
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 2

/8
/2

02
6 

6:
29

:3
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Synthesis of chir
aDepartment of Chemistry, The Scripps Rese

Road, La Jolla, California 92037, USA. E-ma
bSmall Molecule Drug Discovery, Bristo

Development, Cambridge, Massachusetts 02

† Electronic supplementary informa
https://doi.org/10.1039/d4sc05378h

‡ These authors contributed equally to th

Cite this: Chem. Sci., 2024, 15, 17092

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 11th August 2024
Accepted 16th September 2024

DOI: 10.1039/d4sc05378h

rsc.li/chemical-science

17092 | Chem. Sci., 2024, 15, 17092–
al a-amino acids via Pd(II)-
catalyzed enantioselective C–H arylation of a-
aminoisobutyric acid†

Zi-Yu Zhang,‡a Tao Zhang, ‡a Yuxin Ouyang,a Peng Lu,a Jennifer X. Qiaob

and Jin-Quan Yu *a

Non-natural chiral a,a-disubstituted a-amino acids (a,a-AAs) constitute an attractive a-aminoisobutyric

acid (Aib) replacement for improving bioavailability of linear peptides as therapeutics due to the ability of

these amino acids to induce the peptides to form helical structures. Enantioselective b-C(sp3)–H

arylation of Aib could potentially provide a versatile one-step strategy for accessing diverse a,a-AAs, but

the installation and removal of external directing groups was found in our previously reported work to

reduce the efficiency of this approach. Herein we report a Pd(II)-catalyzed enantioselective C–H

arylation of N-phthalyl-protected Aib enabled by a N-2,6-difluorobenzoyl aminoethyl phenyl thioether

(MPAThio) ligand, affording a,a-AAs with up to 72% yield and 98% ee. Use of this newly developed chiral

catalyst has also significantly improved enantioselective C(sp3)–H arylation of cyclopropanecarboxylic

acids by expanding the substrate scope to heterocyclic coupling partners and increasing

enantioselectivity to 99% ee.
Introduction

Non-natural chiral a,a-disubstituted a-amino acids (a,a-AAs)
are crucial building blocks in biochemistry and medicinal
chemistry1 (Scheme 1A) for the assembly of peptides and
proteins with restrictive conformational exibility and high
metabolic resistance.2 This unique property of a,a-AAs has been
applied to the development of enzyme inhibitors and bioactive
molecules that have received the extensive attention of industry
and academia.3 In the area of asymmetric catalysis, various
methods have been developed for the construction of chiral a,a-
AAs, among which the classical Strecker reaction,4 Mannich
reaction,5 alkylation of amino acids,6 and a-amination of
carboxylic acids are the most signicant developments.7,8 From
the viewpoint of expanding chemical space in drug discovery
through high-throughput synthesis, we envision that a wide
range of chiral a,a-AAs can be obtained by carrying out various
examples of a one-step enantioselective b-C–H functionalization
of a single readily available a-aminoisobutyric acid (Aib), fol-
lowed by functionalization of the remaining methyl group
(Scheme 1B).
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Carboxylic acids constitute one of the most abundant classes
of substrates in organic synthesis.9 The recently developed
ligand-enabled b- and g-C–H activation reactions of free acids
have provided new avenues for harnessing the synthetic utility
of aliphatic acids.10 We have envisioned that the enantiose-
lective b-C(sp3)–H functionalization of Aib could serve as
a versatile platform for the diversity-oriented synthesis of chiral
a,a-AAs.11 In 2017, we reported on enantioselective arylation of
N-phthalyl-protected Aib to access a series of chiral a,a-AAs with
N-methoxy amide as the directing group in up to 96% ee
(Scheme 2A).12 However, the reaction necessitates the installa-
tion and removal of a directing group that enhances the coor-
dination with Pd to facilitate C(sp3)–H cleavage. These
additional two steps make the application of this method in
high-throughput synthesis of chiral amino acids less attractive.
Scheme 1 Construction of a sequential C–H activation platform for
a,a-AAs.
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Scheme 2 Pd(II)-catalyzed enantioselective arylation of Aib.
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In our previous efforts, enantioselective arylation of the C(sp3)–
H of N-phthalyl-protected Aib with various chiral ligands only
yielded chiral a,a-AAs withmoderate enantioselectivity (72–86%
ee). Furthermore, the success of the reaction was found to be
heavily contingent on the structure of the aryl iodide, resulting
in limited functional group compatibility.13 Herein, we report
a signicantly improved Pd(II)-catalyzed enantioselective b-C–H
arylation of N-phthalyl-protected Aib, affording a wide range of
chiral a,a-AAs. Also, the method could provide an effective way
to prepare a,a-disubstituted cyclopropyl a-amino acids with two
chiral centers (Scheme 2B). The development of a chiral N-2,6-
diuorobenzoyl aminoethyl phenyl thioether (MPAThio) ligand
was crucial for this enantioselective transformation.
Results and discussion

