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n-allylPd --- Tsuji-Trost reaction -

Tsuji et al.
Tetrahedron Lett. 1965, 49, 4387-4388.
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- SM= 1 — stoichiometric reaction _ N o
_ it was established that the carbanions could attack the carbon atom of the palladium complex giving ally| derivatives
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Manyik et al.
Tetrahedron Lett. 1970, 43, 3821-3824.

Pd(acac), (0.5 mol %)

S~y + NHEL - N png, o+ HX
PhyP (0.5 mol %)
X = OH or OAc 95% T P
) o O !
| M E
i acac

- catalytic reaction

Trost et al.
J. Am. Chem. Soc. 1973, 95, 292-294.

Initial alkylation experiments were performed with the isomeric mixture of 4 and 5

,/f‘“vm e
i
[ L % p Cl‘é.. - treatment of this mixture with malonate anion
IR T - | HC—4—Pd~__ | led to no reaction
{ Gl (—Pdeer + i - .[
L ; Jr :
4 ) i n-C.H,, Ja
8 However
NaUHCD, .y
4 + B .
CHOC CHOL - addition of at least 4 equiv of triphenylphosphine
TV - S | allowed reaction to proceed in minutes at room
)\ | s P
CHOC Gl CHOL ~CHn | temperature
& 9
63 % - stoichiometric reaction
G- Pd(0)
. "“ Pd Nu: o
P .-,M-;_.:,i o Pt S T w | - many trials have already been made to
ol R {” eliminate the allylic substituents(FG) for
i{ ' [ER—— this Chemistry

FG=0C

OR. OCO4R, NR;y, SR, P{OR},, B{OR}.. etc.

"streamlining the synthesis"
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2. Allylic C-H Oxidation

2-1. Catalytic Method for the Regioselective Synthesis of Allylic Acetates
J. Am. Chem. Soc. 2004, 126, 1346-1347.

2-1-1. Outline

related works

Sharpless et al. ;

J. Am. Chem. Soc. 1977, 99, 5526-5528.

Andrus et al.
Tetrahedron 2002, 58, 845-866.

PhCOOOBu
CuBr, PhH, 80°C

t
R’/\/Me SeO,, 'BuOOH .
DCM, 0°C

R/\/\OH

!
5
/

- these are limited by low conversions and/or lack of substrate generality due to poor
functional group tolerance

an of this reaction and also
on the results of an exploratory study of its m

Heumann et al.

* Heumann et al.
Angew. Chem. Int. Ed. 1984, 23, 453-454. ]

J. Org. Chem. 1980, 55, 975-984.

Pd(OAc), (0.5 mol %)

Pd(OAc), (0.5 mol %)

OAc !
O > ©/ i Q B Q—OAC
0 E n O “ n
., MnO,, AcOH A . MnO,, AcOH
0 examination of the scope

n=1,234,6,8

1 = o 5
‘u"a"gcéger %? L Ph\?i\s g P
oxidation owidation = :
DMSO ' - Pd(OAc) .
Py, ! 1 2 i
E38 fug: e CHAC . ]
DR rﬂ:j‘;j‘}i 2 ."’;ma’y“’j_, R e - OAC o
cafalyst g " . ) 1
S il A% _ | bis-sulfoxide Cihe '
- BO ¥ | catalyst1 |
— L. o .
AcCiH R T - DMSO—linear = L
. f‘h )
. \g/ - bis-sulfoxide—branched = B

- for reasons that are not clear, under these same conditions monosubstituted
olefins predominantly undergo Wacker oxidation (Markovnikov oxypalladation/
B-hydride elimination) to yield mixtures of vinyl acetates and methyl ketone
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2-1-2. Optimization

Table 52. Solvent screen {solvent AcOH, 1:1) with 10 mol%

Bd(0AC),, [BQ (2 eq), 40°C.

Table §4. Solvent screen (solventAcOH, 1:1) with 10 moi%

catalyst 1|BQ (2 eq), 40°C.
R

? All data reported ([L:B], [E:Z] ratios. yields) based on an average of
two muns. Minor peaks consisteat with diene byproducts were detected by
'] NMR analysis of the crude. ? 10 mel % of PA(TFA}. © Ratio based on
GC analysis of crude. Not corrected for small response factor variations.
“Ratc based on 1H NMR analysis of cmude. ?Isolated vields after
chromatography from reactions camvied out on a 1.0 mmol scale (0.17 M)

