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Palladium catalyzed C-H functionalizations
: regioslectivity, stereoselectivity and enantioselectivity
~Chemistry of Jin-Quan Yu ~
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0.Introduction
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New synthetic target in organic chemistry

Fig. 2. (A) Traditional approach to organic synthesis by means of functional
group (FG) transformation. (B) Synthesis by means of C—H bond
functionalization.

Transition metal complexes that cleave C-H bonds are necessarily high in energy.

—— One of the principle challenge in the field of C-H activation that limits its synthetic relevance is rooted in selectivity.
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In many C-H activation chemistry, functional groups are Difinitions applied in this seminar
used as directing group in order to arrange transition metal

. ; E E
to appropriate position. Ak al: (\5“ whs
12 1-2 12 e= ' C
o Pl o R s L N = Cugh Coe G
= Cayhr Carytr Colkanyt
Ty Ty e
R FG—=ML, FG % R=H.C,N,0,SiP
Wi X=C, 0, N, Halide - _
E metallacycle a cyele in which one member is & metal

¢ E-metallacyele  a metallacyele in which the metal is o-bonded 1o
the atoms C and E
cyclometalation  metal-mediated C—R bond activation that
’ transforms a molecule of type RC~E w a
C, E-metallacycle (R = H. C, N, O, Si. P)

palladacycle: a cycle in which one member is a palladium
Diastereo and enantioselective control cyclopalladation: palladium-mediated C-R bond activation

a1 2 oo " 12 oo {

S Related recent literature seminar
o 3 <M
e i FG—ML, Sanford: Itano's D1 lit

D Sanford/Ritter: Mouri's D2 lit

bt Chiral metallacycle White: Furutachi's M1 lit
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Ira ; 3
i Chiral ligand

Bxarpling (amino acid)
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1. Brief outline of palladium catalyzed C-H activation

Merit of C-H functionalization reactions catalyzed by palladium

1. C-H functionalization at Pd centers can be used to install many different types of bonds, including C-O, C-halegen, C-N, C-S,
and C-C linkages. a

i) Com atibilitY of many Pd(ll) catalysts with oxidants .
i) Ability to selectively functionalize cyclopalladated intermediates

2. Palladium participates in cyclometalation in wide a varity of directing groups.

3. Vast majority of Pd-catalyzed directed C-H functionalization reactions can be performed in the presence of ambient air and
moisture, making them exceptionally practical for applications in organic synthesis.

Common palladium catalytic cycle Palladium catalytic cycle (in case of C-H activation)

Heck rxn, cross coupling, Tuji-Trost allylation, and

Buchwald-Hartwig amination etc e i A e g D W e S SR S
e T ! ReH + Y Pd" " E
R-X + Y s B Oxidant g i

R = alkyl, aryl R =alk :

L ; = alkyl, aryl :

X =Cl, Br, I, OTf, etc. ; Y = carbon/heteroatom !

Y = carbon/heteroatom 5 nucleophile ]

oxidative nUCIEOPh“e . . . :E P )

addition 5 Bl functionalization | C-H activation PA_R] functionalization |

Scheme 1. Palladium{0)-catalyzed reactions of aryl(alkyl} halides. EiScheme 2. Palladium(ll)-catalyzed functionalization of C—~H bonds.

Tf=trifluoromethanesulfonyl. ; N

Pd(ll -Pd{O) catalysis

Pd(I)-Pd(IV) catalysis (involvement of Pd(lll) spices: Mouri's D2 lit)
Pd(ll) catalysis

Pd(0)-Pd(Il)-Pd(IV) catalysis
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Cyclopalladation (for more detail: see Dr.ltano's D1 lit)
Cyclopalladation is thought to be through electrophilic pathway.
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agostic C-H interaction

Recent computational study supports 6-membered TS via agostic
interaction.

Acetate has a flexible metal cordination mode and works as a base.

directing group due to strong coordination nature.

2. Oxazoline group directed diastereoselective C-H activation

Concept

removable 2

favored

chiral centre
controls the

H--M tunable figand

stereochemistry

modulates the

reactivity

disfavored

2-1. Diastereoselective iodination

Oxazoline group

Chiral oxazoline auxiliary is easily introduced
and removed to afford carboxylic acid.
Carboxylic acid is one of the most Fopular
functional group in the organic synthesis.

R ——

R OH R R)Q R OH

Ho\)\NH2

o] SOcClI hydrolysis 0o
e O,>—R’
N

Jin-Quan Yu. et al. Angew. Chem. Int. Ed. 2005, 44, 2112

O%a C-H + Pd"

4

Oxa_ 1l o
Copa —= (Pd — ofa o
HOAc

Scheme 2. Proposed reaction pathway for iodination of unactivated

C-H bonds.