We commenced our investigations with the commercially
available N-phthalyl-protected Aib (1a) as the main substrate
and methyl 4-iodobenzoate (2a) as the coupling partner for
Table 1 Investigation of ligands for enantioselective arylation of Aiba

a Conditions: 1a (0.1 mmol), 2a (0.2 mmol), Pd(OAc)2 (10 mol%), ligand
(12 mol%), Ag2CO3 (2.0 equiv.), NaHCO3 (0.5 equiv.) in HFIP (0.5 mL)
70 °C, 24 h. Yields were determined from the results of 1H NMR
spectroscopy using CH2Br2 as the internal standard. b Isolated yield.

© 2024 The Author(s). Published by the Royal Society of Chemistry
optimization studies (Table 1). No desirable products were
observed in the absence of ligand, demonstrating ligand
development to be essential for this reaction. The chiral
bidentate N-acetyl aminoethyl amine (MPAAM) ligand (L1) and
amino acid (MPAA) ligand (L2) developed for the enantiose-
lective arylation of cyclopropanecarboxylic acid were found to
be active for this transformation, with 20–47% yields and
moderate enantioselectivities (52–72% ee). Other chiral ligands
such as the N-acetyl amino quinoline (MPAQ) (L3), amino O-
methylhydroxamic acid (MPAA) (L4) and amino oxazoline
(MPAO) (L5) did not provide any products. To our delight, when
we employed another chiral bidentate ligand, namely N-acetyl
aminoethyl phenyl thioether (MPAThio) (L6), initially developed
for the enantioselective g-C(sp3)–H functionalization of cyclo-
propylmethylamines,14 the desired arylation product 3a was
obtained in 56% yield with 80% ee. The ligand with a benzyl
substituent on the side chain (L7) provided good stereo-
selectivity but a lower yield (32%). Surprisingly, replacing the
acetyl group with an N-Boc protected group (L8) resulted in
a complete loss of reactivity, showing the critical function of the
acetyl group. L9 and L10 showed inefficient performances,
which could be attributed to ortho-C–H activation of the benzoyl
group of the ligands as previously observed with MPAA
ligands.15 The N-2,6-diuorobenzoyl aminoethyl phenyl thio-
ether (L11) with two ortho-positions blocked by uorine atoms
was found to be the optimal ligand, affording the desired
product in 71% yield and 91% ee. The replacement of the iso-
propyl group on the side chain with other groups decreased the
reactivity and enantioselectivity (L12 and L13), illustrating the
inuence of the steric environment.