R —
% yield (GC), 48h N ek G5, 4 RS :
andry salvent L B :- W@ T Tmk o entry solvent L ! B :\e‘a mK : :
T : : 1 1 R/\( :
I ] 1 " ; 1
! AcOH 3% 4% | 18%  12% ! 1 ACOH 7%, 59% « <1%  <1% |, OAc |
------------------------ beovio oo sl ; e | :'--—'I:gi% =135 ! .
P 2 oMS0 40% 2% , 3% 4% | 2 i DMSO 12%, 7% ) : . va !
_________________________ L SR RS | i 1
5 SOME 1% <1% 3% <1% | 3 DMF 13%5 50% , <1%  <1% FREE TS ame e :
' ' ! | Sttt
1 ~ ! - 1 ” 1
4 dioxane <1% 2% ! 20% 6% 4 CHCN 6% . 3% 2% <% |, R/w'( !
1 ' 1 1
5 CHLCN 8% 5% ' 2% 2% 5 dioxane LR e E 9] :
1 1 1 1 = i I
6 THF 1% 1% . 13% 2% | 6 THF % | 53% ! <1%  <1% | . :
' | ' | ' '
" —_— 1% 1% | 14% 5% 7 EL,O B% | S4% | <1 <1% pomk
- fi ' 1
8 DME <1% 2% w 16% 6% 8 DME 8% 1 57% : =1%  <1%
i ' L .
a CH,Cl <1% 2% :: 0% 3% o 9 CHyCl 9% 1 68% « <1% <% I
0 ' ! LI =
10 Benzene <1% 1% | 10% 2% ! 10 Benzene 8% 1 62% ' <1%  <1% Wacker
1 | 1 i
11 Toiliene 2% 2% | 0% 2% | 1 Toluene 9% | 59% ! <1%  <1% products
o i . s -
2-1-3. Substrate scope in the absence of DMSO, s |
Wacker products are favored :Ph o,/ \P Ph !
. . - - - !
Tabie 2. Aliylic Oxidation of Terminal Olefins to (E)-Allylic ! ~—3S S—r )
Acetates? = Pd(TFA), , PdQAc
L PHOADING M%) s : 1 :
BT T ES e, dAMS R 15
DMSCAEOH (13, w)
air, 4°'C
aniry major grodiet limear: £ vield®
P —— branched
] ‘p—"“\i] 1
Lo O
: ‘*.r‘;“-\-. AR N
1 T OAc 29911 >2011 50% (72h)
e 1
i ol
o l HER N a0:1Y 131 54% (d8h)
CEo” T 0 i e
. J
3 mo TR N 24:1 121 52% (48h) .
CHT YT COA P L Benzyl and silyl ether-, ketal-, ester-, carbamate-,
and amide-functionalized monosubstituted, olefins
— 1 0% (720 underwent direct oxidation with excellent regio- and
' ik stereoselectivities to generate the corresponding
linear (E)-allylicacetates in preparatively useful yields
314 111 5¥% {48h)
teh1 1 B2 (72R)
171 131 86% (7eh)
131 121 4% {72h)
231 121 B2% (@8h)
=990 131 85% (48h)
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2-2. Serial Ligand Catalysis: A Highly Selective Allylic C-H Oxidation
J. Am. Chem. Soc. 2005, 127, 6970-6971.

2-2-1. Outline

Step {0 C-H cieavage Step & Functionalizat ; i
# B _,.a%":;..,,.-ﬂ ¥ RERER R - different steps within the cycle place
o Fd{OALL, different demands on the catalyst
i S “ s,
o T b B9% D= =0
2 (1 o) N Gl
POAC) {1 squa} : ot . . o
R " i A ‘Lq 1 R | - reaction proceeds via a mechanism in
B G CRICH 48 TR OPTTTYT ' which two different ligands are responsible
PO | o §8% for promoting different steps in the catalytic
¢ 121 [Bii] cycle
2-2-2. Optimization
Table 1
sulioxie {10 mols) {}P’ e
A axicharnt {2 aguiv.), L
BT AcOH ( equiv. ). dioxane, 43°C
. AcCH et W visld GCP .
ity sulfoxide feaquiv. ) cxidant w&%g uéf« < [BiL]
control [ 1 nomne g2 BOQ 3% in
Q 0 ” sl ,
2 pieS 4 Hopm 52 BO TA% 11:1
4 2 . 51"') B 6% 12:1
- B, 4= BQ 645 31:1
AL B 4P BO) B0% 31:1
d 4 CulOhe) 1% 12
g 4 BG(Me)” 580% 321
f. 4  BO(Me)? 15% 211
0 g, 4 Do® 1% 14
3‘ T T BG 565 @
& FOE~ 57 BQ A% 0 21
[ G i oo
control 5 . }L &5 50 4% | 31
Ph- 4‘3'.,"‘
2 Average of 2—3 runs. Yields are corrected for response factor variations.
* Complex A (10 mol % based on Pd), 72 h ¢ Methyl-1.4-benzoquinone.
4 2 G-Dimethyl-benzoquinone. ¢ Duroquinone. £ 1 equiv of PA(OAc)2/2. 24
h.
a cyclization-induced rearrangement pathway Overman et al. Tetrahedron Lett. 1979, 4, 321-324.
0 o g
I X 0
+E 0/.1{.\0 -E i I
o .
R W
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2-2-3. Substrate scope

