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ABSTRACT: Saturated cyclic amines (aza-cycles) are ubiquitous structural motifs found in pharmaceuticals, agrochemicals, and bioactive
natural products. Given their importance, methods that directly functionalize aza-cycles are in high demand. Herein, we disclose a fundamen-
tally different approach to functionalizing cyclic amines that relies on C-C cleavage and attendant cross-coupling. The initial functionalization
step is the generation of underexplored N-fused bicyclo a-hydroxy-B-lactams under mild, visible light conditions using a Norrish-Yang process
to effect ct-functionalization of saturated cyclic amines. This approach is complementary to previous methods for the C—H functionalization of
aza-cycles and provides unique access to various cross-coupling adducts. In the course of these studies, we have also uncovered an orthogonal,
base-promoted, opening of the N-fused bicyclo a-hydroxy--lactams. Computational studies have provided insight into the origin of the com-
plementary C-C cleavage processes. Keywords: cyclic amines, C-C cleavage, palladium, strain release, Norrish-Yang, cross-coupling
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Figure 1. Approaches to a-functionalization of piperidines
by C-H functionalization. (a) Reported ci-functionalization utiliz-
ing lithiation/Negishi cross-coupling sequence. (b) Selected exam-
ples of C-H functionalization approaches for piperidine o-
functionalization. (c) Strain release approach for mild cyclic amine
functionalization (this work).

Recently, Seidel and coworkers developed an alternative one-pot
protecting group free approach to access a-functionalized cyclic
amines,"" albeit requiring strongly basic conditions. Alternatively,
Sames and coworkers have reported one example of ci-arylation with
piperidines bearing an amidine directing group, (see Fig. 1a) using
Ru catalysis and boronate esters, albeit in low yield." Similarly, Maes
and coworkers reported that pyridyl directing groups could effect the
c-ruthenation of piperidines to yield arylated products; however,
competing mono- and bis-arylation was observed.” In an exciting
recent development, Yu and coworkers, Glorius and coworkers, and
Gong and coworkers have shown that thioamide derivatives (Fig.
1b) now enable enantioselective o-functionalization of a range of
saturated aza-heterocycles including piperidines."*'¢ Other
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strategies have relied on photoredox catalysis,""” intramolecular

hydride transfer,” and C-H insertions via metal carbenoids.”

In the context of the cross-coupling step, the use of organozinc
nucleophiles in particular (i.e., Figure 1a) is highly attractive since it
reduces the ci-arylation of piperidines to a standard cross-coupling
reaction (i.e., the Negishi cross-coupling) under well-established
and easily optimizable conditions using well-defined palladium
complexes. In principle, in addition to o-zincated piperidyl
nucleophiles, other main-group metal derivatives (e.g., from Li, Mg,
B, Sn, etc.) would serve an analogous purpose. However, given the
handling challenges associated with c.-zing, -lithio, -boryl, and -
stannyl derived piperidines, * we sought an alternative but easy-to-
use and reliable strategy to generate a nucleophile at the c-position
of the piperidine framework that would be stable to aerobic and
aqueous environments, could be stored indefinitely, accessible in
enantiopure form, and deployed as required.

In this work, we report the utility of N-fused bicyclo o-hydroxy-
B-lactams (e.g., 2, Figure 1c), which are generated under mild, visible
light (A = 400-450 nm) conditions from phenyl keto amides (e.g,,
1), ®* as masked nucleophiles for the a—functionalization of
piperidines and other saturated aza-cycles. Importantly, using the
same o-hydroxy--lactam derivative of a saturated cyclic amine,
arylation, vinylation, and alkynylation can be easily achieved using
mild conditions. This work addresses a key gap in late-stage
diversification via C-H functionalization/cross-coupling using a
non-obvious C-C bond cleavage of a corresponding strained o-
hydroxy-3-lactam. The work described herein represents the first
example of using o-hydroxy-B-lactams to achieve «-
functionalization via C-C bond cleavage, and importantly, is the first
demonstration of strain-initiated C-C cleavage and arylation at
room temperature, attesting to the mildness of this approach to aza-
cycle functionalization. Moreover, preliminary results toward [3-
functionalization of cyclic amines is reported as well as a transition
metal free at-acylation. The results described herein showcase the
potential of the underexplored reactivity of o-hydroxy-p-lactams.

Results and Discussion
Synthesis of co-hydroxy-[Flactam piperidine derivative 2
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Figure 2. Reaction design. (a) Norrish—Yang protocol. Yield was
determined by 'H NMR integration using PhsCH as internal
standard. Isolated yield is shown in parentheses. (b)Proposed cata-
lytic cycle.

