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Abstract: The development of C(sp’)—H functionaliza-
tion reactions that use common protecting groups and
practical oxidants remains a significant challenge. Here-
in we report a monoprotected aminoethyl thioether
(MPAThio) ligand-enabled B-C(sp*)—H lactamization of
tosyl-protected aliphatic amides using tert-butyl hydro-
gen peroxide (TBHP) as the sole oxidant. This protocol
features exceedingly mild reaction conditions, reliable
scalability, and the use of practical oxidants and
protecting groups. Further derivatization of the B-lactam
products enables the synthesis of a range of biologically
important motifs including B-amino acids, y-amino
alcohols, and azetidines. /

Since the discovery of penicillin by Fleming in 1928, -
lactams have featured widely among different classes of
antibiotics. Although classic p-lactam antibiotics consist of
bicyclic rings, monocyclic B-lactam variants, known as
monobactams, have shown promising biological activity
(Scheme 1A).") Among methods to synthesize B-lactams,”
B-C(sp®)—H lactamization of amides provides a new route to
access B-lactams from ubiquitous and inexpensive aliphatic
carboxylic acids (Scheme 1B).**! The first example of B-
lactamization of aliphatic amides was reported by the Shi
group in 2013, using the bidentate 2-(pyridine-yl)isopropyl
(PIP) amine as a directing group (DG).*/ Further studies on
B-lactamization were focused on the use of various DGs >
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Scheme 1. B-C(sp®)—H lactamization of aliphatic amides.

and first-row transition metals.”! These protocols typically
employed quinoline(pyridine)-amide based bidentate DGs
to promote cyclometalation and subsequent C—N reductive
elimination. To accommodate ligand acceleration, especially
enantiocontrol by bidentate ligands, we have focused on the
use of simple monodentate functional groups or common
protecting groups” to direct C—H lactamization. Despite
recent success in ligand-enabled B-lactonization,®™ analo-
gous transformations using simple monodentate amides
have not been developed thus far. Additionally, previously
reported p-lactamization methodologies using bidentate
DGs pose practical limitations such as the use of silver
saltst™>><l and harsh conditions (microwave irradiation**!
or temperatures as high as 160 °Cl"3),

The past two decades have witnessed dramatic develop-
ments in new carbon-carbon and carbon-heteroatom bond-
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forming strategies using Pd"/Pd" catalysis.”) The inherent
ability of Pd" to incorporate up to six ligands for partic-
ipation in the reductive elimination has led to diverse
transformations that are impossible using conventional Pd"
chemistry. Our group is particularly interested in using the
bystanding oxidant strategy in Pd"/Pd" chemistry to
promote the otherwise difficult reductive elimination step
required for the synthesis of small heterocycles."! Recently,
we reported an unprecedented B-C(sp’)—H lactonization of
free carboxylic acids.®™ The use of fert-butyl hydrogen
peroxide (TBHP) as a bystanding oxidant and a B-amino
acid ligand is crucial to promote the selective reductive
elimination to yield highly strained B-lactones. However,
despite their potential utility as targeted covalent inhibitors,
B-lactones are less stable both in solution at pH 7 and in
serum, compared with their homologous p-lactams.!'”!
Although we have recently developed a ligand enabled y-
C(sp*)—H lactamization of amino acid derived native amides
using TBHP as the terminal oxidant,®™ this ligand was not
reactive for p-C—H lactamization. Thus, we embarked on
the development of a ligand to p-lactamization from
abundant aliphatic carboxylic acid derived amides using a
practical oxidant.!"!

Herein, we report a PB-C(sp®)-H lactamization of
aliphatic amides using common sulfonyl-based protecting
groups (Ts, Mbs, Ns, Cs, SES, and Ms) (Scheme 1C). Using
a monoprotected aminoethyl thioether (MPAThio) ligand
proved crucial to the success of this reaction. Moreover, the
use of the inexpensive oxidant TBHP (70 % in water, $5/
mol) renders this reaction both practical and scalable.
Compared to other C—H activation protocols, this reaction
protocol features exceedingly mild conditions, reliable
scalability, the use of practical oxidants and protecting
groups, and exclusive monoselectivity. Further derivatiza-
tion of B-lactam products enables the synthesis of a range of
biologically important motifs including B-amino acids, y-
amino alcohols, and azetidines.

