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Abstract

An acetyl-protected aminoethyl amine (APAA) chiral ligand based on an ethylenediamine
backbone was developed to achieve Pd-catalyzed enantioselective C(sp3)—H arylation of
cyclopropanecarboxylic and 2-aminoisobutyric acids without using exogenous directing groups.
This new chiral catalyst affords new disconnection for preparing diverse chiral carboxylic acids
from simple starting materials that are complementary to the various ring forming approaches.
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Desymmetrization through C-H activation holds the potential to become a broadly useful

chiral technology due to the widespread presence of symmetric prochiral C(sp3)-H bonds in
the majority of organic molecules.! Pd(l1)-catalyzed enantioselective intermolecular C(sp3)—
H activation was recently made possible by a combination of weakly coordinating directing
group and chiral bidentate ligand.2=> This strategy was firstly demonstrated by the
development of A-perfluoroaryl amide-directed enantioselective C—H cross-coupling of a-
quaternary cyclopropanecarboxamides using mono--protected amino acids (MPAA) as the
chiral ligands.22 Recently, chiral bidentate quinoline ligands were developed to realize
enantioselective functionalization of methylene C(sp3)-H bond of acyclic A-perfluoroaryl
carboxamides to construct B-chiral centers,2¢ while bidentate oxazoline ligands enabled
enantioselective C(sp3)-H functionalization of gem-dimethyl of A-perfluoroaryl or methoxy
carboxamides for the construction of a-chiral centers.2d However, substrates in these
reactions require pre-installed directing groups which need to be removed after C-H
functionalization. Following the same notion of achieving protecting group free synthesis,5
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we embarked on the development of enantioselective C—H activation of carboxylic acids
without using exogenous directing groups.

Directed functionalization of C(sp3)—H bonds of carboxylic acids without installing external
directing group remains a significant challenge despite recent advances using pyridine/
quinoline and MPAA ligands.” These difficulties escalate in the development of
enantioselective C—H activation reactions. First, C(sp3)-H activation reactions of free
carboxylic acids suffer from low reactivity due to the weak directing ability of the carboxyl
groups. Second, the conformation of the metal-carboxylate complex is more flexible than
that of the metal-amide directing group complex, which could cause problems for
stereocontrol. Indeed, our previously developed bidentate acetyl-protected aminoethyl
quinoline ligand only had limited success with a single special substrate, phthalyl-protected
1-aminocyclopropanecarboxylic acid.2¢ Therefore, we set out to develop a new type of
ligands that could achieve more effective enantioselective control with free carboxylic acids.
Herein we report the development of ethylenediamine derived chiral ligand that enables
enantioselective C—H arylation of a broad range of cyclopropanecarboxylic acid, as well as
the 2-aminoisobutyric acid.

Development of asymmetric syntheses of chiral cyclopropane8 continues to attract attention
because of their prevalence in biologically active natural products and pharmaceuticals.® We,
therefore selected cyclopropanecarboxylic acid as a model substrate for our ligand
development. Notably, our previous enantioselective C—H coupling of
cyclopropanecarboxamides with Ar-Bpin requires the presence of a-quaternary carbon
centers (Scheme 1).22.10

Based on our previous chiral bidentate MPAA, quinoline, and oxazoline ligands, it is known
that the acetyl-protected amino group (NHAC) is a privileged moiety of chiral ligands for
promoting C—H cleavage.20:2¢.2d \We, therefore, decided to keep this motif intact while
replacing the carboxyl, quinoline, or oxazoline with other o-donor for chelation; Tertiary
amine was chosen as the other o-donor, because of its distinct stereochemical implication
compared with quinoline and oxazoline, as well as the more diffuse lone pair of sp3 nitrogen
than sp? nitrogen. Consequently, we synthesized a series of acetyl-protected aminoethyl
amine (APAA) ligands to achieve enantioselective C(sp®)-H functionalization of free
carboxylic acids (Table 1). First, various A-alkyl tertiary amine ligands were tested. Despite
moderate background reaction in the absence of ligands (Table 1), effective binding of the
ligands and possible ligand acceleration afforded significant enantioselectivity. Comparison
of the results from L1 to L4 indicates that steric hindrance on the tertiary amine reduces the
reactivity. For example, diisopropylamine ligand only provided 8% yield of the product with
almost no enantioselectivity. Cyclic amine ligand L5 and L6 are inferior in both reactivity
and enantioselectivity. Notably, replacing acetyl with other protecting groups led to a
complete loss of reactivity (L7-L10). Ligands with different side chains were also
examined. Among different substituents, benzyl group (L1) gave the best yield of 82% and
highest er of 97:3, while, isopropyl (L11), sec-butyl (L12) tert-butyl group (L13) and
isobutyl (L14) gave slightly lower yield and enantioselectivity. Surprisingly, phenyl group
substitution (L15) provided only 20% yield and low enantioselectivity. Less hindered
homobenzyl group (L16) also reduced the reactivity and selectivity. Hence, we focused on
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the modification of the benzyl group. Introducing substituent to the para and ortfo position
on the phenyl group, as well as replacing phenyl with the naphthalenyl group lowered the
yield (L17-L21). Finally, our previous three classes of chiral ligands all gave modest/poor
yields or enantioselectivity (L22-L23).

