-aminoquinoline system
are reported in parenthesis (see ref 35). ¢ trans-diastereomer isolated
in a 13% yield. ® dr (cis/trans) estimated by 'H NMR on the crude
reaction mixture. Q' = 4-dimethylamino-quinolin-8-yl.

Scheme 9. Removal of the 4-DMAQ_Directing Group”
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“Q’ = 4-dimethylamino-quinolin-8-yl.

benzoic acid derivatives was envisaged to leverage the
prevalence of this functional group in drug molecules. We
reasoned that decarboxylative iodination followed by DMAQ-
enabled C—H arylation would provide expeditious access to N-
heterocyclic derivatives of commercial drugs, which would be
difficult to access by other means (Scheme 10a). Subsequent
directing group removal would regenerate the acid function-
ality, achieving a formal N-heterocycle insertion into the
original pharmacophore. With the possibility to form both cis-
and trans-derivatives upon directing group cleavage, this would
offer interesting opportunities for late-stage SAR exploration.
First, anti-hyperuricemic probenecid was selected as the model
substrate for this study (Scheme 10b).”*
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Scheme 10. Late-Stage Functionalization of Acid-
Containing Drugs Enabled by the 4-DMAQ Directing
Group; (a) Conceptual Insertion of N-Heterocycles into
Arene Carboxylic Acid-Containing Drug Compounds; (b)
C—H Functionalization with Probenecid-Derived Aryl
Iodide and Directing Group Removal to cis- and trans-
Pyrrolidine Derivatives; (c) C—H Functionalization with
Drug-Derived Aryl Iodides”
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“Q’ = 4-dimethylamino-quinolin-8-yl.

Decarboxylative iodination proceeded well using the Pd-
catalyzed protocol recently reported by Morandi.”” Todide 36
was obtained in a 79% yield and then used in the C(4)—H
arylation of pyrrolidine-3-carboxamide 19. Using just 1 equiv
of 36 afforded pyrrolidine derivative 37 in a 40% yield on a 1
mmol scale. A similar transformation would have not been
possible using the AQ system, both due to the requirement of
3 equiv of Arl with AQ and the electron-poor character of
probenecid iodide 36. Final removal of the DMAQ directing
group afforded cis- and trans-probenecid derivatives 38 and 39
in nearly quantitative conversion and 30 to 31% yields over 4
to 5 steps from the commercial drug. Pleasingly, adapalene-"®
and ataluren-"” derived iodides were also successful substrates
using 1 equiv of iodide (Scheme 10c). These formed the
respective pyrrolidine products 40 and 41 in 54 and 53%
yields, highlighting the functional group tolerance of the
second-generation C(4)—H arylation protocol.
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B CONCLUSIONS

Overall, we have presented mechanistic investigations into the
regio- and stereochemical outcome of the C(4)—H arylation of
pyrrolidines and piperidines with C3 aminoquinoline amide
directing groups. Detailed experimental and computational
studies have revealed the significance of the different individual
steps on the principal outcomes of the reaction. Key reaction
features have been highlighted as follows.

e Deuteration studies indicated that C—H activation, likely
occurring through a CMD process, is facile at both cis-
and trans-C4 positions. The rate of deuteration indicates
preferential formation of the palladacycle at C4 over C2.
In the presence of stabilizing exogenous ligands, the cis-
C4 palladacycle was isolated. Only a small KIE (ky/kp =
1.2) was observed for the CMD step.

Oxidative addition is the stereo-determining step as
revealed by DFT calculations. The trans-palladacycle is
~6 kcal mol™" higher in energy than the cis-palladacycle
due to increased strain. This energy difference is retained
in the oxidative addition transition state, preventing
trans-arylation in the pyrrolidine series and leading to
cis-arylated pyrrolidines as single diastereomers. The
same reasoning favors the cis-product in the piperidines
series but with a minor trans-product also formed due to
a much smaller strain energy difference between cis- and
trans-5,6-fused rings.

Reductive elimination is the turnover-limiting step for
the overall catalytic cycle. Kinetic studies identified first
order in Arl and Pd(OAc), but zero order in pyrrolidine
substrate, suggesting catalyst saturation. Hammett plots
displayed a linear dependence with a negative slope,
consistent with formation of a partial positive charge in
the turnover-limiting reductive elimination. Conse-
quently, the first-generation reaction was less successful
with electron-poor aryl iodides.

K,COj; and PivOH play an important role in enabling
catalyst turnover and maintaining a level of catalyst
activity in the presence of iodide. Nonetheless, fast
catalyst deactivation was observed, limiting overall
reaction conversion, likely due to increasing levels of
soluble iodide in the reaction.

These mechanistic studies culminated in the development of
a novel DMAQ amide directing group. This allowed us to
achieve our core synthetic objectives to improve the reaction
conversion and yield, as well as to improve the results with
electron-poor derivatives. With this removable auxiliary, a >2-
fold increase in reaction rate was achieved, forming cis-3,4-
disubstituted pyrrolidines in 20—30% higher yields compared
with the first-generation system. A significant increase in
reactivity was obtained with electron-deficient iodoarenes, and
the reaction scope could be extended to challenging ortho-
substituted and heteroaryl iodides that were previously
unsuccessful. Increased efficiency was also observed for
piperidine rings, together with an improved cis-diastereose-
lectivity. Consequently, a broad scope of aryl iodides was
demonstrated. The aryl iodide loading could be reduced to just
1 equiv, enabling the late-stage functionalization of complex
natural products and pharmaceuticals. Although slower catalyst
deactivation was ruled out, the kinetic analysis suggested
stronger coordination to the Pd center and a reduction in the
energy required for the turnover-limiting reductive elimination.
We envisage that the DMAQ amide will serve as an improved
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directing group in C—H functionalization reactions, partic-
ularly where reductive elimination is turnover-limiting. Further
studies to exploit the DMAQ directing group are underway in
our laboratories.
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