We commenced our studies by optimizing the protocol developed
by Aoyama and coworkers™ for the synthesis of a-hydroxy-p-lactam
2 (ie, (%)-7-hydroxy-7-phenyl-1-azabicyclo[4.2.0]octan-8-one)
from keto amide 1( see Fig. 2a). Ultimately, we found that irradiating
1 in the solid state with blue LEDs provided bicyclic N-fused
bicyclo[4.2.0] B-lactam 2 in 66% isolated yield (70% NMR yield
using PhsCH as internal standard). Notably, this reaction can be
perfomed on gram scale (see the Supporting Information for
details). Importantly, the same approach could easily be applied to
related saturated nitrogen heterocycles (e.g.,, morpholine, azepane,
azocane, etc.) and hence represents a programmable strategy for
functionalizing these types of structural motifs (vide infra).

Table 1. Reaction development. Optimization of ci-arylation re-

action.
Ph-Br (1.2 equiv)
Pdy(dba)3*CHCI; (5 mol%) )
RuPhos (10 mol%) N Ph N
Cs,CO3 (1.2 equiv)

toluene (0.2 M), 40 °C o
24h Ph
2 “ standard conditions” 3a 3ap
entry deviations from the standard conditions yield
1 none 65%(3a), 6%(3ap)
2 DavePhos instead of RuPhos 42%(3a), 8%(3ap)
3 SPhos instead of RuPhos 22%(3a), 10%(3ap)
4 K3PO, instead of Cs,CO5 37% (3a)
5 K,COj instead of Cs,CO4 16% (3a)
6 1,4-dioxane instead of toluene 0%
7 room temperature 7% (3a)
8 RuPhos-Pd-G4 (10 mol%), Cs,CO3 (2.0 equiv), rt 66%(3a)
9 RuPhos-Pd-G4 (10 mol%), Cs,COg3 (2.0 equiv), 40 °C  81% (3a)

OMS
PCy, PCy» PCy, Pd L
Pro. oPr  MesN MeO. OMe NHMe

(L = RuPhos)

RuPhos DavePhos SPhos RuPhos-Pd-G4

Optimization of the C-C cleavage/cross-coupling



With bicyclic hydroxylactam 2 in hand, we sought to identify
conditions for its cross-coupling with bromobenzene on the basis of
the precedent of Uemura.”® We first set out to optimize the cross
coupling conditions for crarylation. A four-step mechanism (see
Figure 2) is envisioned for the cross-coupling process, consistent
with the proposal by Uemura.”® This mechanistic scenario includes:
1) oxidative addition of Pd(0) to the aryl halide, 2) coordina-
tion/deprotonation of the tertiary hydroxy group, 3) p-C-C cleav-
age to liberate an ci-palladated piperidine, and 4) reductive elimina-
tion of the Pd(1II) species to re-generate the active Pd(0) catalyst and
furnish the desired c-arylated product. While strained ring systems
such as tert-cyclobutanols have been employed previously in cross-

%25 there are no known examples using .-

coupling reactions,
hydroxy-p-lactams, which introduce additional challenges such as
control in their regioselective opening and the presence of other
possible coordination sites.

After extensive optimization, we were successful in obtaining
productive, regioselective, C-C cleavage/arylation at 40 °C (Table 1,
entry 1). Importantly, the RuPhos ligand appeared to be uniquely
effective in favoring the desired regioselective lactam ring-opening
toward (or ‘proximal’) to the ring over the alternative, competing
‘distal” opening away from the ring and toward the carbonyl group of
the B-lactam unit (see Figure 2 and Table 1, 3aa). The use of related
Buchwald biaryl phosphine ligands led to diminished yields and
selectivities. For example, the use of DavePhos or SPhos as supporting
ligands produced the desired c-arylated piperidine in 48% and 18%
NMR yield, respectively (entries 2-3). Cs:COs was identified as the
optimal base, while other bases led to lower yields (entries 4-5). The
choice of solvent was critical, as only trace amounts of the desired ¢-
arylated piperidine were obtained when 1,4-dioxane was used in place
of toluene (entry 6). When the reaction was carried out at room tem-
perature, only a 7% percent NMR yield of the target compound was
observed with the rest of the material accounted for by recovered
starting material (entry 7). Contemporaneous with this effort, we lev-
eraged a parallel data-rich experimentation approach to optimize this
cross-coupling, which primarily relied on exploiting the aforemen-
tioned ligand effects. We recognized that faster initiation to a Pd(0)
complex and a well-defined ligand-to-metal ratio may be beneficial to
improving selectivity.”* Indeed, by employing the commercially
available KitAlysis technology’' that features the latest G3/G#4 palla-
dium precatalysts of Buchwald’s biaryl phosphine ligands, we quickly
validated the unique effectiveness of RuPhos as a supporting ligand.
The yields realized in this HTE screen were comparable to those ob-
tained in the batch experiments (see the Supporting Information for
details). However, by conducting the cross-coupling at room temper-
ature using RuPhos-Pd-G4, we obtained a yield of 66% (Table 1, entry
8) for the desired adduct, a significant improvement over the previous
yield of 7%. Raising the temperature to 40 °C, optimal conditions
were identified (entry 9) that were suitable across a wide range of sub-
strates.