With the high-yielding and highly selective conditions in hand, we examined the scope of
aryl iodides (Table 2). Majority of the aryl iodides containing electron-withdrawing and
electron-donating group afforded desired products in good yields and high
enantioselectivities (up to 98:2 er). Aryl iodides bearing electron-withdrawing groups such
as para-methoxycarbonyl (3a), para-acetyl (3b), para-trifluoromethyl (3d), meta-
trifluoromethyl (3K) and ortho-methoxycarbonyl (3t) gave slightly higher yields than other
aryl iodides. However, aryl iodide with a nitro group (3c) enantioselectivity. Note that aryl
iodides containing bromo (3h), phosphonate (3j), and aldehyde (3m) afforded the desired
products in high yields and good enantioselectivity. In addition to substituted phenyl iodides,
heteroaryl iodides such as 2-acetyl-5-iodothiophene (3u) and 5-iodo-2-furaldehyde (3v)
could also be tolerated in this reaction, providing moderate yields and high er. The absolute
configuration of the arylated compound was confirmed by optical rotation (see supporting
information). The reaction using methyl iodobenzoate as the limiting reagent and a lower
loading of silver salt also afforded a higher yield and enantioselectivity (3a).

A wide range of a.-substituted cyclopropanecarboxylic acids are also tested using methyl
iodobenzoate as the coupling partner (Table 3). 1-Aryl-1-cyclopropanecarboxylic acids (5a—
d), which are an important motif in pharmaceutical chemistry,11 were arylated to give the
desired products in excellent yield and enantioselectivity. Interestingly, C(sp?)-H arylation
of the a-phenyl groups did not occur. Chloro (5b), bromo (5¢) and trifluoromethyl (5d)
substituents on the phenyl group of substrates were all well tolerated in this reaction. a-
Alkyl cyclopropanecarboxylic acids are also suitable substrates for this reaction. Arylation
of a-ethyl (5e), butyl (5f), and chloropentyl (5h) cyclopropanecarboxylic acids under 60 °C
afforded the mono-arylated products in good yields and er. Surprisingly, a-phenylpropyl
substitution reduced the yield to 58% (5g). Although a-Benzyl containing substrates (5i and
5j) decomposed under these conditions, replacement of Ag,CO3 with AgOAc provided
desired products in moderate yield and high enantioselectivity. Benzyl-protected 1-
hydroxymethyl (5k) and phthalyl-protected 1-aminomethyl cyclopropanecarboxylic acids
(51) provided good yield and excellent enantioselectivity. These g-hydroxyl and g-amino-
cyclopropanecarboxylic acid motifs are recurrent structures in bioactive molecules.12

The performance of this new chiral ligand was further evaluated in the desymmetrization of
geminal dimethyl groups for the enantioselective arylation of phthalyl-protected 2-
aminoisobutyric acids (Table 4). Such reaction could provide a simple avenue for the
synthesis of diverse chiral a-amino acids. While aryl iodides bearing different substituents
gave similar yields of products, the enantioselectivity varied. Electron-neutral group-
substituted aryl iodides gave good enantioselectivity, aryl iodides containing electron-
withdrawing groups (7a, 7b, and 7g) provided lower er. Since aryl iodides are not involved
in the enantio-determining C—H activation step, it is possible that one of the chiral
palladacycle intermediates from this particular substrate is less reactive in the oxidation
addition step with aryl iodide, thereby contributing to the enantioselectivity partially. A
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further extensive mechanistic study will be conducted to rationalize this observation. The
absolute configuration of the product was confirmed by X-ray crystallographic analysis (see
Supporting Information)

To further demonstrate the utility of this new methodology, a late-stage C—-H
functionalization of a promising drug candidate on neurological disorders, Itanapraced,!3
was performed. The reaction proceeded smoothly, and the modified molecule was obtained
in high yield and with excellent enantioselectivity (eq 1).