Me

R et

1

3 Scheme 6 Unreactive oxazoline.

Pd(OAGC),
CH2C!2 No

- .
100 °C, sealed tube  reaction |

36 h

' First example of trimer palladium complex (Xra

Fe N" R

benzene

Y Pd(OAG);

-
,RT, 12h

Me Pd{OAc)s, 1 equiv
/}YN Iz, 1 equiv G
& = —— Me = + Pdl,
tBu  CH,Cl,, 24 °C +Bu
T g P

Tetrahedron: Asymmetry. 2005, 16, 3502

t-BU
anti, 2a, 60%

Scheme 7 Room temperature sp* C—H cleavage directed by oxazolines.

Nitrogen-containing directing group is fovorable over oxygen-containing

Me o Me o i
: precipitate

8 8a, 80% vyield i
unreactive
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Palladium turnover

Pdl + 2I0AC — PA(OAC): + 2L ()
AgOAc + I; — Agl + 10Ac (2)
Phl{OAc) + I, — Phl + 2 10Ac (3)

weak interaction
Chiral oxazoline effect

! ! Me Me
Etl};gN 8 E'/};"N e R SN \ﬁ Interaction between methyne
e 0/ Me o/ - C-H bond and Pd center
9a 10a
92% vyield, 25% de 15% yield, 0% de lPd(TFA)z 1.8 ppm

Inhibition of cyclopalladation?

] I
Me

E,/);,N E,/}ir,m 0'5'"“\/112'9 ppm

Me ojk{e Mo OJ"'CDOA1Q F-,C\Cr\..\.w\ B o

11a 12a pd” ’

v
20% yield, 0% de 46% yield, 14% de TER Naud
1 . | 27a 27a
El%@” Et/,(r,N e
Me &) CHOTES e D\) N

M
13a 14a i@*pd":g\ M % pac e
SE% yeld, Saeds ot e gi wé M ) Substituent of oxazoline

: :‘dlﬂf\ﬂ}z O~p =G —Me I § T
f;ﬂ‘\i‘x“"” e M::é’p’ " * we—poresd ™™ has a dramatic influence
iy e SHEST \g;,,(qj M&\;_P if on the structure of tri. -
“N=

N
Al GJ_Q 4 24h M;Zkzn % h complex.
15a 4a 4b
15% yield anti 1 syn
1 1

Scheme 5. Ligand efiect in iodination. Reagents and conditions:
PAIOAC), (10mol %), [a (1 equivy, PhI{OAck (1 equiv), CHaCls,
24°C, 64 h (9a-11a. 14a and 15a); 50 °C, 48 h (12a-13a).

Result
Table 1: Monoiodination of methyl groups catalyzed by Pd(OAc),.

Table L. Diastereoselective indination”

" | Entry  Substrate Product Yield de O 0
¢ ! v Y% Me

! ! e Oxa)f tBu L M
R R? Oxa Rt RrR? Oxa Oxa Oxa D—)_ Me,_ Me Gi,\i‘fx—l O D_)-r‘ u I Qf u

[ t:l\)<0Ka Oxa 607 35 -
5a-7a 5b-7b 8a-10a 8hb-10h 16 16a 25 25a, 98% yield, >99% de
Seheme 6. Dastercoselective indination of aryl C H bonds. Reagent
Entry Substrate Yield [%] Ms, Me Mecyrt aid Sonditioiit (a) PADAR: (10019, Ts 11600 POA,
2 t-Bu" 07 Oxa -Bu”T 07 "Oxa 41 55 i1 equivd, CHaCly, 24°C: (b) 13 h: {c) 48 h
1 5a R'= R = Me 92 17 17a
2 6a R'=Me; R*=FEt 91k Me, Me e 1
3 7a R'=R?=EL 881 3o TBSO X, BSOS, a5
4 8a n=1 90t 18 1ea
5 9a n=2 971l Me_ Me Me, 1
6 10a n=3 81 4 MeOCC™™0xa MeOOC/\)(O_xa 50725
Me 19 19a
o]
7 Na Mej@o Oxa 71" Ohe,_Me Ome,_—1
Me

i. X, l::
s N” "Oxa N” “Oxa 6" 0
Me e} 0

20 20
8 12a - \M\ e 98 a

Me, Me Me, I
[a] Reaction conditions: Pd(OAc), (10 mol %), 1, (1 equiv), Phl(OAc), o MS><>‘§0xa Mg 0% O
(1 equiv), CH,Cl;, 24°C, 48-72h. [b] Entries 1-3. [c] Entries 4-6. s e
[d] 63:37 d.r. (NMR spectroscopy). [e] Pdl, precipitated at 36-48 h, &l 2a
Phi(OACc); (1 equiv) was added, and stirring continued for another 48 h. » Mo, Me Me_—I
[f] PhI{OAC), (2 equiv), 50°C, 48 h. 7 t8u" Oxa +BuOxa 83 82
Entry 1 ~3 : lodination of primary over secondary C-H Me_Me Mo~
bonds was conclusively demonstrated due «  teso™ o 850 “Oxa A
to steric interactions between coordinated 24 25
ligands and branched alkyl groups in a H M H Ao
cyclometalation step. LI Da 7 oxa o'
24a

H O = (S)-4-reri-Butyloxazoline-2-. Reaction conditions: Pd{OAc):
o mol v 1 {0 equivy, PhIOAC) (1 equivy, CH,Cly.