Substrate scope

With the optimized conditions in hand and using 2 as a synthetic
equivalent of an ci-metalated piperidine, the scope of aryl halides in
the cross-coupling was explored. Iodobenzene emerged as a supe-
rior coupling partner (69% isolated yield), outperforming bromo-
benzene under the established conditions to yield an o.-phenyl pi-
peridine product. While early attempts using phenyl triflate as a
cross-coupling partner employing Pd»(dba)sCHCL; and RuPhos as
ligand led to complex mixtures, with RuPhos-Pd-G4, 3a was ob-
tained in 77% yield. Under modified conditions, aryl chlorides could

also be used as electrophilic partners, albeit requiring a modification
to XPhos as the optimal ligand and elevated temperatures. For in-
stance, using chlorobenzene, ci-phenyl piperidine 3a was obtained
in 33% yield, along with 3apin 32% yield. Despite the diminished
yields, aryl chlorides continue to be attractive cross-coupling part-
ners because of their lower cost and abundance.”? The ¢-arylation
approach we have developed tolerates varying electronic influences
on the aromatic halide. For example, electron rich aryl halides per-
form well, providing the desired arylated products in good yield
(3a-3d). Ethers and tertiary amine functional groups likewise do
not adversely affect the yield of the cross-coupling (see 3c and 3d).
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Figure 3 . Scope of the arylation reaction. All yields reported are
isolated yields, unless otherwise stated. Reactions were performed
with 2 (0.10 mmol), Ar-Br (0.12 mmol), Pd:(dba);- CHCL; (5
mol%), RuPhos (10 mol%), Cs2CO; (0.12 mmol), toluene (0.2 M)
at 40 °C for 24-48h. Reactions were performed with 2 (0.10 mmol),
Ar-Br (0.12 mmol), RuPhos-Pd-G4 (10 mol%), Cs:CO; (0.20
mmol), toluene (0.2 M) at 40 °C for 24-48 h. "Ph-I (0.12 mmol)
used instead of Ph-Br. 2 (0.10 mmol), Ph-Cl (0.12 mmol),
Pd»(dba);- CHCl; (5 mol%), XPhos (10 mol%), Cs,CO; (0.12
mmol), toluene (0.2 M) at 100 °C for 24 h. Yields were determined
by 'H NMR integration using PhsCH as internal standard.
Reactions were performed with 2 (0.10 mmol), Ar-OTf (0.12
mmol), RuPhos-Pd-G4 (10 mol%), Cs:CO; (0.20 mmol), toluene



(0.2 M) at 40 °C for 24 h. See the Supporting Information for
detailed conditions of each substrate.

Electron deficient coupling partners bearing substituents such as flu-
orine and chlorine efficiently couple as well (see 3e and 3f). Using
the optimized conditions, site selective coupling (aryl bromide ver-
sus aryl chloride) can be achieved on multiply-halogenated sub-
strates (see 3f), and the intact C(sp”)-Cl bond in the resulting ad-
duct can be employed as a functional handle for further functionali-
zation.”” Functional groups such as aldehydes and nitriles were also
well accommodated using this method (see 3g, 3h). Importantly,
substituents at the ortho position of the aryl halide did not adversely
hinder the reaction, and 3i was obtained in 49% yield under our es-
tablished cross-coupling conditions. An aryl bromide bearing a tri-
fluoromethyl group at the meta position also led to the desired c-
arylated product (3j) in modest yields. Heteroaromatics were also
viable cross-coupling electrophiles, leading for example to indole 3k
and quinoline 31 in 70% and 60% yield, respectively. As indicated
above, improved yields were obtained using the pre-catalyst instead
of the mix of Pd»(dba)s*CHCl; with RuPhos (see Table 1, entry 8
for conditions).
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Scheme 1. Development of a-vinylation and a /B-alkynylation.
Reactions were performed with lactam (0.10 mmol), 1-bromo-2-
methylprop-1-ene (0.12 mmol) (0.12 mmol), Pd(dba)s;"CHCL; (S
mol%), RuPhos (10 mol %), Cs2COj3 (0.12 mmol), toluene (0.2 M)
at 40 °C for 24-48 h. For alkynylation, (bromoethynyl)triiso-
propylsilane (0.12 mmol) was used instead of 1-bromo-2-
methylprop-1-ene (0.12 mmol).

