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ABSTRACT: Density functional theory was employed in order to
elucidate the mechanism and factors that lead to the observed
regioselectivity in the dialkylbiarylphosphine (Phos)/Pd-catalyzed
C—C cleavage/cross-coupling of an N-fused bicyclo a-hydroxy-$-
lactam, 1. We have identified that (a) a complex [(1)(Cs,CO;)]-
PAL(PhBr) forms prior to a “base-mediated oxidative addition”; (b)
Cs-carbonate (rather than a halide) deprotonates the alcohol
substrate in the lowest energy pathway en route to Pd-alcoholate
formation; (c) reactions using Phos ligands bearing OCF; and
OCF,H substituents on the “B”-ring are predicted to be selective
toward proximal ring opening of 1; (d) steric repulsion between
the bottom “B”-ring of the Phos ligand and the piperidine moiety
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of 1 controls the regioselectivity of the C—C cleavage followed by cross-coupling; and (e) the a- vs f-selective functionalization of
the piperidine moiety in 1 is influenced by the bulkiness of the R*-substituent of the coupling partner. These studies will aid in the

design of selective functionalizations of the piperidine moiety in 1.

B INTRODUCTION

The latest advances in C—H functionalization continue to
open new ways for efficient site- and stereoselective synthesis."
Many novel complex molecules and fine chemicals sought in
the pharmaceutical, agrochemical, and materials industries can
now be envisioned from easily accessible precursors on the
basis of C—H functionalization strategy.' One set of versatile
precursors that lend themselves well to C—H functionalization
are C(sp®)-rich alicyclic amines (saturated aza-cycles). Their
C—H functionalization, especially of piperidines, has been the
subject of a number of pioneering studies. For example,
Coldham and Leonori,”> Knochel and co-workers,®> and
Baudoin and co-workers® have independently reported a- or
P-arylation of N-Boc protected piperidines using lithiation and
transmetalation to a Zn species followed by Negishi cross-
coupling (Scheme 1, eq 1). Seidel and co-workers have
expanded this reactivity paradigm to the a-functionalization of
unprotected cyclic amines (Scheme 1, eq 2).” Alternatively,
Sames and co-workers and Maes and co-workers have reported
a-arylation of piperidines with amidine and pyridyl directing
groups, respectively (Scheme 1, eq 3).%” Yu and co-workers,
Glorius and co-workers, and Gong and co-workers have
employed thioamide derivatives as directing groups to achieve
the enantioselective a-functionalization of saturated aza-
heterocycles (Scheme 1, eq 3; where Y = S).°

Despite these significant advances, strategies that rely on
deprotonation with a strong base are limited in terms of

© 2020 American Chemical Society

W ACS Publications 21140

functional group tolerability, whereas those that employ
directing groups can be specific in their applications. Mild
methods which achieve controlled site selectivity would
facilitate the exploration of novel chemical space through
late-stage functionalization. In this context, strategies devel-
oped by Sarpong and co-workers,” Baudoin and co-workers,”
and Sanford and co-workers'’ (Scheme 1, eq 4) for the a-, -,
and y-selective arylation of piperidines (and other saturated
aza-cycles) are representative of many emerging approaches
toward this goal. For example, Sarpong and co-workers have
demonstrated the utility of N-fused bicyclo a-hydroxy-j-
lactam, 1 (Scheme 2), generated under mild visible light
conditions from phenyl keto amides, for piperidine C—H
functionalization by effecting a C—C cleavage/cross-coupling.”
Specifically, they have identified palladium complexes bearing
Buchwald dialkylbiaryl phosphine ligands (Phos)'' to be
important for achieving a- and/or f-selective piperidine
arylation, vinylation, and alkynylation in 1 and related
azacycles.”"”
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Notably, the a- vs f-functionalization outcome in the studies
by Sarpong and co-workers” appears to be substrate-controlled.
For example, aryl and vinyl bromide coupling partners led to a-
functionalization, whereas the p-alkynylation product was
obtained using bromoethynyl triisopropylsilane (TIPS-alkyn-
yI-Br) as the coupling partner (see R' = alkynyl, proximal
coupling product in Scheme 2). In contrast, the selectivity for
a- vs f-functionalization observed by Baudoin and co-workers
was shown to be controlled by the nature of the ligands: rigid
biaryl phosphines led to a-arylated products whereas more
flexible biaryl phos})hmes resulted in f-arylated products
(Scheme 1, eq 1).** On the other hand, the palladium-
catalyzed p-selective arylation of piperidines reported by
Sanford and co-workers (Scheme 1, eq 4) was mostly
controlled by additives.'” For example, CsOPiv instead of
AgOPiv as an additive 31gn1ﬁcantly 1ncreased the yield and
selectivity for the y-arylated product.'®

Ultimately, an in-depth understanding of the roles of ligands,
coupling partners, and additives is required in order to predict
the outcome of these Pd-catalyzed piperidine functionalization
reactions. This knowledge would provide novel design
principles for the selective functionalization of piperidines
and other aza-cycles. Saapong and co-workers” as well as
Baudoin and co-workers™ utilized modular Phos ligands
(Scheme 3a) possessing highly tunable electronic and steric

Scheme 3. Schematic Presentation of the (a) Buchwald
Type of Phos Ligand and Its Possible Binding Modes to the
(b) bis-Ligated, and (c) Tris-Ligated Precursor Pd(II)-
Complexes

b. Binding motifs of Phos ligand to the bis-ligated precursor
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parameters.'> As has been established, modification of the
substituents on the phosphorus and aryl rings of these ligand
types significantly impacts thelr coordination chemistry. In
particular, it has been shown'? that the coordination of Phos
ligands to bis-ligated-Pd complexes can lead to two isomeric
forms of the resulting tetra-coordinated Pd complex (Scheme
3b).