Tabie

3 3
2 {10 molis f‘ 0
/__ PalCATz (10 mal®), BQ {2 equiv,) OJ\ R
R™ ™ RCOH (1.5 equv)or AcOH (@ equiv) |
dieana, air, T2h, 4390 BT
entry  majar product wolated  branched:
i hinear®
e .
1 fon A T = TBDPS 72% 161
2 f,‘,E«Q’o L o6 Bn 58% 18:1
S L s " =
3 BN T o e
U + | i
4 . T O 64% 2601
: 1 ; {i '
:_j?_“: _________ 4 DP.C 0 :‘za.ﬂd
5 ITEDPSOL .~ 567 Ll
DA
, L
6 XJ‘_-_?_.B e 57% 1911
C AL OH .
7 U ‘“ﬂ” | OLR R=CH, 64% 221
B il mw‘-ﬁl:&_ A 685% >20:1
: o i0 ’:
“““““““ + 4§ ! o9 e a0
g Tl s, RE=H 7T1%9 1371
10 l ? Nl OMe ?r;a%g P41
14 Bl R r T4, V481
i CiHis. - PR [ Br ] : : !
12 T NO) | ga%? | >20:19!
e e ;
13 Gy A F B4%9 321

@ Data based on an average of 3—4 muns. & 2 and Pd{OAc) must be mixed
neat. < Ratio based on GC analysis of crude. 9 Ratio based on 'H NMR
analvsis of crude. © 20 mol % 2. 7 Temperatures below 40 °C {e.g., 38 °C}
result 1 decreased yields. 48 h

2-2-4. Mechanistic study

in the absence of 2

0 |
: S.r |
L PR
2 E
Pd(OAC), pgPAc

with and without BQ &

not observed

- In the absence of 2, with and without BQ, formation of n-allylPd was not observed
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Step 1: C-H cleavage . Step 2. Functionalization
B Pd{DAC),
pheS~g A 59% o= =0
"2 T squiv. p 4 = OAe
e Pﬂ[@ﬂkt}g,(‘e aguiv.) j 1] BQ I
R s s—————————————=—— . T K -i ....,m..,..,m.._..;,_,.m.? P a V";""E 3
R=CgHy COCI43C.7h [T | (Rewv) R
- Pd(CAC) | ‘ 559,
L n 12:1 [B:L]

@]

_ I
- When stoichiometric mixtures of 1-undecene ( C7H15s-—~= ), Pd(OAc),, and 2 ( Ph™ e ) were heated
and monitored by "H NMR, dimeric n-allylpalladium acetate complex A was chserved in ca. 59% vyield

- When BQ was then added to this reaction mixture, formation of allylic acetate product was observed with
yields and regioselectivities similar to those observed for the stoichiometric reaction run in the presence of BQ

- In the absence of 2, with and without BQ, formation of complex A was not observed
— These data are consistent with 2, and not BQ, acting as a ligand to effect Pd-mediated allylic C-H cleavage
to likely form a monomeric n-allylpalladlum intermediate

Dlepic Table 23 TS
O : I E
,.-,iil;r;.\.._,-f“"\‘ﬁ T conditions | ' Ph/S ~F
Pdibey, dickans, ST i 2
& 430 Y S L )
entry conditions Goyeld Bi=G6h Bl
. — o AOHMOequevy F1% o
2 SRLBII e e
» 3 EQ (20 eqm 58% 321 .
C 4 i) 62% 341
... BO e% eqIV) T ————————————— |
5 ?Ph: {20 equuv) 42% 1:1%
6 dppe’ (10 equiv) 44% 1:14

2 Average of 3 muns. 8 L, 46%. © 1.2-Bis(diphemylphosphino)ethane 7L,

- These data are consistent with BQ, and not vinyl sulfoxide 2, acting as a ligand
to effect functionalization from a monomeric Pd-d-allyl intermediate

Scheme 1. Serial Ligand Catalysis : 0 !
DHQ (2Pd(CAc); 2, PdOAG) = L pn SN
WP | :
2 ey Bz - d AoliH +2 e R e )
+3 gy
PdiBa) \r?mjmxu,.;s
it n
|
;'_; :,2
s B ows Lo,
7 ~. e R 7 BQ
ik |

(RGN FAiOA)
i 7122



2-3. Macrolactonization via Hydrocarbon Oxidation
J. Am. Chem. Soc. 2006, 7128, 9032-9033.

2-3-1. Outline
ity . _
ey, Sulloxide (,.—\,;f.;\ a0 [‘”‘r’“ﬁ““*' - macrocyclic lactones are important structural units
f ‘ N ﬁr;"i‘.r. i F\[—; ) 1 i
1 H g s\\\ O'J‘ B '\\ o (1) -
“E0,H T m’ - macrolactonizations under these conditions (Pd'/base)
o1 o have not been demonstrated

Catalytic Pd(Il) Stoichiometric Pd(ll)
Larock et al. J. Org. Chem. 1993, 58, 5298-5300. Annby et al. Tetrahedron Lett. 1993, 34, 8545-8548.

