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2. C-H Bonds Directed by a U-Shaped Template.
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Ligand-Controlled C(sp3)-H Arylation and Olefination in Synthesis of
Unnatural Chiral a-Amino Acids

Method for synthesizing chiral B—Ar—B—Ar'—a—amino acids

(Asymmetric hydrogenation)
NPG Asymmetric NPG _ . NPG
A H hydrogenation AL Suzuki-coupling o
Hﬁ/\COzMe | D co,Me! v CO,Me
Ar? Ar' Ar’
B (Auxiliary-controlled C(sp3)-H arylati@
A
NPG NPG P NPG
H = SMe H = N H
Ar : - X NH H : COX X NH o Ar .
Y\COX Pd(ll), Ar-I Y\ Pd(ll), Ar-I COX
H H Ar
.................................................................................................................. Homo-diarylation
C (Ligand-controlled C(sp®)-H arylation)
NPG NPG NPG
H Ligand A A1 i Ligand B A i
................. b ceccccccccccccccc T *
H\\‘ﬁ/\CONHArF Pa(ll), Ar Hq/\CQNHArF Pa(ll), Arl HW/\CONHA"F
H H Az
Readily available Hetero-diarylation
' Direct construction of B-stereogenic center '

Yu, J.-Q. et al. Science 2014, 343, 1216-1220.



Palladium-Catalyzed Arylation of Primary C(sp?)-H Bonds

NPhth Pd(TFA), (10 mol%) NPhth NPhth
H Ligand (20 mol%) g o :
+
CONHAE  1eA, Ph, AQZCO3 \/\CONHArF \|/\CONHAr,:
H 1 DCE, 100 °C, 20 h 2 on 3
Ar,: = 4-(CF3)C6F4
NMe,

S S N S N S | N
| | | » _ | _
N N F N F Me0” N7 “oMe N N N

- L1 L2 L3 L4 L5 6

2. 47% 29% 52% 65% 87% 88% 91% 94%
3 1% 0% 0% 2% 13% 12% 9% 2%
l;lPhth NPhth yPhth
CONHArE CONHArE CONHAr OMe
2a, 92% 2b, 89% 2c, 86% (87%) 2d, 88% (80%)
cl
l%lPhth l%lPhth \©\/l%li1th
CONHAr¢ CONHArg ' CONHAr¢
2e, 90% (93%) 2f, 84%

29, 85% (78%) 2h, 85% (78%)




MeO,C N NPhth

NPhth NPhtn Phth
CONHAr¢ CONHArE CONHAr MeO,C CONHArg
2i, 86% 2j, 89% (76%) 2k, 87% 21, 88% (77%)
l;lPhth NPhth l;lPhth
CONHArg CONHArg CONHArg
2m, 83% 2n, 82% 20, 86% 2p, 72%
35% (no ligand) 43% (no ligand) 25% (no ligand) 22% (no ligand)

NPhth NPhth < NPhth

CONHAr: Me ' CONHAr: CONHAr:
2q, 91% 2r, 87% (79%) 2s, 85%

F3C




Removal of Amide Auxiliary

WPhth PA(TFA), (10 mol%)

NPhth
H L7 (20 mol%) 5
Y\CONHArF >

TFA, Ph-1, Ag,CO3
DCE, 100 °C, 20 h
1, 97% ee

3, 89%, 97% ee
ATF = 4-(CF3)CGF4

NaNO,, AcOH/A,O (1/2) NPhth

> :
0°CtRT,20h ' "™“"co,n

4, 95%, 97% ee




Palladium-Catalyzed Arylation of Secondary C(sp?®)-H Bonds

NPhth Pd(TFA), (10 mol%) NPhth
Ligand (20 mol%) :
il CONHAr > Ph
F TFA, Ph-l, Ag,COs \‘/\CONHArF
H 2 DCE, 100 °C, 20 h on 3
AI'F =4-(CF3)C6F4
Me Me
Me Me Me
IsNieruNiosbdleonve! foo
MeO N OMe N/ (o) Me N/ (o) N/ (o) N/ 0" Me
- L4 L8 L9 L10 F L1
3. 4% 47% 55% 67% 92%

3, 90%

OMe
3a, 89%; d.r. = 20:1

3b, 86%; d.r. > 20:1 3¢, 85%; d.r. > 20:1
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CO,Me
3h, 82%; d.r. > 20:1