One binding mode leads to a “C-bound” complex, where
two coordination sites are occupied by phosphorus and the
bottom phenyl ring (referred to as “B”, below) of the ligand.
Alternatively, the interaction of Pd with an alkoxy donor atom
of the top phenyl group (referred to as “T”) of the ligand
would lead to an “O-bound” complex. However, little is known
about the coordination of the Phos ligands to a tris-ligated-Pd-
center. It is expected that the coordination of the ligand to a
three-coordinate Pd-center would result in either a tetra-
coordinated “P-bound” complex with P atom as the fourth
ligand (Scheme 3c) or a penta-coordinated “P,C-bound”
complex with P atom and the “B”-ring as the fourth and fifth
ligand. The “B”-ring of the ligand can interact with the Pd 1n
several ways or with the lone pairs of the RO-substituents."*

In reported catalytic cycles involving biaryl phos;;hme
ligands such as those illustrated in Scheme 3,
coordination environment around the Pd-center can change
during the course of the reaction. Therefore, the flexible
coordination motif of the Phos ligands is likely to significantly
impact not only the reactivity but also the selectivity of the
elementary reactions mediated by these complexes. This
hypothesis is supported by the findings of Sarpong and co-
workers” who observed that RuPhos (see Figure 1) favors
proximal lactam ring opening of 1 (Scheme 2; proximal C—C
bond cleavage proceeds with 10:1 regioselectivity), whereas
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Figure 1. RuPhos and SPhos ligands employed in this study.

SPhos (i.e., OMe instead of 'PrO groups; Figure 1) diminishes
yields and regioselectivity to 2:1 (proximal:distal). An in-depth
understanding of the electronic and coordination parameters of
the Phos ligands will enable the design of ligands that lead to a
higher selectivity for proximal vs distal cleavage of substrates
such as 1.

Several key mechanistic features of the reaction developed
by Sarpong and co-workers’ (Scheme 2) still remained to be
addressed. The major goals of this Article are to identify factors
that control distal vs proximal regioselective C—C cleavage and
a- vs f-selectivity in the cross-coupling by understanding the
roles of exogenous base additives and the Phos ligands. In the
initial report for this transformation,” a four-step mechanism
for piperidine a-arylation was proposed as illustrated in
Scheme 4: (1) oxidative addition of Pd(0) to an aryl halide,

Scheme 4. Previously Proposed Catalytic Cycle
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Reproduced from ref 9. Copyright 2020 American Chemical Society.

(2) coordination/deprotonation of the tertiary hydroxy group
of 1 to form a Pd-alcoholate, (3) fB-carbon elimination to

liberate an a-palladated piperidine, and (4) reductive
elimination to regenerate the active Pd(0) catalyst and the
desired a-arylated product. Here, we investigate each of these
elementary steps in detail by computation.

Through our studies, we have now garnered support for (a)
the formation of a complex ([(1)(Cs,CO;)]-PdL(PhBr)) prior
to a “base-mediated oxidative addition,” (b) Cs-carbonate, rather
than a halide ligand on Pd, deprotonating the tertiary alcohol
in the lowest energy pathway en route to Pd-alcoholate, (c)
steric repulsion between the “B”-ring of the Phos ligand and
the piperidine ring of 1 as well as donor—acceptor interactions
between the “B”-ring and Pd-center (at the regioselectivity-
determining f-lactam ring opening transition states) control-
ling distal vs proximal S-lactam ring opening. On the basis of
the latter insight, we predict that reactions using Phos ligands
bearing OCF; or OCF,H substituents would be more selective
toward proximal ring opening. Finally, we have discovered that
the a- vs f-selective cross-coupling on the piperidine ring of 1
depends on the sterics exerted by the coupling partner.

B COMPUTATIONAL DETAILS

Geometry and frequency calculations for all reported structures were
performed with the Gaussian-16 suite of programs'® at the [B3LYP-
D3(BJ)]/[6-31G(d,p) (for C, H, O, N, and P) +Lanl2dz (Pd, Cs, and
Br)] level of theory with the corresponding Hay—Wadt effective core
potential'® for Pd, Cs, and Br (referred to as B3LYP-D3(BJ)/BS1).
Thus, here we used the B3LYP'” density functional with Grimme’s
empirical dispersion-correction (D3)'® and Becke—Johnson (BJ)’s
damping schemes."” Bulk solvent effects were incorporated in all
calculations (including the geometry optimization and frequency
calculations) at the self-consistent reaction field polarizable
continuum model (IEF-PCM)*° level. We chose toluene as the
solvent as it was employed in the laboratory experiments.”