In Figure 3, products 3a, 3d, 3f, 3g, 3h, 3i, and 3j were isolated in
higher yields under these conditions (see values in parenthesis
and/or in maroon). Next, several other saturated heterocycles were
examined in our programmed lactamization/arylation protocol.
Pharmaceutically and agrochemically privileged scaffolds, such as
morpholine, can be effectively functionalized through the aforemen-
tioned photochemical cyclization and importantly, undergo C-C

cleavage/cross-coupling to arrive at ci-functionalized derivatives.

For example, 4a was obtained in 47% yield. Saturated heterocycles
of varying ring size were also competent substrates. For example, aze-
pane 4b and azocane 4c underwent ci-arylation in 76% and 70%
yield, respectively. Functional groups on the aza-cycle backbone,
such as aryl (4d) and carbamates (4e) were also tolerated. The cis
relationship between the phenyl and para substituent in the above
examples is supported by 2D NMR (see the Supporting Information
for details). The observed stereochemistry is dependent on the
stereochemistry of the starting lactam, which participates in a
stereospecific cross-coupling (vide infra). 3-substituted piperidines
result in mixtures and we are currently exploring conditions that may
achieve selective lactamizations.

Given the complementarity of our approach to existing methods
that arrive at c-metalated piperidines, we speculated that bicyclic
hydroxylactam 2 could also be used to achieve additional o-
functionalizations that are not readily realized using the previously
established methodologies (Scheme 1).7** Vinylation was readily
achieved by employing the optimized conditions for arylation. For
example, cross-coupling of c-hydroxy-p-lactam 2 with 1-bromo-2-
methylprop-1-ene under the cross-coupling conditions led to vinyl-
ated intermediate § which underwent spontaneous cyclization to
provide indolizidinone 6 in 30% yield. Next, we turned our attention
to alkynylation.
propylsilane was used as a coupling partner, 7 was obtained in 53%
yield providing an avenue to B -alkynylation. Alkyne 7 presumably

Surprisingly, when (bromoethynyl)triiso-

arises from B-hydride elimination of an o-palladated intermediate
followed by re-insertion to generate the p-functionalized product
(See Figure 4).”"° This example constitutes the first f-alkynylation
of cyclic amines. Extension of the method to larger ring systems such
as azepane (8) provided the desired a-alkynylated coupling product
along with enamide 9a, which supports the presumed p-hydride
elimination of the initially generated alkyl palladium intermediate
(Figure 4).%3* It is worth noting that the conditions for the alkynyl-
ation and vinylation cross-couplings have not been optimized. Fur-
thermore, the C-C cleavage/cross-coupling is substrate controlled
as evidenced by the difference in reaction outcome in switching

B-Hydride B R
elimination | - -Pd-L rotation | - -Pd-L
_— 2o _— N P

VR v & -
R L R R
)
R
Pd, L reductive
re-insertion elimination
N _— ,}‘ H
A R
Ph Me
M
Og-N NN
"N—-Me | ‘N—ph
=
| Me
Me (e}
10 N N—Me N
RuPhos-Pd-G4 (10 mol%) oﬁ/&o { O\\(J%
Cs,CO3 (1.2 equiv) (©] ‘Ph
Ph Ph
P E
toluenze‘i r:10 C 11a 11b
2 33% yield 27% yield

Figure 4. Substrate controlled selectivity.

from aryl halide to alkynyl halide coupling partners. This example
contrasts with the work of Baudoin and coworkers on piperidine de-
rivatives,'® where selectivity is achieved by means of ligand control.
Moreover, inspired by our observations in the alkynylation process
(Scheme 1b) and, importantly, those of Knochel’ and Baudoin'®, we
sought to identify opportunities for B-arylation of the saturated



azacycles. While Baudoin’s studies required proper choice of ligand
to promote the P-H elimination/re-insertion sequence, using
RuPhos as a starting point, we have found that heterocyclic halide
10 affords a 1:1 mixture of ci-and P-functionalized cross-coupling
adducts, pointing to a contributing effect of the cross-coupling elec-
trophile partner to the observed selectivity (Figure 4). Further stud-
ies are ongoing to understand the factors that lead to B-functionali-
zation and to developing a general ligand-controlled method. Thus,
o-hydroxy-p-lactam 2 may be applied broadly with various cross-
coupling partners.