65 5C. PhI(OAC) (! equiv) was added after 12, and stirring con-
tnued for anether 24 b

A UTMP Li A
_—

| oy om| 24 2

! 1 2 ! “24°C. 24 h,

' B ' g 3 h.

! A = C{ON(-Pr), b0 f £50°C, 48 h

: ! B4 96 1,

! ﬂ D A ) o

: N ‘A<c" : Presence of bulky group at the ¢, -position of oxazolines improved
1 e : -‘ diastereoselectivity.

i J i
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Proposed catalytic cycle

| OAc
xa\
EC..Pd':Eﬁ‘:" — Xa‘rljd,

trinuclear complex I
AcOH F

OQC—H\

Pd(OAc)2 .

%Scheme 16 Pd-catalyzed iodination.

210Ac < PhI(OAc)z, |2

2l2

X
O%a t— Ec d"' L EC.PCI’[
? N

O% C—=H
O%a C—I

kinetic isotope effect
CH3(CD3)

fta

CH,I(CD,l)

N
M\\f )_.,.Bu
O-—

hlkp =47

2-2. Diastereoselective acetoxylation

* In optimized condition, MeCOOtBu was used
as oxidant.

Result ‘
OAc !

5 mol% Pd(OAc); |

Ry =N = lauroyl peroxide (87) R, =N R E
0 : Ac;0, 05, 50°C. 48 h 0 :

|

'

Enury Product Yield (%4) de (%) )
OAc :

N 1

1 "BWLF’ ; 49 82 ;
o {-Bu :

88 h

|

:

OAc !

5 73307@'“ 43 6@ 1
2 & t-Bu E Z :
89 .

OAc !

i

C'\ﬂg,l\' )

3 ) (-Bu 66 38 ;
h

90 i

OAc ‘

i

|

N ,

4 MeOQC-/\%‘ ] 73 24 :
o {-Bu !

91 ]

|

o OAc 1

5 d{l " Y=t-Bu 38 12 i
o i

92 i

i

OAc '

)

N i

6 Et/[%: i-Pr 67 18 1
h

:

X

i

i

i

,

i

,

H

lauroyl peroxide
N e P
OOH

——— Rate determining step is cyclopalladation.

Jin-Quan Yu. et al. Angew. Chem. Int. Ed. 2005, 44, 7420

Proposed catalytic cycle

g s
r{y C—H AcO™ 9~
C-H. 1e
[DeIPd(OAC);
[DﬂAco\ﬁxa& OAc[D3]
O@f:d/ (_-Pd
P | ™ Ac,0 is required!

[D3IACO [D;)AC,O [DglAc,0 OAC
1h + 1a
CD;COO0BuU

HOAcC

Oxa<_" - trinuclear

1> (Xeray)
OfBU‘)'\MeCOOOtBu
Oxa.l _

Scheme 4. Proposed catalytic cycle.

Mechanistic study

In cyclopalladation ste| (1e~1 the rate was not

affected by the amount of Acz

In oxidative addition step (1f~1h), the rate was
affected by the amount of Acz0.

, \
. Sofueih iz
Other anhydride ‘
\_O0OCR
Me Pd{OAC), 5 mol%

2 )
L\:}\r Me  MeCOOO!BU, 2 equiv /;:jl‘/,i‘l)‘(”‘e
_—

Cal
Och (RCO),0, 65 °C, 60 h o/ "Me

1i: R = B, 73%:
1j: R = iPr, 49%
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3. Pyridine group directed enantioselective C-H selective activation using chiral ligand

Pridine directed Suzuki coupling type C-H activation (summary)

M ELERLERERLLEEELLE LR LR

&>
RB(OH),/Ag,CO; (Ag20) v Pd(CAc); ArmH  *
or methylboroxine . .
Cu(OAc), : A O :
cat. Pd(OAC), _ E 92 HOAc:
BQ .
solvent, 100 °C, 6-24 h R = alkyl, 40-93% yield ‘ = Ar—pd' -
R = aryl, 20-30% yield : S-( "
n [}
R = Me, Et, nBu, nHex, Ph(CHj);, cyclopropyl, aryl = :
" ]
Jin-Quan Yu. et al. J. Am. Chem. Soc., 2006, 128, 12634 = Ar==nBu nBuB(OH),
. L]
r

: catalyfic cycle .