The reported energies are at the [B3LYP-D3(BJ)]/BS2 level of
theory, where BS2 = [6-311++G(d,p)] (for C, H, O, N, and P)+SDD
(for Pd, Cs, and Br), and Stuttgart group effective core potential for
Pd, Cs, and Br.*' The [B3LYP-D3(BJ)]/BS2 calculations are
performed at the [B3LYP-D3(BJ)]/BS1 calculated geometries. The
presented energies include the [B3LYP-D3(BJ)]/BS1 calculated
enthalpy and entropy corrections. While we present the calculated
relative energies as AG/AH (in kcal/mol), we discuss only the Gibbs
free energies. Calculated Cartesian coordinates of all systems are
provided in the Supporting Information. 3D geometries were
prepared using CYLView software.”> NEDA analyses were performed
using NBO-7.0. Noncovalent interaction analyses (NCI)23 were
performed using the multiwfn program®* and VMD software.>* For
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Figure 2. Energetically lowest complex (2) en route to oxidative addition, Ph—Br oxidative addition transition state (TS-loa), and oxidative
addition product 3 with their key geometry parameters (distances are in A) and relative energies (presented as AG/AH in kecal/mol). Cy =
cyclohexane; R = 'Pr. Delocalized (dashed) bonds are omitted from the carbonates for clarity.
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Figure 3. Potential energy surface (PES) of the Pd-alcoholate formation starting from the oxidative addition adduct 3 (energies are given relative to
the dissociation limit of 1 + 2). Bond distances are given in A. Delocalized (dashed) bonds are omitted for the carbonates for clarity.
the computational studies, we used Cs,COj as the base rather than its

derivatives (e.g, CSHCO,, CsOH, or aggregate forms>®) that may be

B RESULTS AND DISCUSSION

Ph—Br Oxidative Addition. Our computations bear out

that the initial oxidative addition step of the overall sequence
depicted in Scheme 4 involves (a) the formation of a reactive
intermediate from a mixture of Pd,(dba); as a precatalyst,
RuPhos (L) as a ligand, PhBr as a coupling partner, Cs,COj; as
a base, and 1 as a substrate followed by (b) oxidative addition
of Ph—Br to the Pd-center. Specifically, our extensive
calculations (see the Supporting Information) have established
that the low energy complex (1)(Cs,CO;)-PdL(PhBr) (2,
Figure 2) forms en route to oxidative addition. The formation
of 2 is exergonic by 32.7 kcal/mol relative to the dissociation
limit (ie, PAL + 1 + Cs,CO; + PhBr).”” Previously,” we
demonstrated that Cs-cations (from Cs,CO;) coordinated to
the oxygen of the a-hydroxy p-lactam with simultaneous
deprotonation of the a-hydroxy group by CO,>". However, in
2, because of the interaction of the Cs,CO; with the Pd-center,
deprotonation of 1 is not completed, albeit the O*—H' bond is
elongated to 1.068 A. Furthermore, in 2, the Phos ligand is
coordinated to the Pd-center through phosphorus (Pd—P =
2210 A) and the C2’—OR bond of the “bottom” (i.e., “B”)
ring (Pd—C2’ = 3.150, and Pd—O = 3.232 A for R = Py; i.e,,
RuPhos).

The calculated free energy barrier to traverse TS-loa,

relative to complex 2, is only 10.6 kcal/mol (Figures 2 and S1).
Intriguingly, the calculated intrinsic reaction coordinate (IRC)
from TS-1oa leads to adduct 3, where the Br atom resides on

one of the cesium atoms. Thus, this oxidative addition process
is an example of a “base-mediated oxidative addition,” as

21143

previously described by Musaev and co-workers™® as well as
Liu and co-workers.”’ Notably, H', which was located within
hydrogen bond distance of O® in prereaction complex 2,

transfers to the carbonate in TS-1oa. In the oxidative addition
adduct 3, O* is reprotonated.

Thus, during the reaction 2 — TS-loa — 3, the proton
shuttles between the f-lactam and carbonate, and facilitates the
oxidative addition process.’> The importance of such a H-

bonding interaction in catalysis has also been recently reported
by Musaev and co-workers,”’ as well as Chang and co-

workers.>> Overall, the reaction 2 — TS-1loa — 3 is exergonic
by 40.8 kcal/mol.*

Notably, our calculations using the model reactions depicted
in eqs S and 6 (see Figures S2 and S3 for details) and

comparison with 2 — TS-1oa — 3 show that (a) the addition
of Cs,CO; to the reaction mixture (i.e., comparing the free
energies of TS-2(Ph—Br) and TS-3(Ph—Br)) increases both
the oxidative addition barrier (from 6.6 to 11.8 kcal/mol) and
exergonicity of the reaction (from 32.1 to 44.1 kcal/ mol)** and
(b) the presence of H'-bonding in TS-loa lowers the free
energy barrier by 1.2 kcal/mol for the Ph—Br oxidative
addition process.

PdL(PhBr) — TS-2(Ph-Br) — (Ph)BrPdL (s)
(Cs,CO,)PdL(PhBr)
— TS-3(Ph-Br)

— (Ph)PdL(BrCsCsCsCO;)

(6)
While the base-mediated oxidative addition is associated
with a higher kinetic barrier, it is the likely pathway since,
under the conditions employed here, the energetically most

https://dx.doi.org/10.1021/jacs.0c10220
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Figure 4. PES for the B-carbon elimination and reductive elimination steps.

favorable complex (1)(Cs,CO;)-PdL(PhBr) (2) forms as the
reaction initiating complex.