Following our recent disclosure of the B-C(sp’)-H
lactonization of free carboxylic acids using TBHP,* we
initiated our investigation of B-lactamization by selecting
tosyl (Ts)-protected aliphatic amide 1a as a model substrate,
because acyl sulfonamides are commonly employed as
carboxylic acid bioisosteres based on their similar pK, values
(5-6)."7 Under the optimal conditions of the aforemen-
tioned P-lactonization reaction using Ligand L10, we were
delighted to observe a 20% 'H NMR (nuclear magnetic
resonance) yield of the desired B-lactam product 2a with a
considerable amount of the ring opened product mediated
by reaction with the solvent hexafluoroisopropanol (HFIP)
and oxidative side products (see Table S1 and Scheme S1A).
Further investigation of the reaction conditions revealed
that the byproduct could be significantly reduced using
0.1 equiv Cs,CO; and the less acidic solvent 2,22-trifluor-
oethanol (TFE).'! In light of recent advances in ligand-
accelerated Pd"-catalyzed C—H activation, we next searched
for ligands that could substantially improve the reactivity of
the catalyst (Table 1).'") Guided by pyridine ligand-enabled
C(sp®)-H activation reactions using monodentate amide
directing groups, we tested the range of pyridine ligands L1-
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Table 1: Ligand investigation for the 3-C(sp*)—H lactamization.
o Pd(CH3CN),Cl, (10 mol%)
ligand (L) (10 mol%)

Me o
Me:
Cs,CO3 (0.1 equiv) N

H TBHP (70% in water) (2.0 equiv) Ts
1a TFE, 60 °C,12h 2a

Me
4
B B Bu B
w/o ligand(L) | P P P
Me” "N” "Me N” ~O'Bu N” 0" "Me
0% L1, 0% L2, 0% L3, 0%
Me
FaC o 02N CO,H CO,H
| . | _ Me
N” "OH N~ "OH NHAc NHAc
L4, 20% L5, 21% L6, 39% L7, 44%
Me
o Moy ~coH ('\cozH ; “CoH
NHAc NHAc NHAc NHAc
L8, 26% L9, 32% L10, 21% L11,21%
X
) Me OO\ M Me o7\ pPh
N S S,
Me N Me)\/kN PR N NMe,
AcHN™ "Ph NHAc NHAc NHAc
L12, 40% L13, 39% L14, 26% L15, 9%
Q QO x0 Q
(\S MeY\S (ks |/\§
NHAc NHAc NHAc AcHN O
L16, 74% (75%°) (73%%)  L17, 46% L18, 54% L19, 0%

[a] Conditions: Ta (0.1 mmol), Pd(CH,CN),Cl, (10 mol%), ligand (L)
(10 mol%), Cs,CO; (0.1 equiv), TBHP (70% in water) (2.0 equiv), TFE,
60°C, 12 h. [b] The yields were determined by '"H NMR analysis of the
crude product using CH,Br, as the internal standard. [c] Isolated yield.
[d] The reaction was run on a 4.0 mmol scale (1.08 g).

L5 developed in our laboratory."” While B-lactam product
2a was observed with 2-pyridone ligands L4 and LS that
previously promoted y-lactamization of native amides,”
yields were unsatisfactory (20 % and 21 %, respectively). In
our previous publication, we employed a bidentate amino
acid directing group with 2-pyridone ligand to achieve y-
C—H lactamization.®™ Under the current reaction condi-
tions, the y-C(sp’)-H bonds are not activated as six-
membered cyclopalladation is much less favored. However,
B-C—H lactamization can be challenging due to the difficulty
in the reductive elimination step forming strained four-
membered ring. Bearing in mind the difficulties inherent to
C(sp’)-H activation reactions directed by weakly coordinat-
ing monodentate amides and the sluggish reductive elimi-
nation of strained four-membered rings from Pd"Y, we
envisioned that bidentate ligands which were successful for
previously reported weakly coordinating directing groups
might merit further investigation, because their bidentate
character might favor reductive elimination.'**' As such, a
series of MPAA ligands that had enabled the B-lactonization
of free carboxylic acids (L6-L11, with L10 being the optimal
ligand from the reported B-lactonization) were evaluated,
with the Ac-Val-OH (L7) ligand improving the yield to
44 % .11 The bidentate ligands L12-L16 that had facilitated
other C(sp®)—H activations directed by weakly coordinating
groups were also investigated.'® To our delight, the
MPAThio ligand developed for the C(sp*)—H olefination!'”
and carbonylation!'™ of free carboxylic acids and C(sp*)-H
functionalization of free cyclopropylmethylamines!'’ signifi-

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



GDCh
=

cantly improved the yield to 74 % (75 % isolated yield). The
scalability of our method has been demonstrated by a gram-
scale B-lactamization of 1a (4.0 mmol, 1.08 g) with 73%
isolated yield. Further modifications to the backbone of the
MPAThio ligand (L17 and L18) led to no improvement.
Control experiments showed that no reaction occurred
under ligandless conditions, indicating the importance of the
MPAThio ligand for the observed reactivity. Although the
MPAThio ligand L16 is completely oxidized to the corre-
sponding sulfoxide L19 after the reaction, we believe that
the actual catalytic species in the B-lactamization reaction is
still a PA/MPAThio species based on the following observa-
tions: 1) a '"H NMR study showed that the MPAThio ligand
L16 could be detected in the first 6 hours; 2) thioether
ligands have shown unique reactivity in our previous C—H
activation reactions,'™ mostly likely due to electronic effect
required for reductive elimination step. While this hypoth-
esis remains to be elucidated, our control experiment
showed clearly the importance of Pd" coordination with the
sulfur as the oxidized sulfoxide ligand L19 did not show any
reactivity (Table 1).