3e, 76%; d.r. > 20:1

3i, 78%; d.r. > 20:1

3f, 74%:; d.r. > 20:1

3j, 68%; d.r. > 20:1

39, 72%; d.r. > 20:1

3k, 88%; d.r. = 19:1
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NPhth PA(TFA), (10 mol%) NPhth
R 3 + Ar-| L10 (20 mol%) R H
CONHAr
" (3equiv) TFA AgCO5 DCE \‘/\CONHArF
H 5a-5d 100 °C, 20 h Ar 6a-6d
AI'F = 4-(CF3)06F4
NPhth
f;lphth Me H ';Phth l%lPhth
: CONHA T~CONHA '
PhthN CONHATrg " " CONHAr
I N
—
CO,Me
Me
6a, 66%; d.r. > 20:1

6b, 88%:; d.r. = 15:1 6¢, 90%; mono:di = 2:1
single diastereomers

MeOZC

6d, 70%; mono:di > 20:1
single diastereomers
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NPhth

Pd(TFA), (10 mol%) Pd(TFA), (10 mol%) NPhth
H L7 (20 mol%) L10 (20 mol%) > Arl
CONHAME — TEA Ar'-l, Ag,CO;
H 1

TFA, Ar2-I, Ag,COs \‘/\CON HArE

DCE, 100°C,20h  DCE, 100 °C, 20 h

ArF = 4-(CF3)C6F4

Ar? 7a-7f

Me
7a, 68%; d.r. = 19:1 7b, 62% (60%); d.r. = 19:1

L OMe

y
7e, 59%; d.r. > 20:1 7f, 60%; d.r. = 16:1

7d, 66%; d.r. > 20:1
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Further Applications of Pd Catalysis with L10

NT X

Pd(TFA), (10 mol%)
L10 (20 mol%)

'
(1.5 equiv) 1T/ AgCOs DCE

100°C, 20 h

| NPhth
> -
cl CONHAr,

2u, 55%

e Mth
S

CONHArE

2w, 72%
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NPhth
Pd(OAc), (10 mol%) §
L10 (20 mol%
: + /\ ( )
CONHAT

> 0
TFA, Ag,CO3,Toluene EtO,C \
1 100 °C, 20 h
Arg = 4-(CF3)CgF4

8! 930/0 }A\rF

5 mol% Pd(OAc),, 79%
without L10, 0%

NHBoc
1) DCM/EtOH (1/1), 40 °C, 3 h _ NHBoc
ethane-1,2-diamine O LiHMDS i
- » EtO,C N —_— EtOZC\/\/\
2) Boc,0, DCM, rt, 1 h \ THF, - 78 °C to CONHAr¢
9, 72% AF  -20°C,1h

10, 90%, 95% ee
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Unnatural a-Amino Acid Elaboration

l;lHBoc

I;lHBoc

n-CgH "’b\/\/\
o137 CONHArE
11, 86% (11.5/1 E/Z ratio)

a n-CsH13\/

a)
b)

> n-CgH \/\/-\
o CONHAr¢
14, 95%

HBoc

-llIIIZ

CONHATrg
13, 95%

CONHArg
12, 69% (>20/1 E/Z ratio)

F
l;lHBoc
>

CONHArE
15, 97%

5 mol% Grubbs Catalyst 2nd Generation, DCM, 50 °C, 16-19 h;

Pd/C, H,, rt, EtOAc, 40 min-24 h.




Synthesis and Crystallography of Primary and Secondary C(sp3)-H

Activation Intermediates

NPhth
’ f Pd(TFA), (1.0 equiv)
+ >
\/\CONHArF (2 equiv) base (2.0 equiv)
1 DCE, 100 °C, 20 h
ArF = 4-(CF3)C6F4
NPhth
H Pd(TFA), (1.0 equiv)
Ph : + L10
SconHa  (2equiv) =

CsF (2.0 equiv)

2 DCE, 60°C, 12 h
Ar,: = 4-(CF3)C6F4

/AI'F
N Me

_Pd
B
= Me \=>

Intermediate A

72% with CsF
65% with A92C03

Me

Intermediate B
75%
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Catalytic Reaction of Intermediates in C(sp?)-H Arylation Reactions
e

NPhth
NPhth Intermediate A NPhth Intermediate B~ Ph._
(10 mol%) (10 mol%) CONHArg
Hao > Ph : >
CONHAre  TFA, Ph-I, AgoCOs5 \l/\CONHArFTFA, p-Tokl, Ag,CO4
DCE, 100 °C, 20 h ! DCE, 100 °C, 20 h
1 o 3a, 60%
Arg = 4-(CF3)CqF 4 2,95% d.r. >20:1
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Ligand-Enabled Methylene C(sp3®)—-H Bond Activation with a Pd" Catalyst

R1 d Pd(TFA),, Base, Ar-I ,
\A » NO reaction

AI’F = (4-C F3)06F4

R2 R2
H Pd(TFA), (10 mol%) ] H
1 L (20 mol% R N
R N\Ar ( d > SAre
F Ar-l, Ag,CO3 (2.0 equiv)
H O Ko,HPO, (1.2 equiv) Ar O

Hexane, 110 °C 15 examples

Arg = (4-CF3)C6F4 up to 93% yle'd

Yu, J.-Q. et al. 3. Am. Chem. Soc. 2012, 134, 18570-18572.