Yy smesmmmmmemm EEESES® RS

Pd(I1)/Pd(0) cycle: broad functionalization, undesired homocoupling, undesired {3 -hydride elimination

Promotion for speed of each steps needed.

Agz0: efficient romoter(bwmm and co-oxidant

benzoquinone: promoter for reductive elimination

/ -
A 2
Concept Jin-Quan Yu. et al. Angew. Chem. Int. Ed., 2008, 47, 4761.
-H FG —B(OH)2 R FG H H 3 Nonselective;
E 1 equiv
282 283 E 3 Pd(OAc),
{achiral) (chiral) ' CH,CI,
' 60 °C
FG H R-B(OH), E
= [Pd(I-L"] FG H ;
H\)\/H R\A'\/H L s sensis e e s s S TS
284 O] 285 E Enantioselective:
(achiral) (chiral) :

FG = functional group

________ PA{OAC),
2 —
o chiral
| R*COOH

Scheme 1. Proposed working model for the enantioselective C—H activation of a
2 prochiral C(sp?)~H bond in compound 2.
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Preliminary result with commercially available carboxylic acid

+ 3 equiv.

10 mol% Pd(OQAc),, 20 mol% Ligand
1 equiv. Ags0, 0.5 equiv. BQ

THF, 60 °C, 20 h

BuB(OH),

COOH LOOH
o N7 COOH Q‘COOH (N—)\l

Bl H Boc Chz Noc b COOH
6 s7 s8 s9
62%vyield  75%yield  65%yield  87%yield O
5% ee 20% ee 20% ee 6% ee 78% yield, 20% ee 63% yield, 15% ee

Cyclopropane amino acid

Ph COOH Ph NHBoc
VAV LAY
NHBoe COOH

3 4
46% vield % yie
21% o6 (1)

Enantioselectivity was poor...

R group of carboxylic acid is free to rotate Low chiral induction?

More restricted conformational backbone

NHBoc Ph (R)
(SY=Y(R) pw\ﬁ/COOH Unexpectedly, similar ee was obtained from 3 and 5.
PR COOH R o

5 ¢ NHBoc 3 and 4 suggests that the chirality of the o -carbon

63% vield 58% vield center plays a dominant role.
2% oo )

Scheme 2. Cyclopropane amino acid ligands used for the enantioselec-

tive butylation of compound 1.

New model

Previous mechanistic model was wrong?

Based on these experimental deta, new model is needed.

H
Qs 0. o-Tol (large)
“Rd
Ph., " N/ \ H 5 Ph.,
S8 OAC H (small)
Me
Boc (large)
3a, favored 3b. disfavored

Scheme 3. Key intermediates in the mechanism for the enantioselec-

NH moiety and carboxylate with Pd(ii) center in bidentate manner.

In case of ligand 6, the steric difference of the o -carbon is minimized.

Known analogous structure

i Ir{\N'w It or :1

/ L o gl
RO, SN
NMe e HO/C\O NMe y D/\\O E
NMR analysis showed trans N-N geomet

In addition, NH moiety is not deprotonateg.'

J. Organomet. Chem. 1995, 490, 35.
e - 714



Ligand screening

Table 1: Influence of the ligand on enantioselectivity of the butylation of

Entry Ligand Yield {%]® ee [%] Entry Ligand Yield [96]®! ee (%]
\?'/‘\T’COOH \\/\r‘g‘_é??ﬂ_e_: W
1 NHBac 63 90 12 NHBoc 86 1 0
7a I .- i L e .
fJ _COOH r« COOH
2 NHBoc 0 32 13  N{Bocz! 74 7
8 7d
‘_,J\_‘/COOH r\l,(:OOH
3 NHEBoc & 7 14 :_é_t-:_c;ﬁ:;j 63 gl
f Te
e COOH . _—
4 i NHB 83 s 3 '?“‘
i s 15 NPy | 58 7
~_.COOH S et
5 NHBoc 60 20 <i12€ ~-]/-¥929ij‘
11 16 | NHFormyl 53 6
e ~COOH 79
6 I\¢ NHBoc 66 81 ~~1/\T.COOH
2 17 | NHAC! 74 80
o _COOH 7h
7 NHBoc 83 23 . /\YCOOH
13 HN._O |
18 Vi i 83 79
! OMe
L, ~COOH N '
3 NHBog 47 By,  TTELLTTTTTR ~ o~ _BOOH T
14 T
HN._.O
19 i 89 85
H. . ~.__.COCH 7?\{-4‘.cc|
9 NHBoc 65 88
15 L COOH
------------------------------------------------------ HN.__O
20 F 87 85
%000 O(+)-Menthyl
10 { NHMe n.rt - Ik
16 o ra:ooH
e -COOHM T HN. O
i i 21 91 87
1 U NHp 1 n.rld - O-(~)-Menthyl
e 7