3 0 0
Pd : O
acyloxypalladation 0 Ve CH /
Aco-Pd | or O IR} =
: /\/\/lL i
i NS
[-elimination o S
2-3-2. Optimization & Substrate scope
Table 1.
Q. "
.« 8, 10-20 mal®s
(__..CD;.H F‘hiig,;&a?:j;{?h ERIGEIN (JL &
H B0 (2 equiv.), air, CHyCly, '
Nk 45°C. C=10mM \_th
entry macrolactone product ring isolated
- size  yield®
S
a i 14 361%7
18 gt 1g scale - >62%°
2 15 4,52%
3 16 5B80%
5 17 6 53%:
5 10 CT_E;“F - in addition to aryl acids, vinylic and alkyl acids
H= A are competent nucleophiles (entries 5-9)
" e HEEe - both (Z)- and (E)-«,B- unsaturated acids
; gnn (B2 undergo cyclization using this allylic C-H
o oxidation method to furnish 16-membered
macrolides 7 and 8 in good yields with no
olefin isomerization (entries 5 and 6)

14 9.60%
1

- chiral, alkyl acids effectively cyclize and
do not appear to significantly influence
diastereoselectivity (entries 7-9)

8 ‘ 141054505
i 1.1 (dr)f
] =
fta) { 5 a T

i O A A - the mildness of this method is illustrated by
R r,f_',o_,_iw_,J,,H__,'o 9y ) e macrolactonization of alkenyl acids with
¢ A ' ‘:?" - densely oxygenated acetonide and acetal

R, .. i moieties (entries 8 and 9, respectively)

* Average vields of pure branched isemer for fwo runs at 0.2 ool 72
b Up te 18% stamung material cbserved (Supporting Information). Some
head-te-tail dunerization byproducts have been observed. * Higher dinltions
seonlt i lower macrolide vields. © 1 g (3.3 mmel). 920 mol %6 2; 10 mol
“o I gave 17-22% lower yields (Supporting Information). ¢ Ratio by GC.
"Batio by 1H NME. £ C = 20 mM. % 15 mol % 2.
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OR 0 & : ,"é l
_,.-JQ;:._ .f"—ﬁ; f'V:IP S : Q;?‘:’ K‘;D DQ{ . H;b(Ci
| T & : e S e 2@0mos) e e
L :&i\“ffﬂ 5 : 1‘\\_ ",\ ...... :: }1,-\’\ P BC (2 axquly. ) ( \ﬁ__!'{ ‘} "-'"-. “‘3
- o W ST CHELTomM), e D LS
N O~ | a ik i 45°C, 72 h o
fdacron }ﬁuf’ "‘-‘3!’:;‘?%\. 12 Free *‘i‘c]hﬁ BT | peed 1 e ﬂ“‘?\( =2
acid lactones 1%, R= B, 7% ; 8] L@ [
: Magrocyslic tsindolplmaigimides 14, 58% m -memberad)
o o !
ol Nem
3 :
J 1
M H\!-"ﬂ ;
/r—\ o :
15, G1%, 31 dr {18-memberad) :
2-3-3. Mechanic study
. A~ = N ]"' ) : / h '
-~ L‘*Oiwiw" {1 equiv.) c \1' i"3 aqLiv.] : Pth OA PR
)} e | ! - q ~a-. 3{ ’tc} . ( C)2 )
R N w2 | 5 ;
5 . (10 mM) ¥
L 455C, Oh w.»‘"\m_ *

16

- when stoichiometric mixtures of 13C-labeled alkenoic acid 16 and bis-sulfoxide/Pd(OAc), complex 2 were heated
and monitored by '"H NMR spectroscopy, peaks consistent with a d-allylPd complex 17 were observed

- simultaneous monitoring of the C-H cleavage step by 13C NMR spectroscopy showed a Pd-bound carboxylate
suggestive of intermediate 17

- evidence for the monomeric nature of 17 was obtained via ESI-HRMS

- addition of BQ to 17 results in formation of macrolide 3 in 52% yield (62% catalytic reaction)

- significantly, in the absence of BQ, reductive elimination is not observed

- macrolactonization proceeds via a serial ligand catalysis mechanism and
provide evidence in support of BQ promoted inner-sphere C-O bond formation
from a templated n-allylPd carboxylate intermediate
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2-4. Polyol Synthesis through Hydrocarbon Oxidation

Angew. Chem. Int. Ed. 2006, 45, 8217 —8220.

- 2 may be synthesized directly from protected chiral
homoallylic alcohols such as 3 through the DMSO/Pd(ll)-

2-4-1. Outline
{F CR'
! 0. R " ! =
T . ~ ‘_g - i £ e 5
2 0 e
QR O - promoted allylic oxidation
.. _OR" | or 9
H .:. . g
O

syntheses of 2 based on Wittig-type olefinations or cross-metathesis reactions

Wittig-type olefinations OR'
)Oi/\/ ) R/I\ﬁo
p @] R"
Y
’ R/'\/
cross-metathesis reactions .