Ligand-Enabled Triple C-H Activation Reactions: One-Pot Synthesis of
Diverse 4-Aryl -2-quinolinones from Propionamides

/Ar,:

Phl ArF Arg
H HN . HN Nig
1. arylation . X amidation
O 2.dehydrogenation pp, 0 Ph AN o

3. Heck reaction

\
T el
A

PdCI2 (10 mol%)
L (20 mol%) 11 examples
> up to 80% vyield

Arg = (4-CF3)CqF4 Ar-1 (4.0 equiv)
Ag>COs3 (3.0 equiv)
- 0 R
t-AmylOH, 140 °C X
/AI'F |
H HN = N/Ar,:
D O N
R Ar o)
= H 12 examples

up to 85% yield

Yu, J.-Q. et al. Angew.Chem.Int. Ed. 2014, 53, 6692-6695.



Proposed Catalytic Pathway

A Pd"
_ e /Ar,:
H  HN Arl A HN
I\/g k r " r
@ dll
C(sp®)-C-H Arylation
Pd"
Dehydrogenahon
/AI'F
Ar HN Ar'l/Pd®
<H k Reacti
NN eck Reaction
Ar' ) Ar” NN @)
R
Pd" \

| N
k\Arl = ~ATE
C(sp?)-C-H Amidation
(sp) S

0
Pd Ar' O




Ligand-Enabled y-C-H Olefination and Carbonylation: Construction of 3-
Quaternary Carbon Centers

R1 R2 2
Pd(OAc), (10 mol%) R’ O
L (40 mol%), TEMPO
Me + /\R ( 0) -
CONHAT AgOAc (2.0 equiv) NHArg
1 F K,HPO, (1.1 equiv) 2
Arg = 4-(CF3)CgF4 NaHCO3 (2.0 equiv)
R =CO,Me, CO-Bn Oz, 120 °C, CeF5CFs 16 examples
CN, COMe, COPh up to 77% yield

Yu, J.-Q. et al

. J. Am. Chem. Soc. 2014, 136, 5267-5270.



Ligand-Enabled Cross-Coupling of C(sp?®)-H bonds with Arylboron
Reagents via Pd(ll)/Pd(0) Catalysis

o
NHT Pd(OAc), (10 mol% )>

R ArBPin, Ag,COs, NaHCO5
R2 1,4-benzoquinone, 100 °C
t-Amyl-OH

No reaction

....................

H Ligand =: Ar

0,
NHTF Pd(OAc), (10 mol%) - R NHTf

R’ ArBPin, Ag,CO4, NaHCO;
R2 1,4-benzoquinone, 100 °C R?
t-Amyl-OH, DMSO/H,0 25 examples
up to 96%

=

Yu, J.-Q. et al. Nat. Chem. 2014, 6, 146—-150.



C-H Activation of Aliphatic Amines Directed by Strong 0 Chelation

d(OAc), (5 mol%)
Arl, Ag,CO3, 130 °C

Ar Z
Pd(OAc), (5 mol%) \):/H N |
> Ar N A
Arl, Ag,CO3, HFIP, 150 °C g
/ \\ A
MeO,C MeO,C




Palladium(0)-Catalyzed Intermolecular Arylation/Alkynylation of
C(sp®)—-H Bonds

H o Pd(OAc), (10 mol%) Ar O
N CsF (3.0 equiv), L (20 mol%)
Arl >

%NHCSFE) 3A MS, Toluene, 100 °C, N, NHCgF 5

R R

11 examples
up to 80% yield
Yu, J.-Q. et al. J. Am. Chem. Soc. 2009, 131, 9886-9887.
SiR3
H s [Pd(ally)Cll, (5 mol%) Z
/ Cs,CO3 (2.0 equiv), L (20 mol%) o
’
/ R38| EtZO, 85 OC, N2 NHArF
R
14 examples

up to 81% yield

Yu, J.-Q. et al. 3. Am. Chem. Soc. 2013, 135, 3387-3390.