With the optimal ligand and reaction conditions in hand,
we next evaluated the scope of aliphatic amides (Table 2).

Table 2: Substrate scope of the -C(sp®)—H lactamization.*"!

Communications
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[a] Conditions: 1 (0.1 mmol), Pd(CH,;CN),Cl, (10 mol%), L16

(10 mol%), Cs,CO; (0.1 equiv), TBHP (70% in water) (2.0 equiv), TFE,
60°C, 12 h. [b] Isolated yields.
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Different sulfonyl-based protecting groups, including tosyl
(Ts) (2a), 4-methoxybenzenesulfonyl (Mbs) (2b), 4-Nitro-
benzenesulfonyl (4-Ns) (2c¢), 4-cyanobenzenesulfonyl (4-Cs)
(2d), 2-trimethylsilylethanesulfonyl (SES) (2e), and mesyl
(Ms) (2f) groups were compatible with the optimized
protocol, affording the corresponding pB-lactams in moderate
to good yields (52-75%)."! Aliphatic amides containing o-
gem-dimethyl groups with various aliphatic chains (1g-1r)
were all well tolerated, providing B-lactams 2g-2p in yields
ranging from modest to good (40-81%) with exclusive
mono-selectivity. Alkyl amides containing a single a-methyl
group (1s-1z) consistently afforded good yields (up to
92 %), without formation of y- or §-lactams in the presence
of potentially reactive primary y- or 8-C—H bonds. Phenyl
groups (2j—20, 2u, and 2v) were compatible with the TBHP
system, and remained intact despite the potentially reactive
aryl or benzylic C—H bonds. A range of functionalities such
as fluoro (2w), chloro (2m and 2p), phenolic ether (2q and
2r), ester (21) and methoxy (2x) was well tolerated, with the
ester and chloro moieties serving as useful synthetic handles
for subsequent derivatization. The aliphatic amide 1q
derived from gemfibrozil, an oral drug used to lower lipid
levels, was converted to the corresponding fB-lactam 2q in
good yield (77 %)." The spiro B-lactam 2z could also be
accessed in a synthetically useful 52 % yield. For substrates
that have low reactivity, majority of the starting materials
were recovered. Side products included the ring-opening
amino esters or oxidative products, similar to what we
observed using ligand L10 (see Scheme S1A). Substrates
that bear an a-hydrogen afforded p-amino ester products
(e.g. 2ae’) using slightly different conditions (see Sche-
me S1B). It is well-known that less hindered B-lactam can be
readily opened by alcohols.” Methylene C—H bonds in
substrate 1al were not reactive under these conditions.

From a practical standpoint, this reaction has several key
advantages over other C—H activation protocols: 1) use of
the inexpensive oxidant TBHP as the sole oxidant; 2) toler-
rance of both air and moisture; 3) ability to be reliably
scaled up. Considering the sluggish reductive elimination of
primary C—H bonds, our protocol offers a complementary
approach to the synthesis of f-unsubstituted p-lactams which
are generally inaccessible in p-lactamizations using DGs."

To demonstrate the synthetic applications, the B-lactam
products 2a and 2e were successfully transformed into three
structurally distinct synthons (Scheme 2): 1) opening of B-
lactam ring of 2a using NaOMe afforded the biologically
important f-amino ester 3a in 95 % yield, providing a formal
synthesis of the f-amidated product in two steps from the
parent acid;*! 2) reduction of B-lactam 2a in the presence of
LAH gave the y-amino alcohol 3b in 97 % yield; 3)a
subsequent Mitsunobu reaction of 3b resulted in the
azetidine product 3¢ in 79 % yield over two steps from 2a.
Finally, deprotection of B-lactam 2e using TBAF in THF
gave 3d in a synthetically useful yield (40 %).

In summary, we have realized a f-lactamization of
aliphatic amides enabled by a Pd" catalyst bearing a
MPAThio ligand. The use of inexpensive TBHP as the sole
oxidant and sulfonyl-based common protecting groups
renders this reaction highly practical and potentially ame-
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Scheme 2. Synthetic applications. Conditions: a) 2a (0.1 mmol),
NaOMe (0.5 M in MeOH, 2.0 equiv), MeOH (0.5 mL), rt, overnight.
b) 2a (0.1 mmol), LAH (1.0 M in THF, 2.0 equiv), THF (1.0 mL), 0°C,
1 h.c)3b (0.1 mmol), PPh; (1.5 equiv), DEAD (1.5 equiv), THF

(1.0 mL), rt, overnight. d) 2e (0.1 mmol), TBAF (1.0 M in THF,

1.0 equiv), THF (1.0 mL), 0°C, 1 h.

nable to large-scale manufacturing. Derivatizations of f-
lactam products enable syntheses of a range of biologically
important scaffolds such as B-amino acid, y-amino alcohol,
and azetidine.
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