2-4-2. Optimization

)

Table 1 Investigation into the lingar allylic oxidation reaction to form the
hexose precursor 6.

e OBn o OMe
i M ) ? o L i
- (e &
T OH
el : "5

Entry DMSOJCH, A, Quinone

Molarity [a] Q)
] 0.33 20
2 0.33 BQ
i 0.33 ?hBQ)
4 0.6 BhaQ)
5 1.0 PhEQ 1
6" 20 PhBQ 3
2.0 PhEQ 3
& 20 hB(Q) 3
4 3.0 PhBQ 1.5 50

[a] OMSO/CH,CL (3.2:1). [b]Linear to branched allylic ester and
E/ 7 ratios were determined by HPLC for the material obtained from
entries 6 and 7 on comparison with branched or acetonide-free £ and 2
standard compounds: linear fbranched > 300:1, £/2Z = 30:1 and 36:1 {for
entries & and 7, respectivelyl. [cl Yield of isclated product from the
selectivities represent an average of at least 2 runs., [&}"wsiﬁ no DIPEA
added.ie] [Pd(CH,CN) J(BF ), (10 mol%),i 13% of 4 was ™ recovered. ~
[ PAIOAD, (S Mol %), Bn<benzyl,” DIPEA = N.N-diisopropylethyl
aming, MS = molecular sieves.

- difficult in accessing enantioenricher’
a-hydroxyaldehyde and a-hydroxy
olefin starting materials

- the addition of DIPEA, a noncoordinating
base additive, effected a significant
increase in yield (entry 2)
although the exact role of the base is
currently unclear, they hypothesize that it
increases concentrations of the benzoate
anion

- the yield was also increased on switching
oxidants from benzoquinone (BQ) to
phenylbenzoquinone (entry 3)

@]
o

phenylbenzoguinone

- on increasing the reaction concentration
to 2.0M, they achieved further increases
in yields, and were able to use fewer
equivalents of carboxylic acid (enfry 6)
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2-4-3. Total synthesis of differentially protected |-galactose (-)-11 : =N, /N_
I 6 ;
i N
: 0’| o

a) mCPBA, CHzclz’ HO

n oH b) oligomeric (R R)-{(salen)Co"}-
HO=,_ ~OH . DO-WGt galh V OTf(0.05 mol%), CHaCN: o’\]/Q
0

then 2-methoxypropene, )Y—O
p-TsOH - H,O(1 mol%), 0°C

7 8 (S,5)-9
OBn
c) CuBr (10 mol%), CH,=CHMgBr, THF, -40°C O/\[/Iv\
d) NaH, TBAI (10 mol%), DMF, 0°C, BnBr, 0°C—r.t. 0
(54%, 3 steps from 8, ) '
(24
99% ee

&) [Pd(CH3CN)4](BF 4); (10 mol%), PhBQ (2 equiv), 5 (3 equiv),

DIPEA (0.5 equiv). 4A MS, DMSO/CH,Cl, (3:1), 41°C, 72h OBn Obe
(71%, linear/branched>300:1, £/2=97.3) /Y'\/\/O
________________________________________ - 0
o) ‘ 0

O Key reaction )v

E OMe (+)-6
MeO

 A— S !

f) K080, * 2H,0 (1 mol%), (DHQD),PHAL (5 mol%), o
KaFe(CN)s, K,CO5,MeSO,NH,, 'BUOH/H,O, 0°C OBn OH ©
(96%, >20:1 d.r.) | " 0
__________________________________________________ 0 :

L )VO OH 0
(-1-10

MeO OMe

g) TBSOTY, 2,6-lutidine, CH,Cl,, 0°C—r.t., (90%)
h) DIBAL, CH,Cly, -78°C, (98%)

i) (COCI),, DMSO, NEty, -657C, (90%)

i) Zn(NO3), - BH,0, CH4CN, 50°C, (93 %).

- proceeded in a total of 10 linear steps with 20% overall yield from the

commercially available 7

- previously reported
(for example: 11 steps, 18% overall yield, and 9 steps, 16% overall

yield)
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2-5. A Chiral Lewis Acid Strategy for Enantioselective Allylic C-H Oxidation

Angew. Chem. Int. Ed. 2008, 47, 6448 —6451.