Pd-Alcoholate Formation. Following oxidative addition,
adduct 3 engages a second equivalent of substrate, ultimately
resulting in the formation of Pd-alcoholate 6 (Figure 3). In 3,
the Pd-center is coordinatively saturated, therefore one (or
more) coordinated ligands would need to depart to
accommodate an incoming second molecule of the substrate.
This ligand reorganization process might proceed via either
associative or dissociative pathways. It is well established that
the energy required for the dissociative process can be
considered as the upper limit of the barrier needed for the
associative process, which may require a lower energy barrier.”
With this in mind, we have investigated several dissociative
ligand exchange pathways, among which the dissociation of the
“B”-ring of the ligand has the lowest free energy (8.6 kcal/mol)
and is most probable (see Figure 3). The resulting
intermediate (3a) is a more stable oxidative addition product,
which then binds another equivalent of substrate followed by
displacement to give Pd-alcoholate 6. As illustrated in Figure 3,
all elementary steps of the reaction (3a + 1) — 6 are facile, and
the overall process is endergonic by 14.1 kcal/mol. Therefore,
we expect the (3a + 1) dissociation limit to be the resting state
for the reaction of complex 2 with substrate 1. On the basis of
these findings, below, we calculate the regioselectivity
controlling distal (i.e, C°—C%) and proximal (ie, C°—CF)
bond cleavage barriers™ either relative to the energetically
lowest isomer of Pd-alcoholate (i.e., 6)°” or relative to the
resting state of the Ph—Br oxidative addition reaction (ie., 3a
+1).

p-Carbon Elimination and Reductive Elimination.
Computations show that the distal C°—~C® bond cleavage
occurs at transition state TS-6d (Figures 4 and S) with a free
energy barrier of 13.5 kcal/mol, and leads to complex 7. This

Pd-CP = 2.510 C°-CP = 2.039 Pd-C¢: 2.502 co-c%: 1.955
Pd-0%=2.143 C°-0°% = 1.306 Pd-0% 2.128 C°-0% 1.318
Pd-0" =3.106 Pd-C2"; 3.651 Pd-0':3.124

Pd-C2' =3.295

H'-0" = 2.563 H'-0'=2633

£C3'c2'0'cR=21.12° £C3'c2'0'cR = 17.07°
TS-6p TS-6d

Figure S. Calculated proximal and distal C—C cleavage transition
states TS-6p and TS-6d for Pd-alcoholate complex 6 (key bond
distances are given in A. Hydrogen atoms and cyclohexane (Cy) rings
are omitted for clarity).

elementary reaction is exergonic by 8.8 kcal/mol (see also
Figure SS). Alternatively, proximal C°—CP bond cleavage
occurs via transition state TS-6p (Figures 4 and S) with a
lower (by 2.4 kcal/mol) free energy barrier (11.1 kcal/mol)
and leads to intermediate 8. Overall, the kinetically most
accessible process is 6 — 8, which is exergonic by 4.9 kcal/mol.
The predicted regioselectivity (proximal cleavage) for 1
reacting with PhBr, on the basis of the energy difference
between the regioselectivity controlling transition states (TS-
6d or TS-6p), is in good agreement with the experimentally
observed” distribution of products (9.8:1 for proximal: distal).

Following f-carbon elimination, the next step is the C—C
reductive elimination. For the distal pathway (shown in brown,
Figure 4), C—C reductive elimination proceeds via transition
state TS-7 with a 14.8 kcal/mol free energy barrier and is
exergonic by 9.8 kcal/mol, relative to intermediate 7. For the
proximal pathway (shown in blue, Figure 4), the C—C
reductive elimination from 8 has an associated 16.0 kcal/mol
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free energy barrier (at the transition state TS-8) and is
exergonic by 17.6 kcal/mol, relative to intermediate 8.

Next, we elucidate the influence of the Phos ligands on the
relative energy of the regioselective ring opening transition
states.

Factors Impacting Proximal vs Distal g-Carbon
Elimination. There are several factors that impact the
calculated energies of the proximal vs distal regioselectivity
controlling transition states TS-6p and TS-6d (see Figure S).
As previously identified by us,” among these factors are (a) the
difference in the proximal and distal C—C bond strengths, (b)
the nature of the aryl substituent on the a-hydroxy-f-lactam, 1,
and (c) the nature of the Phos ligand. An understanding of
these factors is critical to establishing a full appreciation of
distal vs proximal regioselective cleavage in the pf-carbon
elimination step. Previously, we have described some of these
factors (see also Figure S6).” However, the impact of the
nature of Phos ligand on proximal vs distal ring-opening, as
well as the factors controlling the a vs f site-selective cross-
coupling of the piperidine moiety in 1 had not been studied
and are described here.

Close examination of transition states TS-6d and TS-6p

revealed differences in (a) the positioning of the piperidine and
the “B”-ring of the ligand as well as (b) the nature and strength
of the Pd—“B”-ring interaction, which was influenced by the
steric repulsion between the piperidine moiety of the substrate
and “B”-ring of the ligand (* sterlc-induced electronic” and
“stereoelectronic” interactions).”® To better understand the
steric, electronic, and stereoelectronic effects, we first
performed distortion-interaction analyses of TS-6d and TS-
6p.” For this purpose, we partitioned each transition state into
two parts: substrate (sub, blue, in Figure 6), including the
(Ph)Pd(Piperidine) fragment, and ligand (black, in Figure 6);
here we used RuPhos as a ligand (see also Figure S7).

y&?j Cyg%....K

SE2 o \os
.B,,\ 9 RO \\'--':.

«g” /@ .,

Su

ligand ligand

TS-6p TS-6d
124 2.6
AE* AEdlst -sub AEdrst -ligand AEmt
H_J

F AEdlst -sub AEdle Ilgand AE,,,,

+

21.2 21.3

Figure 6. Distortion/interaction analysis of the regioselectivity
controlling C—C cleavage transition states TS-6p and TS-6d
(energies are in kcal/mol, and AE* is relative to 6).