12
RuPhos-Pd-G4

53% yield O,

(+)-2 (1.5 equiv)
RuPhos-Pd-G4
(5 mol%)
Cs,CO;3 (1.2 equiv)

toluene, 40 °C

24
34% yield

16
(1 equiv)
Cs,CO3 (1.2 equiv, N
toluene, 40 °C )Yo
24h [e]
20% yield

(0% under catalytic conditions) 17

d. Ph-Br (1.2 equiv)
Pd,(dba)s*CHCly (5 mol%)
RuPhos (10 mol%) 3
Cs,CO; (1.2 equiv) N7 "Ph
(0]
toluene, 40 °C o
24h
63% yield Ph
(+)-2 3a
99% ee 96% ee

e. Blue LED then
O Ph-I (1.2 equiv), RuPhos-Pd-Gé Q
(5 mol%)
N Cs,C05 (1.2 equiv) N™ “Ph
o o]
o toluene, 40 °C o
Ph 24h Ph
46% yield
1 3a
f. Ph
Q 95% yield
N PP NaOH (4.0 equiv) from S4
0 — N7 ~Ph N
o THF/MeOH (0.2M) H H
Ph 2h
3 74% yield 2-phenylpiperidine 4-phenylpiperidine
a

Figure S. Broad-ranging scope for functionalization. See the
Supporting Information for detailed experimental conditions (a)
The mild coupling conditions tolerate a trifluoromethyldiazirene
functional group. (b) Late stage functionalization. (c) Pd(II) oxida-
tive addition complexes can serve as coupling partners. (d) Cross-
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tentive process. (e) One pot arylation. (f) Removal of keto amide
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The functionalization protocol reported here bears several key
distinctions from the existing state-of-the-art approaches. First, we
have demonstrated that mild conditions can be utilized to achieve
the cross-coupling of aryl halides. This includes the coupling of 2 to
aryl bromide 12 in 53% yield (Figure S) which contains a sensitive

trifluoromethyldiazirene that is unstable to other conditions for c-
functionalization such as photoredox conditions. By separating the
photo-mediated functionalization from the cross-coupling, we have
now overcome the challenge of cross-coupling photochemically
sensitive groups such as the trifluoromethyldiazirene functional
group which has been used in photoaffinity-triggered protein label-
ing.* Second, estrogen derivative 14 was readily functionalized with
o-hydroxy-pB-lactam 2 using the optimized precatalyst conditions,
showcasing the potential for late-stage functionalization of complex
molecules (Figure Sb). Third, given the recent advances in leverag-
ing Pd(II) oxidative addition complexes in cross-coupling reactions,
% we demonstrated that complex 16 serves as a stoichiometric cou-
pling partner to afford desired product 17 in 20% yield (Figure Sc).
Analogous to other cross-couplings where low loadings of a metal
pre-catalyst with precursor triflates or bromides that bear many co-
ordinating functional groups is extremely challenging and low-yield-
ing, stoichiometric organometallic cross—coupling partner 16 over-
came this challenge.” Fourth, when enantioenriched lactam 2 was
subjected to the optimized cross-coupling conditions (Figure 5d),
a-arylated piperidine 3a was obtained with no appreciable erosion
of enantiomeric excess, pointing to high fidelity in the stereospecific
cross-coupling. Importantly, because our ci-hydroxy-p-lactams are
isolable and stable until deployed, this sequence of reactions allows
us to broadly diversify aza-cycles with control of stereochemistry,
thus achieving a ‘chiral, enantioenriched, organometallic equivalent’
of ci-metalated aza-cycles. On the basis of the absolute configuration
of both hydroxylactam 2 and product 3a, the overall coupling pro-
ceeds in a stereoretentive manner. This suggests that our reaction
involves an intermediate step in which the C-C scission occurs with
attendant stereoretentive palladation (see Figure 2). Finally, the de-
sired arylated product can be obtained in a one-pot process from ke-
toamide 1 by performing the Norrish-Yang followed by palladium-
catalyzed cross-coupling without isolating f-lactam 2 (Figure Se).
Future studies will seek to optimize the one step protocol. It is worth
noting that the keto amide group can be easily removed by treat-
ment with NaOH (4 equivalents) in THF/MeOH (Figure 5f) and
no chromatographic purification step is required (See the Support-
ing Information for details).
Discovery of a base-promoted rearrangement