[a] All reactions were performed with 1 (0.2 mmol) and BUuB(OH); (0.6 mmol) in the presence of Pd(OAc), (10 mol%), chiral ligand (20 mol %),
benzoquinone (0.5 equiv), and Ag,O (1.0 equiv) in 2 mL of anhydrous THF at 60°C for 20 h. Piv = pivaloyl. [b] Yields were based on isalated products.
[c] Enantiomeric excesses (ee Values) were determined by HPLC on a chiral stationary phase. [d] The opposite enantiomer was obtained. [e] No

reaction,

Entry 10 and 11: electron-withdrawing group is necessary to maintain the electrophilicity of Pd(ii) catalyst.

Entry 12: esterification leads to a complete loss of ee.

Entry 13~15: diprotected amino group and a poor coordination NHPiv group afford low ee.

Entry 16~18: reduction in the size of protecting group from Boc results in steady decrease of selectivity.
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Result

Table 2: Enantioselective C~H activation/C—C Coupling.
R

10 mol% PA(OAc),
7l
+  RB{OH),

1 equiv Ag,0
0.5 equiv BQ
THE

Entry Substr, R R T 71[mol %) t{h) Yield [6]  ee (98]
1 1 o-Me nBu 60 20 20 91 87
2 1 o-Me nBu 50 20 20 50 95
3 1 o-Me nBu 60 10 20 96 88
4 2 H nBu 30 20 20 47 79
5 2 H nBu 30 10 20 56 74
6 1 o-Me Et 60 10 20 8 84
7 1 o-Me Cyt 60 10 20 61 89
g 17 m-Me nBu 60 10 40 58 34
L 18 m-OMe nBu 20 10 20 55 54
104 19 m-OAc nBu 80 10 20 43 72
1 20 p-Me nBu 30 10 20 61 78

[a] Yield of isolated product. [b] ee values were determined by HPLC on a chiral stationary phase. [c] Cy =
cyclopropyl. [d] Alkylation occured only at the less hindered position.

Proposed catalytic cycle

sps C-H bond
10 mol% Pd{OAc), 20 mol% 3

RS A = Bu
| . 3 equiv BuB(OH), . - 3)
1 equiv Ag,0, 0.5 equiv BQ N
; Icohof, 100 °C, & h _
21 t-amyl alcohol, 100°C.6h - 38% yield, 37% ce

Poor enantioselectivity(10~15% ee) was obtained with
ligands 7k, 71, and 8.

Ph f COOH
(R)=(5)
NHBoc
3

{ g H
Ox-© og-FC
—~
R
H\\ = OAc
[0], ligand O’j\o’k
ha HOAc
H H 284a
284
[Pd(0)] 1
FG
R\/!\/H ; 3 Steric hinderance is minimized
285 RB(OH), Chiral Gearing
Other gearing system G ST G YEUR B NS A N e e ol .
NHAC NHAC ' R) )~ E
e [(26)Rh(cod)}SbFg (1 mol%s) o (12 ; P :
2 CoMe TBam b, R THE \'L/\cogMe A:.,,‘;,OI% ArzF’m.._M d
M e ' 5 == \, i
Y 93% ee 11a 5 ’3~§ P i !
\ R ,
! Q R 8- B- '
Phep/OIMe i Afapf I B MXY syn Syn E
L = | PR ! |
3,5-Me,Ph  2c : A ) I I Tt :
: M» _ e 1
: y§ R & YHR
: R :
i B-anli B-anti '

David A. Evans. et al. J. Am. Chem. Soc., 2003, 125, 3534
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4. Carboxylic acid group directed enantioselective and regioselective C-H activation

using chiral ligand

Oxazoline directing group: several steps for installation and detachment

Pyridine directing group: irremovabale and poor synthetic utility

' In carboxylic acid directed C-H activation, problem is

1. Poor coordination ability of oxygen atom comared to nitrogen atom
3. Equilibrium of coordination mode

| 2. Coordination mode of Pd(ii) with carboxylic acid

R'" R?
N /O%
Pd H
i~ 0
oo%

A Cl/ L / >00CR

o

~2 O~ _Me
o~ ooCR P
H  O—FPd,_ .~ cyclic trimer H  O~—Pdwg
L./ TOAc c{

«?-coordination

E rcool
[ monomer

dimer

Cationic counter ions prompt C-H bond insertion

Pd
H o—k" H \Q........,..K*
A/ 5/
- o o}
R'" 'R? R' 'R2
A B

Various applications
Suzuki coupling type J. Am. Chem. Soc. 2007, 129, 3510.