Pd'-Catalyzed Enantioselective Activation of C(sp?)-H and C(sp?3)-H

Bonds Using Monoprotected Amino Acids as Chiral Ligands
]

Pd(OAc), (10 mol%)

H H
RB(OH), (3.0 equiv), L>
O O Ag,0 (1.0 equiv), 0.5 BQ

11 examples
up to 89% ee
X
| A Pd(OAc), (10 mol%) |
_N BuB(OH), (3.0 equiv), L _N
Ag,0 (1.0 equiv), 0.5 BQ i
t-Amyl alcohol, 100 °C H Bu

38% vyield, 37% ee

Yu, J.-Q. et al. Angew.Chem.Int. Ed. 2008, 47, 4882-4886.



Pd'-Catalyzed Enantioselective C-H Activation of Cyclopropanes

0 Pd(OAc), (10 mol%)  R2 O
AR NHAr__RBXn (15equv). L _ | H| }\’NHN
Ag,0 (1.5 equiv), 0.5BQ -
R"  NaHCO; (3.0 equiv), N,

_ 0 14 examples
Ar = (4-CN)CqF4 t-Amyl alcohol, 40 °C up 10 92% ee

PG7 = protected Phe-OH derivatives

Yu, J.-Q. et al. 3. Am. Chem. Soc. 2011, 133, 1959-19601.



Palladium'-Catalyzed Enantioselective C(sp3)-H Activation Using a
Chiral Hydroxamic Acid Ligand

o A .
R! e 1 N
H N/ . R N/ i
H /N
i Pd(OAc), (10 mol%) A
Arg = 4-(CF3)CgF4 L (11 mol%), Ar-BPIN 18 examples
Ag,CO;, BQ, Na,CO; ~ UP 10 95% ee
i t-AmylOH, 70 °C, N, o
2 Ar
R N/ F R2 . N/AI’F
| H Bu 0
o Ar H BocHN NHOMe

4 examples
up to 80% ee

Yu, J.-Q. et al. 3. Am. Chem. Soc. 2014, 136, 8138-8142.



Pd-Catalyzed Asymmetric lodination of Unactivated C-H Bonds under
Mild Conditions

Me Me
H N Pd(OAc), (10 mol%) | N
I, (1.0 equiv
| 2 ( quiv) - |
o PhI(OAc), (1.0 equiv) o)
DCM, 24 °C I\,
R!' R2 R' R
13 examples
up to 98% yield

Catalyst recycling experiments

Run 1 2 3 4 5

Yield (%) 08 97 93 88 84

Yu, J.-Q. et al. Angew. Chem. Int. Ed. 2005, 44, 2112-2115.




Pd-Catalyzed Stereoselective Oxidation of Methyl Groups by Inexpensive
Oxidants under Mild Conditions

M Me
[ Me Pd(OAC), (5 mol%) Me
c)2 (5 mol%

A

H ";Jg MeCOOO'Bu (2.0 equiv),_ QAc '\;JS

%O Ac,0, 65 °C %O

R R? R' R?
15 examples

up to 90% yield

Proposed catalytic cycle
G ey’

C-H
f«Oxa 7\

AcO
C-H / \ HOAC

[De]Pd(OAC) Oxa trinuclear
i i Py Ocra

Oxa
\— OAC[D3] MeCO3tBu

Oxa_ OA/c[D3] Oxa_ Qtau Ac0 is required
Pd

|
Q_/Pd
N I \
[D3]AcO AcO
[D3]Ac20 [De]Ac,0
+
CD3C02tBU

Yu, J.-Q. et al. Angew.Chem.Int. Ed. 2005, 44, 7420-7424.



Pd(OAc), (10 mol%)

H N | benzoquinone (2.0 equivL Me NZ
A Cu(OAc), (2.0 equiv) XN
methylboroxine (2.0 equiv)
R! R2 HOAc, 100 °C, O, R" R?
10 examples
up to 80% yield

Yu, J.-Q. et al. 3. Am. Chem. Soc. 2006, 128, 12634-12635.

Pd(OAc), Pd(OAc
on PHIOAC) I(OAc 2 one Q
No Reactlon I\ )I\
DCE,65 °C o'Bu DCE, 65 °C N O'Bu
: ;
18 examples
OAcC up to 96% yield

1l 1l
Pd r Td | OAc
Pd(OAc), r \  10Ac \ r ~OAg r
e
Y u Pd(OAc),Bu” \l/ \]/
OtBu OtBU

OBu O'Bu

Yu, J.-Q. et al. Org. Lett. 2006, 8, 3387-3390.