During the optimization process for the cross-coupling reported
here, a rearranged product (18) resulting from cleavage of the distal
bond of the P-lactam was isolated (see Figure 6). Control
experiments showed that this process occurs in the presence of
Cs2COs without the need for a transition metal complex (Table 2,
entry 1). Evaluation of a range of solvents led to the identification of
toluene as a superior solvent for obtaining the highest yields (Table
2, entry 2). The formation of 18 from 2 did not proceed at lower
temperatures even in the presence of 18-crown-6 (Table 2, entry 3—
5). Notably, KzCOs did not promote the desired rearrangement,
pointing to the importance of the cesium counter cation. Radical
scavengers did not shut down the reaction as evidenced by the 68%
yield obtained when TEMPO was added to the reaction mixture
(Table 2, entry 7). Following our initial optimization screen, we
discovered that comparable yields of 18 can be obtained over a
shorter reaction time of 24 hours (Table 2, entry 8).
Computational Studies

In order to shed light on the mechanism of the regioselective ring
opening of c-hydroxy-p-lactam 2, we have undertaken an extensive
computational study.

Computational Details



The calculations presented here were carried out using the
Gaussian 09 suite of programs.”’ Geometry of all reported reactants,
intermediates, transition states (TSs) and products were optimized
without symmetry constraints at the B3LYP level of density func-
tional theory (DFT)** in conjunction with a Lanl2dz basis set and
corresponding Hay-Wadt effective core potential (ECP) for Cs and
Pd atoms.”* Standard 6-31G(d,p) basis sets were used for all re-
maining atoms. Dispersion corrections were included into the calcu-
lation at the Grimme’s empirical dispersion-correction with Becke-
Johnson damping for B3LYP.* This approach is designated as
[B3LYP-D3BJ]/{Lanl2dz+[6-31G(d,p)]}. Bulk solvent effects are
incorporated into calculations at the self- consistent reaction field
polarizable continuum model (IEF-PCM) level®* by selecting tol-
uene as the solvent. The nature of each stationary point was charac-
terized by the presence of zero or one imaginary frequencies for min-
ima and TSs, respectively.

Table 2. Discovery of a base-promoted rearrangement. (a)
Optimization of reaction conditions. (b) Influence of aryl
substituent on base promoted reaction.

Cs,COg3 (1.5 equiv)

Toluene, 60 °C
48h

2
entry deviations from the standard conditions * yield
none 77%
2 1,4-dioxane instead of toluene 41%
3 40 °c instead of 60 °C 0%
4 1t instead of 60 °C 0%
5 40 °C instead of 60 °C, 18-crown-6 (1.5 equiv) 0%
6 K,COj3 instead of Cs,CO3 0%
7 TEMPO (2.0 equiv) added 68%
8 24 instead of 48h 78%

Cs,CO3 (1.2 equiv)

Toluene, 60 °C
24h

19 20
77% (<18% conversion) 68%

AG* (calc.) = 28.7 kcal/mol AG* (calc.) = 30.6 kcal/mol AG* (calc.) = 27.7 kcal/mol
The IRC calculations were performed to confirm the nature of each
TS. The relative Gibbs free energies (AG) and enthalpies (AH) are
presented as AG/AH (in keal/mol), and calculated under standard
conditions (1 atm and 298.15 K), although only the AG values are
discussed.
Base promoted transition metal-free rearrangement

Given that the Cs:COs-promoted rearrangement was observed as
a competing background reaction to the cross-coupling, we initially
sought to elucidate the mechanism of this transformation. First, we
calculated the distal (C'-C?) and proximal (C*~C?) bond dissocia-
tion free energies (BDFEs) for 2, which are 45.6 and 39.7 kcal/mol,
respectively. For our computational studies, we assume: (a)
Cs2CO;, rather than derivatives such as CsHCO; or CsOH (or the
corresponding dimeric forms) that may form in situ, mediates this
reaction, and (b) a 1:1 (Cs:COs: 2) binding stoichiometry (see the
Supporting Information for full details). In addition, our empirical
observation of a dramatic reduction in reaction yield (from 77% to
41% yield) upon changing the solvent from toluene to dioxane (a

more strongly coordinating solvent) indicates the importance of Cs
coordination to the substrate. Through our computations, we have
identified intermediate I1 as a pre-reaction complex (see Figure 6),
where one of the Cs-cations coordinates to the oxygen of the .-
hydroxy group of B-lactam 2 (labeled O") and facilitates simultane-
ous deprotonation of the hydroxy group by COs™.