2-5-1. Outline

2-5-2. Optimization

| - el
Ll S & ‘ [
= S-Ph R RS S S . ,
T O O FU DA - All attempts to use chiral sulfoxides have
s I i i W O Wi WO | been unsuccessful in effecting asymmetric
£ Com ! ! ' B P ind ;
! ; = = induction
§ aguiy Cleavage Pdl, Farmation )
' ! : ! up 1o 63% ee
: Q,x’“-?:%f- ot | pravious best 36% ea
s i Fier. (B

n-6-1 isomerization of the [(n-allyl)Pd] intermediate

Chwidaticrn

£
= ,k Y
-~ {3
'\. » ‘-f
et
81

M= Collll)OAc
Gl -
o Cdllhe 3

crilnCAc 4

-------------------------- LR R RS R R R R R R R R R R R R R ]

A

TOROMmaric ;
dimeric

W

AcOH (X equiv.), BQ (2 equiv)

Table 81. cxiended Analysis of Lewis Acid Mediated Enanticselective C-H Bond

Me .y = 1 {10 mol %), LA (10 mol%) [
£ ‘1!:7::;\/ ............ il ot B } l‘ s ) . FME ’ \ : f

Dioxane({M), T°C. 24 hrs Y
Entry LA v X T % Yield®™ BiL eels]
T 0.33 4 45 7 >30:1 0
2 A 033 4 45 27 281 0
3 B 033 4 45 7 8:1 0
4 C 033 4 45 41 6.1 0
5 D 033 4 45 5 >301 0
59 D 2 11 o 1 181 4
R o 2 11 4 281 14
8 2] 033 4 45 7 124 ag
g 2 033 11 45 10 121 37
0 2 2 11 o 38 141 32
1™ 2 2 11 nrt 41 141 32
12 3 033 4 45 74 831 g
13 3 033 11 45 54 791 15
L A 3. o ;- o 86 . 461 __ a4
AT L # 11 # 93 511 57 |
i 4 0E3 4 T as T R 321 3
17 4 033 11 45 8 201 14
control
15 4 2 11 ¢ 50 151 29
9% 4 p. 11 n 7 201 31

B yield, average of at least two runs ™ Determined by Chiral GC
FEME, 1.9 eguiv. DIPEA MEIOA: solvent, 44 M5 bead added(~20 mg),
48 hrs

- introduction of chiral

phosphine ligands, are
not compatible with
electrophilic, oxidative
C-H activation conditions

- Lewis acid co-catalysts

have been demonstratea
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2-5-3. Substrate scope

Table 2: Preliminary investigation of the scope of the enantioselective
allylic C-H oxidation. O\‘S‘ S -0
1(10 mol%), LA {10 mol%) OAC  Pheioncy ™
PR AcOH (1.1 equiv), BQ (2 equiv) Je ; 1 !
EiOAc (2 M), RT. M.5. (4 A), 4B h [~ S ‘
Ertry Product Yield [%]®)  B:iL  ee[%]"
(brsm)™!
1 ) e ) 92 531 3%
214 Moty 92 531 59
3 n=7" 0 g 89 481 57
4 n=2 Med” ey 1 69 (73) 461 50
5 MG&?, E]q{. -~ 81(88) 4.4:1 54
e : _____ ‘.
R=TBDPS "f*’"“ | 84 (90) 4.4:1 63
7 R=H & Rot w = 83 44:1 50
8 R=THP R 91 3.6 49
9 R=8n RO G 90 431 45
) OAG gommimi s ;
10/ T 78 (83) 151 62
[a] Yields of isolated allylic oxidation products (1.0 mmol substrate) are
an average of at least three experiments. [b] Yield is based on recovered
starting material. [c] The ee values were determined by GCanalysis on a
chiral stationary phase. (see the Supporting Information). [d] The (S,5)-3
catalyst was used. [e] 72 h. Bn=benzyl, cHex =cyclohexyl, TBDPS =teri-
butyldiphenylsilyl, THP =tetrahydropyranyl.

- the functional-group tolerance of this system matched that of the original bis(sulfoxide)/Pd"
methodology, with tolerance for esters, amides, a wide variety of protected alcohols, and even
a free alcohol (entries 3-9)

- these results represent the highest enantioselectivity observed for the allylic C-H oxidation
of terminal olefins

related works

F . 0

e 5 : e e ! i - ! R! R :.
Ph ’. %,‘N N L O,N @ C.’\ '\)
A P ( : N Ny

: ‘\ n I\ R R '

internal olefin : internal olefin !
UptoBE% BE =00 heermectemmbemees o up to 99% ee ST—————— " 13/22