@COOK @ECOOH
H Ph(Me)

10 mat% Pd(OAc),
0.5 equiv BQ, 1 equiv Ag,CO,

3aquiv Me-B{OH), o {yleld, 40-75%)
e

or or
H 1 equiv r—-n—B'O:><ME il
&coo& bt Me COOH sord, 28-38%)
R Ry +-BuOH, 100°C, 3h R{ Ry
AN
=
i 10 mol% P(OAc), A
|><cor:>x 2équlv Al &cooy (yield, 42-72%)
- - 2 equiv Ag,COy
R Ry 2 equiv NaOAc Ri Re
-BUCH, 100°C, 3h Ar=Ph
p-Mafh,
p-BrPh

Carboxylation J. Am. Chem. Soc. 2008,130, 14082.

10 mol% Pd{OAc),
Ry Ry 2 equiv AgCOy Ri Ry
o 2 &iquiv NaOAe
{heoon 1 atm CO OO
n=01 1.4-dioxane, 130°C, 18 n TR
H
. = H, alkyl, OMe. F, Cf 001
M= 24 examples: 40-03 yield “Jj/GOOH
h i

carboxylic acid, alcohol, amide

synthetically useful directing group

Pd" 3
H O—pPd" H O ;
0 — (o S
k2 coordination k! coordination !
Me O—~Na* Me ONa
&/ PA(OAC), e
14-dioxane /
H 100°C, 2h P,
AcO. /
PPh, /2
characterized
by "H NMR
analysis

"z ™~
N COH  ArBFK/PA(I) - 2 C0H
X o
(2 0y, 10r 20 atm L X = OMe, NOy, CN
Ar MeCO, COMe
34 ontrios, gram seale
H H yields, 75-90%
ArBFKIPA(
Y eoam i i Ry coH
T O, tor20atm G
Ar
\. y;

NaOAc

Jin-Quan Yu. et al. J. Am. Chem. Soc. 2008,130, 14082.

Aryl-Aryl coupling J. Am. Chem. Soc. 2008, 130, 17676.

Hydroxylation using oxigen
J. Am. Chem. Soc. 2009, 131, 14654.

c
s cat Pd{OAc), 60?8“
X 1 atm 80 OH
x-& : x5
N DMA, 15 h, 115°C . -

60-90% vield
X = Me, OMe NHAg; CI, F, CF4, COPh, COMe, NO», €N
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Mizoroki-Heck reaction

5 mol% Pd(OAc), Jin-Quan Yu. et al. Science 2010, 327, 315.
R, Rs 5 mol% BQ Ry, Ra
CO.H 2 equiv. KHCQO,
RVEi( o Ry e ] i
H % et t-AmylOH, 85 °C L
1 atm O,, 48h
4 5 6
Asymmetric Mizoroki-Heck reaction
Concept
N Na® Jin-Quan Yu. et al. J. Am. Chem. Soc. 2010, 132, 460.
. |4 . H 0220 1
(=1 : ‘ 0
Ligand *Pd(OAc)z @ Ligand Pd(OAn}z
RS L(Ph) Ph
o, HBu T Rs r_( )
~0 H i ""\
W N/;Pd“ 3 HY d—"O
PG Pé
A

Table 1. Effect of Inorganic Cations and Bases®

H COOM 5 mal% Pd(OAc), N
j L1, BQ, Base = COOH
Ol ——=m '
. L1 = Boc-lle-OH-0.5H;0 O - O
2a
enty M base % vield® % ee® entry M base % yield® % ee®
| H KHCO 46 95 8 Na NuHCO: 356 89
2 Na - 51 RO 9 Na NaCOs 61 91
[3 Na KHCO, 73° 97| 10 Na CsCO; - -
4 NHy; KHCO, T = 11 Na K ;HPO, 37 83
5 K KHCO, 49 84 12 Na LiCO; 44 85
6 Cs  KHCO4 = 13 Na NaOTs 37 79
7 Na KyCO4 25 87 14 K NaHCO; 353 91

“ Conditions: 0.5 mmol of 1a, 5 mol % Pd{OAc),,

10 mol % L1, 5 mol

% BQ. 0.5 x_quw of base, and 1 atm Oy in 3 mL of rerf-amyl alcohol at 90
“C for 48 h. " Determined by 'H NMR analysis using CHaBry as a
calibrated internal standard. © Determined by chital HPLC analysis.
@ Using 2 equiv of KHCO;. ¢ Isolated yield./ Using 1 equiv of NaOTs.