Pd(OAc), (10 mol%)

O
O / Me BQ (0.5 equiv) Ar
Me, Ar—B\ M Ag,CO3 (2.0 equiv) 3)‘\
+ o) e >  Me OH
Me OH KH,PO, (1.0 equiv)
R or Arl NaOAc (2.0 equiv) R

t-BuOH, 100 °C 14 examples
up to 72% yield

Yu, J.-Q. et al. J. Am. Chem. Soc. 2007, 129, 3510-3511.

H o) Pd(OAc), (10 mol%) R 0]
+ 20 atm air, BQ(0.5 equiv)
RB(OH), >
%NHOMe K,COj (2.0 equiv), ‘BUOH, 70 °C %NHOMG
R" R2 R" R?

26 examples
up to 86% yield

Yu, J.-Q. et al. J. Am. Chem. Soc. 2008, 130, 7190-7191.




_ o _
0] 1
R! Pd(OAc), (10 mol%) | R _Ar a0
Arg Cu(OAc), (1.1 equiv) | R N
R? N7+ > coBn > H ——— R N—ATF
H AgOAc (1.1 equiv) 1,4-addition
H LiCl (2.0 equiv)
DMF, N,, 120 °C
= (4- N2 CO,Bn
ArF = (4-CFa)CeF4 - CO,Bn- 17 examples

up to 94% yield

Yu, J.-Q. et al. 3. Am. Chem. Soc. 2010, 132, 3680-3681.

0o O
R A Pd(OAc), (10mol%) R
R2 N F o, co AgOAc (2.0 equw)= R2 N—ATE
H TEMPO (2.0 equiv)
1 atm .
H KH,POy, (2.0 equiv)
_ n-Hexane, 130 °C O
Arg = (4-CF3)CeF4 12 examples
up to 99% yield

Yu, J.-Q. et al. 3. Am. Chem. Soc. 2010, 132, 17378-17380.




Summary

Ligand-Controlled C(sp3)-H

Pd(OAC),/Pd(TFA), LDG \Pd,OAc R-X/RBXn ~~
> DG -
DG C-H Ligand C/ \L C-R
0
DG = Aoy A
H
Ar,: (4 CF3)C6F4
Auxiliary-Controlled C(sp3)-H
G transmetalation

JOAC reductive elimination  ~~

e
DG C-H pg0Ac),/Pd(TFA),

C-H activation e

C Ac R-M PdO

Me
Me N2 I ] o o 0
N
~ Jl\ )l\ )l\ AT )l\
/l NS N O'Bu NHOMe N OH
0

Arg = (4-CF3)C@F4

7N\ » DG  C-R




Over the past decade, substantial progress has been achieved in the
palladium catalyzed activation of the inert B-C(sp3)-H bonds of aliphatic
carboxylic acid derivatives using chiral oxazolines, the 8-aminoquinoline
auxiliary, and a variety of weakly coordinating amide directing groups. In
particular, the synthesis of unnatural amino acids via the direct B
functionalization of a—amino acids has been an area of extensive research
since a seminal report by Reddy et al. We envisioned that a sequential
diarylation of alanine with two different aryl iodides could potentially provide
an efficient route for the preparation of B-Ar-B-Ar'-a—amino acids containing a
B-chiral center. Although the more strongly coordinating 8-aminoquinoline
auxiliary developed by Zaitsev et al. is a powerful directing group for the [3-
arylation of alanine, this auxiliary provides predominantly ,f-homo-
diarylated products, which prevents the sequential installation of two different
aryl groups. It is possible to use a specifically designed 2-methylthioaniline
auxiliary to achieve monoarylation of alanine in moderate yield and then use
a different auxiliary to perform the secondary C(sp3)-H arylation with a
distinct aryl iodide. However, this hypothetical route has not yet been used




for preparing B-Ar—p-Ar'-a—amino acids because the removal and installation
of the second auxiliary would add three synthetic steps to the sequence. In
addition, the basic reaction conditions used in the first arylation step partially
racemize the amino acid to 90% enantiomeric excess.




Herein, we report the discovery that a pyridine-based ligand promotes
monoarylation of primary B-C(sp®)-H bonds exclusively and that a
second, quinoline-based ligand enables introduction of a distinct aryl
group via subsequent secondary B-C(sp3)-H activation in one pot. The
reactions proceed with excellent levels of diastereoselectivity with
respect to the starting configuration at the o carbon. As such, both
configurations at the new [-stereogenic center can be constructed by
simply choosing the order of aryl group installation. We further
demonstrate that the use of the quinoline-based ligand enables the
C(sp®)-H olefination of an alanine derived substrate to afford olefin-
substituted chiral a—amino acids.