Calculations show that the distortion of the ligand
(AE 4. l,g,md) in TS-6p (8.6 kcal/mol) is slightly larger than
that in TS-6d (8.0 kcal/mol). This is manifested in the
calculated (C3',C2/,0",C?) dihedral angle, which is 21.12° and
17.07° in TS-6p and TS-6d, respectively (Figure S). Thus, the
OR substituent of the “B”-ring of the ligand is rotated further
down in TS-6p than in TS-6d, because of the relatively strong
steric repulsion between the substrate and “B”-ring of the
ligand. This is evident in the examination of the calculated
structure shown in Figure 5. Of course, this rotation impacts

the positioning of the lone-pair 7-orbitals of the ligand O-
atoms, (as well as the aromatic 7-orbitals of the “B”-ring; see
Schemes 3 and §), which would be manifested in the

Scheme 5. Representative Orbitals Participating in the Pd—
O and Pd—(C2’-O) Donor—Acceptor Interactions”

Cy, Cy Cy, Cy

ta@

Pﬁ%\x

“The orbitals of the oxygen lone pairs (LPs), C—O bonds (for C2’
and CR), and the 7 bonds of the “B”-ring are shown in Figure S8.

calculated Pd—O and Pd—C2’ bond distances in these
transition states: in TS-6p, the Pd—O" and Pd—C2’ distances
are 3.106 and 3.295 A, but in TS-6d they are 3.124 and 3.651
A, respectively (Figure S). Although the calculated total
distortion (AEggqp + AEgiiigana) energies for TS-6p and TS-
6d are nearly the same (21.2 and 21.3 kcal/mol, respectively),
the observed change in the Pd—O and Pd—C2’ bonding as
well as the nature of the ligand distortion (i.e., rotation down
of the R-group of the OR-substituent) are expected to be
major contributors to the calculated sub—ligand interaction
energies. Consistent with this hypothesis, the calculated
electronic interaction energy (AE,,) between the ligand and
sub fragments is 1.1 kcal/mol more favorable in TS-6p than in
TS-6d (see Figure 6). In addition, there is also a weak H-
bonding interaction (H'—O" distance of 2.563 and 2.633 A, in
TS-6p and TS-6d, respectively, Figure S) between the Pd-
coordinated Ph and O-center of the OR-substituent. To
provide additional support for the analysis presented above and
identify other factors that possibly impact the interaction
between the sub and ligand fragments in TS-6p and TS-6d, we
also performed natural energy decomposition analysis
(NEDA) calculations.”® These studies (see the Supporting
Information for more details) have identified that

(a) weak interactions (e.g., van der Waals, dipole—dipole,
and dipole—(induced dipole)), combined under the
electrical interaction (EL) term, do not contribute
significantly to the calculated energy difference between
TS-6p and TS-6d, and

(b) a charge transfer (CT) interaction between the ligand
and sub fragments contributes significantly to the
calculated total electronic energies of TS-6p and TS-
6d: it is 8.1 kcal/mol larger in TS-6p than in TS-6d.

To provide more support for the above proposed “stereo-
electronic” interaction concept, we have calculated the second
order perturbative interaction energies, E@_ between the (a)
Pd-center and oxygen of the OR-group, (b) Pd-center and
C2’—OR bond (combined with the C*~OR bond), and (c)
Pd-center and “B”-ring of the ligand. We found that these
interaction energies are 4.8, 5.4, and 7.4 kcal/mol in TS-6p,
and 6.2, 2.6, and 2.4 kcal/mol in TS-6d, respectively.
Altogether, the total donor—acceptor interactions are 17.6
and 11.2 kcal/mol, respectively,*' for TS-6p and TS-6d, which
is consistent with the geometry changes in TS-6p and TS-6d
presented above (see also the Supporting Information).
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Table 1. Calculated Free Energy Difference (AAG?, in kcal/mol) between Regioselectivity Controlling Transition States TS-6p

and TS-6d, as Well as Key Geometry Parameters (Dihedral Angle in Degrees and Bond Distance in A), with Phos Ligands
Bearing R = Me, CF;, CF,H, ‘Bu, and Ad Substituents

«(C3', c2, O, C®) Pd-0!

Pd-C2’

R AAG? TS-6p(R) TS-6d(R) TS-6p(R) TS-6d(R) TS-6p(R) TS-6d(R)
Me 1.6 —6.26 0.98 4.410 2977 3.697 3.533
Pr 2.4 21.12 17.07 3.106 3.124 3.295 3.651
CF; 4.0 73.73 17.05 2.860 2.995 3.473 3.420
CE,H 3.4 69.42 21.25 2.855 2.964 3.465 3.434
Bu 0.6 74.49 58.55 2911 2.842 3.403 3.408
Ad -0.7 102.17 126.91 3.039 2.879 3.510 3.517
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Figure 7. PES of the a- (blue) vs f-arylation (black) pathways.

Prediction of New Phos Ligands for Selective
Proximal vs Distal Ring Opening in 1. To validate our
proposed “steric enabled electronic effects from the Phos ligand;
SEEEL” that explains the selective proximal vs distal ring
opening in 1, we have examined other Phos ligands bearing
different OR-substituents with R = Me, CF;, CF,H, ‘Bu, and
Ad. For these systems, we calculated the selectivity controlling
transition states and associated prereaction complexes (see

previously reported experimental data which show that
reactions employing RuPhos are more selective (9.8:1) than
SPhos (2:1) toward proximal ring opening.”