Table 2. Evaluation of Aminc Acids® COOH /\I/COOH \/\rCDOH
st — % % Sty - % % NHBoc NHBoc NHBoc
il 9 vield es o g vield =e 1 2 3
1 Boc-Ala-OH 46 54 9 Boe-Tvr(r-Bu}-OH 45 96 COOH
> Boc-Abu-OH SI 67 10 Boc-Tie-OH 43 94 /\/\r COOH Bz COOH
3 Boce-Nva-OH 63 61 [11_ Boc-lle-OH-0.5H,0 73 97] NHBoc NHBoc NHBoc
4 Boce-Nle-OH 39 81 12 Boc-Leu-OH 60 86 5 6
5 Boe-Val-OH 39 93 13 Formyl-Leu-OH 4 79
) COOH COOH
6 Boc-Ser(Bz)-OH 61 91 14 PGI1-Leuw-OH 57 84 +Bu.,
7 Boc-Phe-OH 25 93 15 PG2-Leu-OH 44 69 NHBoc cooH tBu- o NHBoc
8  Boc-Thr(r-Bu)-OH 50 86 16 PG3-Leu-OH 37 65 7
g NHBoc 9
Me}_o Me Me 2
mMe Mo e O Me COOH COOH COOH
Me c:|3c3:>koJl‘.'t i HBoC \/\l/ Y\r
o:go WA i NHBoc
PG1 PG2 PG3 10 11 12
“The reaction conditions were identical to those described in Table 1.
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Result

Table 3. Enantioselective C—H Activation/Olefination Using

Substituted Styrenes as the Coupling Partners®

Scheme 1. Enantioselective C—H Activation/Clefination Using
Acrylates as the Coupling Partners®”

COR

5 mol% Pd{OAc) 4 g m% Pdl(-?m 5
. GOONa L1,BQ, Base = GooH /2 i O O oo T
. > “Q ‘¢. 2 o (R0 O
m L1= Boc-le-OH+0.5H,0 L1= Boc-le-OH-0.5H,0
R1 3a,4a
1 M = H, R = Et, 44% vield, 3a:3b = 4.4:1, 3.2:1 dr, >99% ee (32)
M = Na, R = Et, 57% yield, 3a:3b = 1.3:1, 3.2:1 dr, 99% ee (3a)
et | 100009 M= Na, R = {-Bu, 46% yield, 4a:4b = 1: 1 2.8:1dr, >89% ee (4a)
enfry 2 R R, R, % yield (config) (97% ee based on .{b)
1 2a Me H H 73 97 “The reaction conditions were identical to those described in Table 1.
7 2 Me H p-Me 71 97 ” The product ratio and dr were determined by 'H NMR analysis.
go'e 2ot M m-Me 63 92
4 2d Me H o-Me 51 80
5 2 Me H p-Cl 74 96 (R
6 2f Me H p-F 51 89
7 2g Me H p-t-Bu 51 95
8 2h Me p-Me H 63 90
9 2i Me m-Me H 8 92
10 2] Me 3.4-dimethyl H 63 82
It 2k Me p-t-Bu H 45 88
12 21 Me p-OPiv H 51 95
13 2Zm Me p-Cl H 35 87
14 2Zn  Me 3-chloro-d-methoxy H 47 90
15 20 Me 3-methyl-4-methoxy H 40 75
16 2p Me d-methoxy-3-urifluoromethyl H 39 89
17 2q Et H H 61 72
I8 2r Pr H H 52 76°
19 2 H H H 69 3%

“The reaction conditions were identical to those described in Table 1.
"Isolated yield. © Determined by chiral HPLC analysis. ¥ The absolute
configuration was determined by analysis of the X-ray crystal structure.
“ Boe-Tyr(r-Bu)}-OH was used as the ligand. / Racemization occured during
the reaction.

using amino acid ligand

Jin-Quan Yu. et al. Science 2010, 327, 315.

Mizoroki-Heck type C-H activation can be applied to various substrates, but...

Position-Selective

. Regioselectivity

C-H Olefination

2

Ligand-Enabled Reactivity

; x
: H

! EWG = NO,, CFy

Amino acid ligand system improves these limitation.

Hg

Pd(ll) Ry COH
PG-Controlied - Rz j
Ligand—g;ntroﬂed < i
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Improvement of regioselecti