The calculations reveal that a second Cs-cation coordinates (rela-
tively weakly) to the carbonyl oxygen (labeled O?) of the a-lactam.
This latter interaction likely contributes to the observed regioselec-
tivity of the reaction. The calculated free energy of this emerging
deprotonation (i.e., lactam + Cs2CO3; — I1) is 33.0 kcal/mol (see
Figure 6). We also observe computationally that the deprotonation
of 2 by Cs,CO:s significantly reduces (by 14-16 kcal/mol) the calcu-
lated C-C BDFEs. Specifically, for I1 the calculated distal (C'-C?)
and proximal (C*~C?) C-C BDFEs are 31.1 and 23.7 kcal/mol, re-
spectively. The ensuing steps that emerged computationally from in-
termediate I1 are a proton transfer from the bicarbonate to C' (see
TS1) and accompanying C'-C? bond weakening. Calculations show
that the rotation of the OH bond of the bridging bicarbonate, cleav-
age of the O'---HO (bicarbonate) hydrogen bond, and formation of
the C'---H bond initiate the cleavage of the C'~C*bond in TS1. The
calculated free energy barrier for TS1 is 28.7 kcal/mol. Close exam-
ination of TS1 shows that it is a late transition state, which is con-
sistent with the high (21.3 kcal/mol) endothermicity computed for
this reaction. The IRC calculations lead from TS1 directly to inter-
mediate I2. A subsequent proton transfer from bicarbonate to the
C'-center (see TS2) is calculated to proceed with only a 1.6
kcal/mol free energy barrier. The overall rearrangement process,
which leads to intermediate I3, is highly exergonic (by 19.3
keal/mol). Product release from I3 requires only 16.9 kcal/mol free
energy, which is smaller than the 26.7 kcal/mol free energy required
for the reverse reaction. Notably, during the overall transformation,
one of the two Cs-cations stays coordinated to O* through TS2,
pointing to the critical role of CsCOs. Its strong coordination to the
lactam hydroxy and carbonyl groups significantly reduces the C-C
BDFEs, provides a strong base (i.e., carbonate) that facilitates pro-
ton transfer from the hydroxy group to C', and leads to facile distal
C'-C’bond cleavage.

We have also employed the mechanistic insights gained from
computation to elucidate the impact of electronic effects on the
distal C-C cleavage barriers for 2. We first studied pre-reaction
complexes and C-C cleavage transition states for a variety of c-
hydroxy-p-lactams bearing various, para substituents on the aryl ring
(see Table 2b). We found that the distal C-C cleavage for 19,
bearing an electron withdrawing para-CF; group has ca 1.9 kcal/mol
higher free energy barrier as compared to 2. On the contrary, the
barrier for distal C-C cleavage of 20 bearing an electron donating
para-OMe group is ca 1.0 kcal/mol lower. Therefore, it appears the
electronic density imparted by the aryl ring plays an important role
in determining the barrier for C-C cleavage; increased electron
density on the aryl ring of the c-hydroxy-B-lactam substrates
facilitates the C—C cleavage. This is consistent with our empirical ob-
servations. For example, when 19, which bears an electron withdraw-
ing group (para-CF;) was subjected to the same reaction conditions
(Table 2, entry 8), predominantly starting material was recovered
(<18% conversion). However, o-hydroxy-B-lactam 20, bearing an
electron donating group (4-OMe) on the arene unit, led to full
conversion and yielded a 68% yield of the distal cleavage product.

To validate the IEF-PCM approach that we employed, we have
calculated structures and relative energies of the Cs:COs[X]> and



[lactam]Cs.CO;s[X]: (i.e. I1(X), see Figure 6) complexes, where X
is explicit solvent molecules such as toluene and 1,4-dioxane used in
our experiments. We found that solvent molecules only weakly (~ 3-
4 kcal/mol free energies) coordinate to Cs-centers. Therefore, we
conclude that the inclusion of explicit solvent molecules into our cal-
culations do not significantly impact the results obtained at the
[B3LYP-D3BJ]/{Lanl2dz+[6-31G(d,p)]} with (IEF-PCM) level of
theory.” Cartesian coordinates and total energies of all reported
structures are given in the Supporting Information.
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Figure 6. Schematic representation of the calculated reactant, inter-
mediates, transition states, and product for the ‘distal’ C'~C* bond
cleavage of o-hydroxy-B-lactam 2 in the presence of Cs:COs. Bond
distances are in A.