The calculated geometry parameters of TS-6d(Me) and TS-
6p(Me) (i.e., with SPhos ligand) are generally consistent with
the predictions above. Indeed, in both TS-6d(Me) and TS-
6p(Me), there are smaller steric repulsions between the “B”-

Table 1).*

Consistent with the SEEEL concept, the proximal vs distal
ring opening in 1 should be less selective when the R-
substituent of the Phos ligands is smaller than 'Pr: indeed, the
calculated free energy difference, AAG* between the
selectivity controlling transition states is smaller for R = Me
(i.e., SPhos) than for the R = ‘Pr (i.e., RuPhos). On the basis of
this analysis, the Pd/SPhos-mediated proximal vs distal ring
opening in 1 is anticipated to be less selective than with
RuPhos as ligand. This conclusion is consistent with our

21146

ring (i.e., with its OMe substituent) and piperidine moiety (see
Table 1 and Figures S9 and S10), which is manifested in the
much smaller (C3/,C2,0",C*) dihedral angles (compared to
the case with R = 'Pr). Interestingly, in the proximal C—C
cleavage transition state TS-6p(Me), this dihedral angle has a
negative value of —6.26°. In this case, the Me group has
rotated in the “opposite” direction, i.e., an “up mode,” because
of the presence of strong H-bonding between the Pd-
coordinated Ph and O'-center of the O'R-substituent (H'—
0! = 2.173 A; see Figures S9 and S10).
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We have also applied the SEEEL regioselectivity concept to
Phos ligands with R = CF;, CF,H, Bu, and Ad substituents.
Data presented in Table 1 show that the use of the ligands with
the trifluoromethoxy (OCF;) and oxidifluoromethyl (OCF,H)
substituents would significantly improve selectivity for
proximal over distal ring opening in 1: the calculated free
energy differences, AAG®, between the selectivity controlling
transition states are 4.0 and 3.4 kcal/mol for R = CF; and
OCF,H, respectively.*> Furthermore, the calculated key
geometry parameters of the associated transition states (see
Table 1 and Figure S10) are fully consistent with the SEEEL
concept presented above. Additional effects may also account
for the computed higher selectivity for ligands with the R =
CF; or OCF,H. For example, the greater acceptor ability of the
6*(C—0) orbital in these cases could lead to a significant Pd
— ¢%(C—0) back bonding.”* On the basis of the calculated
Pd—O bond distances (see Table 1), such an interaction is
more pronounced in the proximal C—C cleavage transition
state than in the distal case, leading to a higher level of
interaction.

Next, we sought to elucidate the impact of bulkier R-groups
(tert-butyl, ‘Bu, and adamantyl, Ad) of the Phos ligand on the
selectivity of proximal vs distal ring opening in 1. The presence
of the larger R-substitutions results in significant steric
repulsion between the “B”-ring of ligand (and its OR-group)
and piperidine moiety of substrate, in both proximal and distal
C—C cleavage transition states, leading to large calculated
dihedral angles (C3’,C2/,0",C®). Such a large rotation of the
OR groups (see Table 1) makes fully available the donor
orbitals of the O'-center that results in equally strong Pd—0O"
interactions in both proximal and distal transition state
structures. Consistent with these geometry deformations, the
calculated free energy difference, AAGHE, of the transition states
leading to the proximal and distal ring opening products
becomes very small. Therefore, it is predicted that selectivity
for proximal vs distal ring opening in 1 using Phos ligands
bearing O'Bu and OAd substituents will be minimal.

Site Selectivity: a- vs f-Functionalization. We have also
sought insight into the factors controlling the site-selective
cross-coupling step, i.e,, the a-, f-, or y-selective functionaliza-
tion, of the piperidine moiety in 1 and related substrates.
Previously, we demonstrated that a- or f-selectivity in the
coupling step had a dependence on the cross-coupling
partners; aryl and vinyl bromide coupling partners led to a-
functionalization, whereas bromoethynyl triisopropylsilane
(TIPS-alkyne-Br) led to p-alkynylation (Scheme 2). In
contrast, the a- vs f-functionalization of related piperidine
systems reported by Baudoin and co-workers was controlled by
the ligand. In those cases, rigid biaryl phosphines led to a-
arylated products whereas more flexible biaryl phosphines
resulted in S-arylated products (Scheme 1, eq 1).** Below, we
provide some insights into the factors that control selectivity
for the couplings reported by us.” Our analysis started with the
previously proposed mechanism for Pd-catalyzed f-arylation
proposed by Knochel and co-workers® and Baudoin and co-
workers,** which begins from an a-palladated intermediate that
undergoes f-hydride elimination, reinsertion, and reductive
elimination.

The a- and p-Selective Arylation of the Piperidine in 1. As
shown in Figures 4 and 7, the a-arylation of the piperidine in 1
starts from intermediate 8 and proceeds via reductive
elimination transition state TS-8 (also referred to as a-RE)
to produce 10. The overall free energy barrier of this process is

16.0 kcal/mol, and the a-arylation reaction (8 — TS-8 — 10)
is exergonic by 17.6 kcal/mol (Figure 7, blue).

For p-arylation to occur, intermediate 8 should, at first,
convert to intermediate 11. This requires the Pd-bound phenyl
group (shown in blue in structure 8) to rearrange from the
axial to the equatorial position with concomitant formation of
a f-C—H agostic interaction (with Pd--H and C—H bond
distances of 2.40S and 1.108 A, respectively; see Figure S11).
The rearrangement of 8 — 11 is endergonic by 2.9 kcal/mol,
and the f-hydride elimination that follows (i.e., formation of 7-
complex 12) via transition state TS-9 is 15.5 kcal/mol higher
than intermediate 8. As previously shown,”* in order for the
alkene group to reinsert into the Pd—H bond, a rearrangement
of intermediate 12 to 12a is required: this is calculated to
occur with almost no energy barrier. The ensuing reinsertion of
the alkene into the Pd—H bond via TS-10 leads to four-
coordinate intermediate 13, where the ketoamide ketone group
is coordinated to the Pd-center (Pd—O = 2.339 A, see Figure
S11). Intermediate 13 isomerizes to 13a with almost no energy
barrier: in 13a the phenyl group and the C—H bond at the
carbon bearing Pd are trans to each other. At this stage, C—C
reductive elimination occurs via TS-11 (also referred to as f-
RE) and leads to f-arylated product 14. The free energy
surface associated with the f-arylation reaction, ie., 8 — 14,
has an overall 19.4 kcal/mol free energy barrier (at the double
bond reinsertion transition state TS-10) and is exergonic by
14.3 kcal/mol. Thus, these calculations support the Pd/
RuPhos-catalyzed coupling of 1 with PhBr as a-selective: the
P-arylation would have a 3.4 kcal/mol higher free energy
barrier at the reinsertion transition state TS-10.