With the optimized conditions in hand, we proceeded to
survey the scope of aryl iodides using N-phthalyl-protected Aib
(1a) as the main substrate (Table 2). Under the standard
conditions, use of the simple iodobenzene (2b) resulted in
a 64% yield with 88% ee. The aryl iodides bearing electron-
donating substituents (2c–g) or electron-withdrawing CF3 (2h)
and halide substituents at the para position (2i–k) provided the
arylated products in 48–74% yields with 86–98% ee. Notably,
the arylation product 3k was previously shown to be a key
intermediate for the synthesis of BIRT-377, a potent LFA-1
inhibitor for the treatment of inammatory and immune
disorders.16 Other para-substituents including NO2 (2l), COMe
(2m) and COPh (2n) were also compatible, affording 62–65%
yields with 88–93% ee. The reactions with meta-substituted aryl
iodides proceeded smoothly to give the arylated products (3o–u)
with 56–68% yields and 87–92% ee. The 3,5-disubstituted aryl
iodide produced the corresponding product (3v) in 63% yield
with 92% ee. While heteroaryl iodides are oen less effective,17

the thioether ligand as a donor can enhance the Pd(II)/Pd(IV)
oxidative addition process, thereby improving the reactivity,14a

also, 2-substituted iodopyridine gave excellent enantiose-
lectivity (3w–3y) (up to 98% ee) under the optimal reaction
conditions.

Although our group previously reported stereoselective
C(sp3)–H arylation of cyclopropanecarboxylic acids enabled by
chiral MPAAM ligands, heterocyclic coupling partners and a-
amino-substituted cyclopropanecarboxylic acid are largely
Chem. Sci., 2024, 15, 17092–17096 | 17093
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Table 2 Scope of the enantioselective arylation of Aiba

a Conditions: carboxylic acid 1 (0.1 mmol), 2 (0.2 mmol), Pd(OAc)2 (10 mol%), L11 (12 mol%), Ag2CO3 (2.0 equiv.), NaHCO3 (0.5 equiv.) in HFIP (0.5
mL), 70 °C, 24 h. Isolated yields. The ee values were determined from the results of SFC analysis on a chiral stationary phase. b Isolated as the
corresponding methyl ester.
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incompatible.18 Since such incompatibility has substantially
restricted applications in drug discovery, we decided to re-
evaluate the enantioselective heteroarylation of cyclo-
propanecarboxylic acids with our newly developed MPAThio
ligands (Table 3). The arylation of 4a with 2a afforded the
Table 3 Scope of the enantioselective (hetero)arylation of cyclopropan

a Conditions: carboxylic acid 4 (0.1 mmol), 2 (0.2 mmol), Pd(OAc)2 (10 mol
mL), 80 °C, 24 h. Isolated yields. The ee values were determined from th
corresponding methyl ester. ‡ K2CO3 (1.0 equiv.) was used and the reactio

17094 | Chem. Sci., 2024, 15, 17092–17096
coupling product in 47% yield and 95% ee. The para- or meta-
substituted aryl iodides and even heteroaryl iodide were found
to be compatible, providing the arylated products (5a–d) with
moderate yields and excellent ee. The heteroarylation of a-H-
substituted cyclopropanecarboxylic acids with 5-iodo-2-
ecarboxylic acidsa

%), L11 (12 mol%), Ag2CO3 (2.0 equiv.), NaHCO3 (1.5 equiv.) in HFIP (1.0
e results of SFC analysis on a chiral stationary phase. † Isolated as the
n was carried out a temperature of 100 °C.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Practical applications
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(triuoromethyl)pyridine provided the desired chiral product
(5e) in 68% yield and 98% ee under the optimized conditions.
The position of the iodo substituent on the pyridine was found
to impact the reactivity and enantioselectivity. In general, the
iodo substituent at the C3 position gave higher ee than it did at
the C2 and C4 positions (5f–g). Pyridines bearing uoro, chloro
and bromo groups at the C2 position were all found to be
compatible, affording excellent enantioselectivity levels (5h, 5i)
(97 and 98% ee). The a-phenyl-substituted cyclo-
propanecarboxylic acid also reacted successfully, providing
amoderate product yield (5k) (62%) with high enantioselectivity
(97% ee). Although the desired arylated product was obtained
for the a-amino-substituted cyclobutanecarboxylic acid (4l), the
yield (24%) and ee (48%) were signicantly reduced.