[ Pd{OAc), (10 mol¥)
Ligand (20 mel)
Ag,C05 (1.5 equiv)
MayCO4 (1.5 equiv)
CoyMe HFIP, 80 °C
2a
Manapraced 2.0 equiv 90% yiedd, 97:3 er

@

In summary, we have developed a new class of chiral acetyl-protected aminoethyl amine
ligands which enable the enantioselective C—H activation of free carboxylic acids without
using exogenous directing groups. Enantioselective C—H arylation of simple
cyclopropanecarboxylic acid and phthalyl-protected 2-aminoisobutyric acid provides a new
synthetic disconnection for asymmetric synthesis of diverse chiral carboxylic acids. The
successful design of this new ligand to match the weakly coordinating carboxylic acid for
stereocontrol offers a framework for understanding the chiral induction in C(sp3)-H
activation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Bidentate Ligands Developed for Enantioselective C(sp3)-H Functionalization of Carboxylic
Acids
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Table 1

Ligand Screening for Enantioselective Arylation of Cyclopropanecarboxylic Acid#?

Pd(OAc), (10 mol%)

MeO,C
Q ' Ligand (20 mol%) 2 0
H oMoy > S
N Co,Me A92C0s (1.5 equiv) 7" “OH

2.0 equiv Na,COj3 (1.5 equiv) V
1 2a HFIP, 80 °C 3a
NM /E ;NEtM NEt l NP lj
AcHN ®2 AcHN ®  AcHN 2 AcHN 2 AGHN N
L1 L2 L3 La Ls

82% yield, 97:3 er 77% yield, 95:5 er 40% yield, 87:13 er 8% yield, 56:44 er 55% yield, 83:17 er

/E ENM M /E ;NM /[ ENM
"D PivHN ®2  BzHN ®2 BocHN ®2 ChzHN ©2
L7

N
AcHN
L6 L8 L9 L10
15% yield, 88:12 er N.R. N.R. N.R. N.R.
Me
MeI'Vf Me e MES_Me
Me
NMe NMe
AcHN 2 AcHN 2 AGHN NMe ACHN/CNMez ey NMe,
L1 L12 L13 L14 L15

71% yield, 96:4 er 76% yield, 96:4 er  64% yield, 94:6 er  62% yield, 96:4 er 20% yield, 78:22 er

Ej 5} o ) UG
F Ph
NMe2
NMe, NMe NMe, AcHN
AcHN 2 2
AGHN NMe, Ac AcHN

AcHN

L16 L17 L18 L19 o lt
49% yield, 91:9 er  32%yield, 93:7 er  56% yield, 96:4 er  67% yield, 95:5er  92% yield, 91:9 er

S
O Me Me Et
O Me B AcHN Bu No Ligand
OH S
AcHN AcHN  N~"_-Ph
o}

NM92

AcHN

Bu
51% yield, 95:5 er  45% yield, 84:16 er 44% yield, 89:11 er 61% yield, 52:48 er

L21 L22 L23 L24 30% yield

aConditions: 1 (0.2 mmol), 2a (2.0 equiv), Pd(OAc)2 (10 mol%), ligand (20 mol%), Ag2CO3 (1.5 equiv), NapCO3 (1.5 equiv), HFIP (0.25 mL),
80 °C, air, 16 h.

blH NMR yields, using CH2Br2 as an internal standard.
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Table 2

The Scope of Aryl lodides for Enantioselective Arylation of Cyclopropanecarboxylic Acid®?

Pd(OAc), (10 mol%)

H., u\ + Ar—I

v
2.0 equiv

1 2

L1 (20 mol%) O
' Ar., u\
Ag,COj (1.5 equiv) Av4 OH
Na,CO3 (1.5 equiv)
HFIP, 80 °C 3

MeOzC\© o MeOC
e
A, :