2-5-4. Mechanistic study

' leq. !
O O
R =Cz:H S 4 _ 3 P
817 FPh-S » S-Fh Pd OAc O= \}:O OA
, Pd(@)ﬂt{:}g J N/ T J.\C
P .. ,-’::_’/"’ L st o X
- g .
C—H e cC—0 RN
1 equiv Cleavage Formation
- studies with stoichiometric amounts of undecene and bis(sulfoxide)/Pd(OAc),
R S A R T R catalyst 1 indicate that the rate of C-H cleavage to form the =-allyl palladium
N .0 ‘1 acetate dimer is unaffected by 3
ph/S S‘ph : - functionalization in the absence of BQ does not occur
; Pd(OAc), .‘
1 | - sterically hindered 2,6-dimethylbenzoquinone gave orily a trace amount of
"""""""""" ’ product in the catalytic reaction
__Nl N= :
| : T S T RN P R TN
L : undecene  ~
'Bu o | o ‘Bu
F |
‘Bu ‘Bu |
3 e
three mechanistic scenarios
scenario 1 scenario 2 1 scenario 3
o) E o) i 0
/N ; ! £ /N
o) )| | ot )
AcO _- o' SN IS (R o I AcO i o SO
‘~\de’ iy “pd o ! Y Pd 7] N
1 Fo_/ | : LY Fo
A J P : 8
e 5 : RE : R/‘\/ 5
| TR : AN
: @) N : @) N
: \ : N
' AcO Cr ! AcO——2Cr
: /N ; ¥
. 0 N = 0 N
i S o | S ot
3 i 3

reductive elimination of acetate by
a [L*Cr(BQ)]-activated w-allyl [
palladium complex

delivery of an acetate group from
[L*Cr(OAc)] to [(r-allyl)Pd(BQ)L]
complex

delivery of an acetate group from
[L*Cr(OAc)] to an activated
L*Cr(BQ)—Pd(n-allyl)

dual activation

14/22



rd
Pd LA (1 eq.) OAc

Mock Catalytic Conditions
40 min.

5

-
Yy
5
%

=N_ N= =N_ N=
/CI’\ /Cr\
‘Bu 0| o ‘Bu ‘Bu o | o 'Bu
F OAc
‘Bu ‘Bu ‘Bu ‘Bu
3 4
10-fold
Entry LA leld [ I 3L £e f*’ §
R

RR)3 a7 85 531 %8

[R.R)-3 ( 0 C ( — no BQ added
(R,R)-4 3.8 41 2.2

diminished Z

1(10 mol %), LA (10 mol %) OAc o,/ 0

Mepopiias > MEW Ph—S  S-Ph
AcOH (1.1 eq.), BQ (2eq.) 7 Pd(OAc),

AcOEt (2M), r.t., MS (4A), 48h

1
fN N_ _N‘ =
‘Bu
OAc
y. 193% diminished y. 1 71%
B:L: 5.1:1 - B:L: 2:1
ee :57%ee ee :31% ee

- these results are inconsistent with asymmetric induction arising exclusively through the
delivery of an acetate group by 4, while they are most consistent with a 3-BQ-promoted
functionalization (scenario 1). However at this time we cannot rule out a dual activation
mechanism in which 4 delivers the acetate nucleophile to a [(n-allyl)Pd(BQ)-3]
electrophilic intermediate
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3. Allylic C-H Amination

3-1. syn-1,2-Amino Alcohols via Diastereoselective Allylic C-H Amination

J. Am. Chem. Soc. 2006, 129, 7274-7276.

- syn-1,2-Amino alcohols are prevalent motifs in a
diverse range of important small molecules

- Pd(Il)-promoted allylic C-H amination processes are

3-1-1. Outline
syn-1,2-amino-
alcohols

¢ Pl O

‘ﬂ" sulfoxide /;J O

o “NHTs SHEVSL G TNNTE e RN T )

] .
rare

Larock etal. J. Org. Chem. 1996, 61, 3584-3585.

Pd(OAc), (5 mal %)

Y
Z E

g\, NHTSs

DMSQ, air

3-1-2. Optimization & Substrate scope

Table 1. Allylic C—H Amination Reaction Optimization and Scope
0 Q“SMS“D 0
L PhPaOAcN ! Py
Q7 "NHTs (10 mol%) ~ O "NTs
quinone (1.05 or 2equiv.) .../
R )\”*\“ THF (0.66 M), 45°C, 72h  gf "=
2a-e Ja-e
entry R quinone isolated drb
{(equiv.) yield® (anti:syn)
; 1 HPr (2a) BQ (2)° 37% 7:1
2 -Pr BQ (2)°¢ 3%* -
3 -Pr BG (2) w 50%) 71
4 i-Pr PhBQ (2} 66% g:1
5 -Pr PhBQ (1.05)  72% 611
6 ;“"'\"r“i"xza} PhBQ (1.05)  76% 6:1
T >1)a [2b) PhBQ (1.05) 8% 18:1
8 1~ f{26) PhBQ(1.05) 86% 1.6:1
o | BO\h 1ag) PHBQ (105 84% 7:1
' OEt | :
10 Emapsov#w PhBQ (1.05)"  84% 1.8:18
7 Average of two runs at 0.3 mmol. ® Determined by GC analysis of the
crude reaction nuxture. ¢ Reaction run at 0.33 M. 9 Reaction run using 10
mol % Pd(OAc) (nesuifcs:igle higand). ¢ Deternuned by NMR analysis of
the crude reaction muxture. / Reaction ron using 5 mol % additional bis-
sulfoxide hgand.
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3-1-3. Mechanistic study