The enantioselective b-C–H arylation of Aib followed by
sequential C–H arylation of the remaining methyl group could
lead to a diverse range of chiral a,a-AAs. The diarylation product
of 6 was obtained with 65% yield using the MPAA ligand (Table
4A). We also applied this enantioselective arylation reaction to
the syntheses of drug molecules. As a therapeutic agent for
hypertension, metyrosine has been employed to alleviate blood
pressure elevation in individuals afflicted with adrenal
tumors.19 In the current work, the synthesis of metyrosine was
achieved through a two-step process from 3d, with this process
involving demethylation utilizing BBr3 in anhydrous dichloro-
methane followed by acidic hydrolysis to remove the N-phtha-
limide group (68% in two steps) (Table 4B). The methyl ester of
3k was also successfully deprotected to give chiral amino acid 9,
a key intermediate for the synthesis of BIRT-377 (Table 4C).16

Given the importance and common use of Boc-protected amino
acids in peptide chemistry, we set out to synthesize the Boc-
© 2024 The Author(s). Published by the Royal Society of Chemistry
protected a,a-AAs (10) using free amine (9) under mild condi-
tions, and did so successfully (Table 4D).

Conclusions

In summary, we have developed Pd(II)-catalyzed enantiose-
lective b-C–H arylation of N-phthalyl-protected Aib using the
newly developed N-2,6-diuorobenzoyl aminoethyl phenyl thi-
oether (MPAThio) ligand L11. Various aryl iodides and C2-
substituted pyridyl iodides were tolerated, affording chiral
non-natural a,a-AAs in 44–74% yields with 86–98% ee. The N-
phthalyl group of the product can be removed under mild
conditions for synthetic applications as demonstrated in the
synthesis of metyrosine. Notably, use of this newly developed
chiral MPAThio ligand has also substantially improved the
scope and enantioselectivity of b-C(sp3)–H arylation of cyclo-
propanecarboxylic acids.
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All the data have been presented in the manuscript and ESI.†

Author contributions

Z.-Y. Z. and T. Z. discovered and developed the reactions. Y. O.
and P. L. performed a portion of the synthetic experiments. J. X.
Q. participated in substrate scope surveys and discussions. J.-Q.
Y. directed the project. Z.-Y. Z. and T. Z. wrote the ESI.†

Conflicts of interest

The authors declare no competing nancial interests.
Chem. Sci., 2024, 15, 17092–17096 | 17095

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc05378h


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 2

/8
/2

02
6 

6:
29

:3
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Acknowledgements

We gratefully acknowledge The Scripps Research Institute, the
NIH (NIGMS R01 GM084019) and Bristol Myers Squibb. We
thank Dr Jason Chen, Brittany Sanchez, and Quynh Nguyen
Wong of the TSRI Automated Synthesis Facility for assistance
with HRMS and Prep HPLC.

References

1 (a) K. H. Hsieh and G. R. Marsall, J. Med. Chem., 1986, 29,
1968–1971; (b) B. Bellier, I. McCort-Tranchepain, B. Ducos,
S. Danascimento, H. Meudal, F. Noble, C. Garbay and
B. P. Roques, J. Med. Chem., 1997, 40, 3947–3956.

2 (a) A. W. Burgess and S. J. Leach, Biopolymers, 1973, 12, 2599–
2605; (b) I. L. Karle, R. Kaul, R. B. Rao, S. Raghothama and
P. Balaram, J. Am. Chem. Soc., 1997, 119, 12048–12054; (c)
C. Toniolo, M. Crisma, F. Formaggio, G. Valle,
G. Cavicchioni, G. Precigoux, A. Aubry and J. Kamphuis,
Biopolymers, 1993, 33, 1061–1072; (d) C. E. Schafmeister,
J. Po and G. L. Verdine, J. Am. Chem. Soc., 2000, 122, 5891–
5892.
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