COOH COOH
A 5 mol% Pd(OAc), CO,Et COOH
Hy 5 mol% BQ - Bz\ NHBoc NHBOC NiiBioe

" 10 mol% L
e COH 2 equiv. KHCO Me Me 3
. Y ; 3 COH CO,H 4
2 — P +
Hy 2 equiv. +AmylOH, 85 °C CO,Et -
OMe 1 atm O, 48h OMe OMe Y\(COOH A COOH COOH
Z
NHBoc
Entry Ligand Canv. (%)* A:B Entry Ligand Conv. (%)* A:B NFBog NBDCZ
5 6 7
1 - 68 1.4:1 7 Boc,-Leu-OH 50 3:1 .
. ; COOH COCH z
2 oc-Tyr(Bzl)}-OH 17 25:1 8 H-Leu-OH 16 6:1 \l/\r ‘. _COOH
3 Boc-Abu-OH 17 5:1 9 Formylleu-OH 24 1311 NHz HN.___H \/\I/
4 Boc-Val-OH 23 6:1 10 Fmoc-lle-OH 16 5:1 8 \g NF0oS
5 Boc-Leu-OH 24 T4 11 Ac-lie-OH 23 10: 1 9 10
6 Boc-Hle-OH 27t 8:1 12 Formyl-He-OH  43(75F  20:1 : :
*Basad on 'H NMR. The di-olefinated product was formed in less than 5% conversion. 124 h. ¥7 mol% PA{OAc),, 7 mol% BQ, 14 cocH Sadd
mol% L.
s e S e e e T D R R RS RN R NAc HN H
B
1 T
Substrate Ligand Conv.(%)* A:B Substrate igand ohv{%). A:B
12
Hg B
i-Pro i 5 - B
i CO,H 65’ 1.5:1 COH 63 16:1
_— " Boc-lle-OH 1 23:1 . Formyl-lle-OH 77 35:1
e 4 A i i i
ome 9 i 13 ) Synthetic application
Hz Me Hp ‘
£ . _ W
coH 82 28:1|Me COM 8 t2ed !
Formyl-lle-OH 78 5.7:44 Formyl-lle-OH 50f  4.7:1 I
Ph Ha Hy \
H 1 i 18 '

*Based on 'H NMR. Products derived from substrales 9, 11. 13, and 15 are labeled 10-A/B, 12-A/B,14-A/B, and 16-A/B respectively. !
Only the major products ware isolated and characterized. T1-Butyl acrylate was used as the coupling partner. ¥15 moi% Pd(OAc),, 15 \
mul% BQ, 30 mol% Forrmyl-le-0OH, )

Improvement of reactivity

othout Hgand, A B« 1.6.1). (5) (@

! i
| |

! |

! |

! |

' :

C Me R \ ;
|

CO.H - CO,H _ & S0 Et: !

@r ,@:\ AR P :

R 6t MeQ R 17 ¢ !

! |

Pd(OAc), Ligand Conv. (%)*1 Pd(OAc), Ligand Conv. (%)*F  Selectivity ! '

! |

| |

2 mol% - 31 2 mol% s 10 meno - He . PO, s6di b.e PO 0 at |

i i i i ¥ | B e s A @ '
2moi%  Boclie-OH >89 2mol%  Boc-le-OH >99 di ! Mm prmesove e W 05 i il

: ' Otte Position-Selective OMe OMe !

*Based on 'H NMR. 2 mol% Pd{OAc),, 2 mol®: BQ. 4 mol% Ligand. b 8 C-H Olofination  p_ gy 10-A R=tBu 23 '
D | Raagents and conditions: ) P 85°C. 6%, AB 231 |
1

Product Ligand Yield (%)* Product Ligand Yield (%)*
CF,
Boc-Val-OH 90 Boe-lie-OH 85
™o,k FaC A co,Et
6u 6w
NO,
Me . 0 Me . )
E i /ACO,_Et Boe-Val-OH sot OQN/EI/ACDZEt Boc-Val-OH 578
Me 6v [
Eb/v\\/wa” - s MeO CO,H - 22
Boe-Val-OH 0 m PGyLeu-OH! 757
F~Go,Et Reres ¥ F™co,kt !
18a 18b

“Isolated Yield. T2-Nitrophenyiacefic acid was usad as substrate; the product was completely decarboxylated under the reaction
conditions: 10 moi% Pd(OAc),. 10 mol% BO. 20 moi% Boc-Val-OH. *Mono:Di = 2:1. 54-Nitrophenylacetic acid was used as substrate;
dacarboxylated:non-decarboxylated = 21, "PGy = (=)-Menthyi(0;0). TMono:Di = 3:1.

Although the mechanistic details remain to be elucidated, the steric and electronic properties around the metal center are
changed by using ligands.
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5. Summary
[ (s)
By

irecti i o]
Directing group Carbon center Chiral s_ource.- - ‘s N“*Pd..,_
Oxazoline(chiral auxiliary) o )

2005 Oxazoline spz, Sp3
O~ py /
—oS
\0"‘Pd.,_ Lo
/\5 )
i new

Bu
chiral center

fipgy

2008 Pyridine sp2 Ligand(amino acid) chival aulry

2010  Carboxylic acid sp2 Ligand(amino acid) H) :‘ \\H
o= /k

Chiral Gearing

A4
Future Enantioselective C-H activation of sps carbon center
Regioselective arene C-H activation{meta- or para-positions)
Air as the oxidant
Reduced catalyst loading
Mechanistic study
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