The vinylation of piperidine 1 was calculated to occur
through similar intermediates and transition states, predicting a
preference for the a-vinylation product by 3.3 kcal/mol (see
Tables 2 and S2). This finding is also consistent with our
empirical observations.’

Table 2. Calculated Free Energy Barriers (in kcal/mol) for
the Key Steps of the Piperidine - and f#-Selective Arylation,
Vinylation, and Alkynylation with Aryl-Br, Vinyl-Br, TIPS-
Alkynyl-Br, C(‘Pr);-Alkynyl-Br, and Ethynyl-Br Substrates

substrates a-RE  f-hydride elimination  reinsertion  f-RE
aryl 16.0 155 194 18.1
vinyl 13.1 13.9 16.4 13.3
TIPS-alkynyl 18.0 139 12.9 149
C(Pr)yalkynyl  15.5 53 7.1 12.9
ethynyl 14.7 10.1 139 159

The a- and p-Selective Alkynylation of Piperidine in 1. We
next calculated the mechanism of the selective f-alkynylation
of the piperidine in 1 using TIPS-alkyne-Br as the coupling
partner. We found that the alkynylation reaction proceeded
through a pathway with intermediates and transition states that
were analogous to the arylation case (see Figure S12). The C—
C reductive elimination that results in a-alkynylation has an
18.0 kcal/mol free energy barrier (via TS-akl, see Scheme 6)
and is exergonic by 13.6 kcal/mol. For f-alkynylation, both the
reinsertion (via TS-ak3) and C—C reductive elimination at the
P-carbon (via TS-ak4) are more favorable than the a-
alkynylation (AAGi = 3.1 kcal/mol; see Table 2). This
conclusion is consistent with our empirical findings.”

Origins of the Substrate-Controlled a- vs f-Selectivity. To
establish the origins of the substrate-controlled a- vs f-
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Scheme 6. @-RE and f-RE Transition States for Arylation
and Alkynylation

(a) For the arylation reaction with Br-Ph
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selective C—C cleavage/cross-coupling in 1, we first analyzed
the C—C reductive elimination transition states, @-RE and /-
RE.* Several factors impact the energies of these transition
states. The first of these is the electron-poor nature of the a-
carbon relative to the f-carbon of the piperidine moiety,
because of its proximity to the N-center in the piperidine ring
(see Table 3). This pronounced inductive electron-with-
drawing effect favors the §-RE transition state over the a-RE
and is independent of the coupling partner.”” A second,
stereoelectronic, effect is the distance-dependent donor—
acceptor interaction between the lone-pair of the N-center of
piperidine and developing *-orbital of the C3*~C**# bond
(see TS-8 and TS-11 in Scheme 6 and Table 3). The second-
order perturbative interaction analysis clearly shows that the
donor—acceptor interaction energy (i.e., E(z)ij) between the
lone pair of N and adjacent C*—C* ”) antibonding o*-orbital
is larger for a-RE than #-RE. This distance-dependent donor—
acceptor effect overrides the inductive effect and favors a-
selective reductive elimination.

Again, on the basis of the data presented in Table 3, the
second-order perturbative donor—acceptor interaction is only
weakly dependent on the nature of the coupling partner. In
summary, the combination of electronic and stereoelectronic effects
strongly favor a- over f-selectivity, independent of the nature of the
coupling partner. However, they do not explain the observed j-
alkynylation when the TIPS-alkyne-Br coupling partner is used.

Here, we believe the preference is sterically driven (see TS-akl
and TS-ak4, Scheme 6b and Table 3). We have identified two
steric factors, which are internally connected. The first is steric
repulsion between the Cy rings of the Phos ligand and the
coupling group (referred to as a Cy—R2 interaction).

To minimize the steric clash, the Cy rings rotate out to
accommodate the large R*-substituent (TIPS in the illustrated
cases for TS-akl and TS-ak4). In general, one would expect
that a larger R* substituent would lead to a larger Cy—R? steric
repulsion. The second steric effect involves interaction
between the “B”-ring of the ligand and phenyl group of the
phenone amide substituent (see TS-akl; referred as a “B”"—Ph
interaction). This effect is calculated to be larger for a-RE than
B-RE. The calculated C'—P—Pd—C? dihedral angles (see Table
3) are consistent with these expectations. However, the large
Cy—R?* steric repulsion triggers a stabilizing interaction
between the Pd-center and the “B”-ring: this interaction is
going to be more pronounced in S-RE than a-RE because of
the smaller “B”—Ph steric repulsion in the former.

This is borne out in the calculated Pd—C1’ distance of 2.919
A for TS-akl (i, a-RE) versus 2.708 A for TS-ak4 (i.e., f-
RE). The pronounced Pd—“B”-ring interaction makes the “B”-
ring an emerging fourth coordinated ligand that increases the
steric hindrance around the Pd-center and promotes the
reductive elimination.