Palladium catalyzed C-C cleavage/cross coupling.

We have also undertaken computational studies to validate the
proposed four-step Pd-catalyzed c-arylation of 2 with RuPhos as a
ligand (Figure 7). We found two lowest energy isomers, (k*-O,0,
I4) and (x>-O,H, I5) for the proposed Pd-alcoholate. In the k*-O,0
isomer (I4), the B—lactam moiety is coordinated to the Pd(II)-
center via the carbonyl and hydroxy oxygens, whereas in the k*-O,H
isomer (i.e., I5), the B-lactam unit and Pd(II)-center interact via the
hydroxy oxygen and the hydrogen of the C*~H bond. As one may
expect from these coordination motifs, isomer I4 is 8.0 kcal/mol
more favorable as compared to isomer IS (the Supporting Infor-
mation for more details), which ultimately leads to the ct-arylation
product. Alcoholates I4 and IS can interconvert through a small en-
ergy barrier, therefore, here, we calculate the regioselectivity control-
ling energy barriers (see TS3 and TS4) relative to the energetically
lowest k-O,0 isomer (i.e., I4). As shown in Figure 7, in TS3 and
T$4, the ‘proximal’ and ‘distal’ 8-C~C bonds are elongated to 2.01 A
and 1.98 A respectively, and the C—O bond is shortened to 1.31A in
both cases (among other geometry changes). Calculations show that
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Figure 7. Schematic representation of the free energy surfaces (en-
ergies are in kcal/mol), calculated Pd-alcoholate intermediates, regi-
oselectivity-determining transition states, and products of the ‘prox-
imal’ 3-C*-C? and ‘distal’ B-C'-C* bond cleavage step of o.-hydroxy-
B-lactam 2. Bond distances are in A. (see the Supporting Information
for full details).

the free energy barrier associated with TS3, leading to the ci-arylated
product, is 0.9 kcal/mol lower than that associated with TS4, which
is traversed en route to the carbonyl arylation product (i.e., 3aa). The
calculated free energy difference in the regioselective cross-coupling
(i.e,, 0.9 kcal/mol) is in good agreement with the experimentally ob-
served distribution of these products (9.8:1 of 3a:3as; Ratio
determined by 'H NMR integration using PhsCH as internal
standard).

Our analysis also reveals that the computed relative lower energy
of TS3 over TS4 could result from both (a) the weaker C*-C* bond
as compared to C'-C” ( estimated to be 27.7 and 38.0 kcal/mol, re-
spectively; see the Supporting Information for more details) for the
Pd-alcoholate intermediates, and (b) a smaller energy requirement
for the requisite geometrical deformations in TS3 as compared to
TS4. Distortion-interaction* calculations have identified the repul-
sions between the Pd-bound phenyl and isopropyl groups of the
RuPhos ligand as major factors that contribute to the geometry dis-
tortion of the catalyst in the calculated transition states (see the Sup-
porting Information for details).

Conclusion

In summary, we report a robust and broadly applicable strategy
that achieves the functionalization of piperidines and related satu-
rated nitrogen heterocycles through a visible-light mediated lactami-
zation followed by a C-C cleavage/cross-coupling protocol. Using
an HTE approach, we identified RuPhos as a uniquely effective lig-
and for ct-arylation, and also applied these conditions to achieve al-
kynylation and vinylation. Moreover, we have identified opportuni-
ties for B-arylation of the saturated azacycles, which can presumably
arise through p-hydride elimination/re-insertion of an ¢-palladated
intermediate. During the course of these studies, a transition metal
free ci-acylation was also discovered, demonstrating the unique re-
activity of c-hydroxy-p-lactams. Our preliminary studies have iden-
tified bases that effect the base-promoted rearrangement (Table 2)
as well as uncovered the role of electronics of the aryl ring of the f3-
lactam on these processes. On the basis of the proposed mechanistic
insights, a more extensive range of ligands will be explored to opti-
mize the distal cleavage/cross-coupling as well as to identify a gen-
eral method for B-functionalization. A full account of these studies
will be reported in due course.
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