\Y4

3a 3b
80% yield, 97:3 er
(85% yield, 96:4 er)©

NC F.
QA O

3e 3f
53% yield, 96:4 erd 73% yield, 96:4 er

e
3i 3j
73% yield, 98:2 er 74% yield, 96:4 er

2 5 2
G g oor

v OH F4C

3m 3n
70% yield, 93:7 er? 84% yield, 96:4 er

O SN
T RS S

3q 3r
71% yield, 97:3 er 70% yield, 97:3 er

(@) 7 ) (@] 3u€
S VU\OH 65% yield

95:5 er

83% yield, 96:4 er

]
A,

O  (Et0),0P 0
i o /\© I
o OH '...v“o

0L DL R

\Y4

53% yield, 90:10 er

Cl \© o Br\© o
S Ao

3g 3h
70% yield, 96:4 er 81% yield, 94:6 er

iR
OH 3’;-.V»‘U\OH MeO,C """ “OH

\Y
3l

75% yield, 97:3 er 76% yield, 96:4 er

Q. k. QDR
F v OH ClI v OH

3o 3p
79% yield, 97:3 er 80% vyield, 96:4 er

AR i
u,'. o o H "'.. o O H
\V4 Y

3s 3t
70% yield, 95:5 er 84% yield, 98:2 er

86% yield, 97:3 er

o0~ . "“”\OH 67% yield
H v 96:4 er

aConditions 1 (0.2 mmol), 2 (2.0 equiv), Pd(OACc)2 (10 mol%), L1 (20 mol%), Ag2CO3 (1.5 equiv), NapCO3 (1.5 equiv), HFIP (0.25 mL), 80 °C,

air, 16 h.

blsolated yields.
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cConditions 2a (0.2 mmol), 1 (2.0 equiv), Pd(OAC)2 (10 mol%), L1 (20 mol%), Ag2CO3 (1.0 equiv), Na2CO3 (1.5 equiv), HFIP (0.25 mL),
80 °C, air, 16 h.

dUsing AgOAC (3.0 equiv) instead of Ag2CO3 (1.5 equiv), NaHCO3 (1.5 equiv) instead of Na2CO3 (1.5 equiv).

eUsing 2 (1.5 equiv).
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Table 3

Enantioselective Arylation of Substituted Cyclopropanecarboxylic Acid#?

Pd(OAc), (10 mol%)

MeO,C
j) l L1 (20 mol%) 2 0
T G > AL
V\R CO,Me Ag,CO;3 (1.5 equiv)

v\ OH
2.0 equiv Na,COj3 (1.5 equiv) R
4 2a HFIP, 80 °C 5
MeO,C MeOZC o MeOZC MeOzC
E ] ‘JL “j j\ ‘JJ\
5a
6% yield, 98:2 er 80% y'e'd' RN er 90% yleld, 98:2 er 85% yleld, 99:1 er

M802C M902C o
MeO,C MeO,C
: o R R 0
", “u\ ) ) \ OH ‘a,, ‘\IL
% o OH N o OH
; 1 ; (1’5

Me Cl
5e 5f Me 5g Ph 5h
71% yield, 95:5 er® 76% vyield, 95:5 er® 58% vyield, 96:4 er® 80% vyield, 96:4 er®

MeO,C o MeO,C o MeO,C MeOZC o
g A i34 <
S S JL I,

Ph 4-FCgHy OBn NPhth
5i 5j 5k 51

63% yield, 96:4 erd 64% yield, 96:4 erd 65% vyield, 96:4 er 71% yield, 98:2 er

aConditions 4 (0.2 mmol), 2a (2.0 equiv), Pd(OAc)2 (10 mol%), L1 (20 mol%), Ag2CO3 (1.5 equiv), Na2CO3 (1.5 equiv), HFIP (0.25 mL),
80 °C, air, 16 h.

blsolated yields.
%0 °c.

dUsing AgOAC (3.0 equiv) instead of Ag2CO3 (1.5 equiv), NaHCO3 (1.5 equiv) instead of Na2CO3 (1.5 equiv), 60 °C.
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Enantioselective Arylation of 2-aminoisobutyric Acid®?

Page 11

O
Me

HT N OH +
NPhth

Ar—I|

Pd(OACc), (10 mol%)

1 (20 mol%)

2.5 equiv
2

AgOAc (3.0 equiv)
NaHCO;3 (1.5 equiv)
HFIP, 80 °C

Ar

OH
NPhth

O] O] O] O
Me Me Me Me
NPhth NPhth NPhth NPhth
MeO,C FsC F cl

7a
65% yield, 86 :14 er

67% yield, 87:13 erC

60% y|eId 89 11 er

60% yleld 91: 9 er®

Me MeOzC e-.
OH
NPhth NPhth NPhth NPhth

7e
65% yield, 92:8 er®

65% yleld, 93:7 er®

67% yleld, 86:14 er

65% yleld, 92:8 er®

aConditions: 1 (0.1 mmol), 7 (2.5 equiv), Pd(OAc)2 (10 mol%), L1 (20 mol%), AgOAc (3.0 equiv), NaHCO3 (1.5 equiv), HFIP, 80 °C, air, 24 h.

blsolated yields.

c .
Isolated as the corresponding methyl ester.
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