Therefore, the size of the R*-group is critical for a- versus /-
selective alkynylation. Consistent with this hypothesis are the
calculated energies of the a-RE and S-RE transition states for
the piperidine alkynylation with bromoethyne (i.e, R* = H)
and bromoethynyl triisopropylmethane (ie., R* = C('Pr),).
For R*> = H, which lacks the steric effects, a-selective
alkynylation is anticipated by 1.2 kcal/mol. However, for R?
= C('Pr),), which would lead to relatively less pronounced
steric effects as compared to R* = TIPS, the reaction is still -
selective, but only by 2.6 kcal/mol (3.1 kcal/mol for R* =
Si(‘Pr)s).

Notably, for PhBr, because the aryl ring is positioned
perpendicular to the Cy rings of the RuPhos ligand in the a-RE
and B-RE transition states, there is less pronounced Cy—Ph
steric hindrance (see Table 3). Consequently, the “B”-ring of
the ligand is positioned away from the Pd-center in the
transition states. As a result, the associated TS-8 (i.e., a-RE)
and TS-11 (i.e., S-RE) transition states are less sensitive to
steric effects in this case. In summary, the a- and f-selective
functionalization of the piperidine in 1 is sensitive to the Phos
ligand as well as the size of the coupling partner.

B CONCLUSIONS

In this Article, we have presented key mechanistic details as
well as reactivity and selectivity (regio-, and a- vs f-

Table 3. Calculated Parameters of the a- and f-Selective Reductive Elimination Transition States, @-RE and f-RE“

a-RE P-RE
c* cf AGH E@, DA Pd—C1’ c* c/ AG* B DA Pd—C1’
Ph -0.16 —0.46 16.0 19.5 225 3.139 —0.27 —0.37 182 0.9 36.4 3.061
Vin -0.18 —0.47 13.1 17.0 312 3.108 —0.27 —-0.38 133 2.0 30.6 2.999
Si(‘Pr), —0.1§ —0.47 18.0 212 423 2.919 —0.26 —0.38 14.9 2.1 45.0 2.708
H —0.15 —-0.46 14.7 214 15.6 2.941 -0.26 -0.36 159 2.3 24.7 2.936
c(Pr), —-0.14 —0.47 15.5 20.7 34.5 3.003 —0.26 —0.37 12.9 1.9 47.3 2,971

“NBO Charges of a- and 8-Carbons Are Given in lel, Energies Are Given in kcal/mol, DA = (C",P,Pd,C*) Dihedral Angle is in Deg., and Pd—C1’

Bond Distance is in A.
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Scheme 7. Proposed Mechanism for the Pd/RuPhos-Mediated C—C Cleavage/Cross-Coupling of N-Fused Bicyclo a-Hydroxy-
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functionalization) controlling factors in the dialkylbiarylphos-
phine (Phos)/Pd-catalyzed C—C cleavage/cross-coupling of
N-fused bicyclo a-hydroxy-f-lactam, 1 (see Scheme 7). As
illustrated in Scheme 7, we have found the following:

(1) With Pd,(dba); as a precatalyst, RuPhos as a ligand (L),
R?R!-Br as a coupling partner, Cs,COj; as a base, and 1 as a
substrate, an energetically most stable reactive complex
[(1)(Cs,CO;)]-PAL(R*R'-Br), 2, forms prior to the Ph—Br
oxidative addition via a “base-mediated oxidative addition”
mechanism. This reaction occurs with a small free energy
barrier and is highly exergonic. The oxidative addition product
[(BrCsCsCO;)(1)]-PAL(R?R'), 3a, with a CsBr fragment, is
the resting state en route to Pd-alcoholate (6) formation.

(2) B-Lactam ring opening (i.e., the ff-carbon elimination) in
Pd-alcoholate 6 proceeds preferentially through proximal C—C
cleavage. This finding (by utilizing RuPhos as the ligand) is in
good agreement with the experimentally observed product
distribution (9.8:1 in favor of proximal cleavage).”

(3) The newly developed “steric enabled electronic effects from
the Phos ligand; SEEEL” concept explains the selective proximal
vs distal ring opening (i.e., regioselectivity) in 1. This concept
is based on the fact that steric repulsion between the bottom
“B”-ring of the Phos ligand and piperidine of the substrate at
the regioselectivity-determining f-carbon elimination transi-
tion states induces rotation of the R-group, which, in turning,
promotes a donor—acceptor interaction between the Pd-center
and “B”-ring. This weak stereoelectronic interaction drives the
proximal C—C cleavage transition state over the distal one.

(4) The distal vs proximal C—C cleavage in 1 is dependent
on the size and electronics of the R-group of the OR
substituent of Phos ligand, which is consistent with the SEEEL

concept. By utilizing of this concept, we predict that the
reactions using Phos ligands bearing OCF; and OCF,H
substituents are going to be more selective toward proximal
ring opening in 1.

(5) The a- or f-selective cross-coupling on the piperidine of
1 is sensitive to the size of the R*-substituent of the coupling
partner (for example, TIPS group in TIPS-alkyne-Br). We have
shown that the steric clash between the R*-substituent of the
coupling partner and Phos ligand triggers a stabilizing
interaction between the Pd-center and “B”-ring, that makes
the “B”-ring an emerging fourth coordinated ligand, which, in
turn, increases the steric hindrance around the Pd-center and
promotes the reductive elimination. The Pd—“B” interaction is
more pronounced in #-RE than in @-RE. Thus, the size of R*-
substituent of the coupling partner can be varied to control a-
or f-selective cross-coupling in these reactions.
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