_ Stoichiometric study

o

A

07 TNTs

o7 O NTs
)

i,
EPTTT TR

|
Za

I S |

da-THF (0.58M), 45°C

~Fr "
2h: 24% conv.
(observed by "H NMR

24h: 45% yield, 7:1 dr

)

Scheme 4

o
Bu, N4 ;“\
11 equivy 9 §~1Ts
40 min o
- \“::"“
3a

5%, 8:1d.r

- note that yield for the catalytic reaction is
72% vyield [6:1 dr] (table 1, entry 5)

- a key to this catalytic amination reactivity is the ability to use catalytic quantities
of acetate base that can be regenerated via quinone-mediated Pd(0) oxidation

- The use of stoichiometric base significantly attenuates this reactivity, most likely
by interfering with the electrophilic C-H cleavage step of the catalytic cycle

=

An alternative mechanism
Table 2. Testing for a Possible Aminopalladation Mechanism
i {
) ; A o s
o NHTs a | @ Nis 07 “NTs
} SRRE IO | ! NUR. S i /
. | b ;
P N Lepd — P
S LaPd 3a
clsfin isclated Ehgr® 72hd®
htey SOMET yield 3a {antisyn; {antifayn}
1 Eisomer (17) 1 20% - 9:1 8:1 }
2 Z 1momer (18) 9% 13:1 11:1
3 {r-ofefin (2a) 2% 6:1 6:1
# Reaction 1ua using 1 {10 mol %). PABQ (1.05 equiv), THF (0.66 M).
459, 72 h P GC.

via (1) aminopalladation
(2) p-elimination

-

= via n-allylPd

 this data strongly supports a mechanism for allylic C-H amination involving
Pd(I1)/bis-sulfoxide promoted allylic C-H cleavage to form a r-allylPd intermediate
followed by acetatemediated functionalization
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3-2. Catalytic Intermolecular Linear Allylic C-H Amination via Heterobimetallic Catalysis

J. Am. Chem. Soc. 2008, 7130, 3316-3318.

3-2-1. Qutline

linear allytic
C—H amination (LAA)
catl, Pd/Cr

™

3-2-2. Optimization

Table 1. Development of the Intermolecular LAA Reaction

), D

"3 Cs
, PhpaoagFh "
{10 molss) o :
; : Criilhl,, (8 mol® ‘ i } > OR
i LFEsH L. M > £ 3
3 o HOCIOINHTS {2 equiv.) 4 ff.t

B8O 2 Qquw 3, solvent (0.66M)
45°C 72 h

Cr(iL,,

isolated L:BP
_yieid“

entry Pd(ihL, R

control I 1 e o -
2 w Me (salem)Cr{IBCI2Z - -

1 Me 2 43% =100:1 861

(4 Pd(OAc), Me 2 N

control§ 5 1 Me  CrCly- 3THF - .
L W N— 5}4_*1_‘___,T?‘_Ffﬁ:!.fiiﬁs_l___f:f:’?‘:’,z 21001 711
i 7 1 Me (salemiCrillhCl2 30, »100:1 57:1 E
""""""""""""""" Me  (sslemA(INGI 219 =100.1 764

e emCo{iH}OAs, 17 >100:1 1.1

»20: 1!

0.4 mmol.  Determined by GC analy
THF {0.65M), * TBWE {0.66M). *C metal ¢
(TPPYCL, Rullb(TPP), CulliTPP)
hCL, { TPP = tetraphenyiporphyring, Pth
is of the crude reaction mixture

crucke reaction mexture
omplexas gave 2% o
LCoiH) lal-TPP)
= phthalocyaning)

Fefl

. ) - Linear Allylic C-H Amination
n g JE Rﬁ- . HNR o
w20:1 L:8 1 equiv.
)"Jff !! Enz

__________________________

z
|

N

TPP
tetrahydroporphyrin

N
¥
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3-2-3. Substrate scope

Table 2. Scope of the Intermolecular LAA Reaction

0,0
Ph’pdiém‘wh i
(10 moi) -
R e M zalen)Cl2 (5 f"'ilﬁ?%j Ei d“;’”‘-\ gq . f’_ )
_'-§ N MeOL{ONHT S {2 equiv.) 20"‘.!"52' 1
I " . ; rﬁj . i
L oot qu;, 3;?;*5 e e 1
entry ' alfyriaf: amine isolated
pmcﬁmt yield®
= ~N ‘CO Me
! l’\?r' el 5 58%
3 L';HL;KN,AN L0Me -
9 i‘i‘{}?l"lﬁ’ﬁwﬂ%] C{}EM& 7 Lok
5
4 iragr—lw‘mﬂx A -COxMe (+)-8 57%
.
51 PMBO, ,1W .CO,Me (+)8 65%
5 Totesy e
6| PMBO.] ,A.WWN COMe  n=0 (+)-10 52%
r AR =1 n=1+-11 B5%

;&s erage sz wo PABFIT m: D 3 mﬁl Pmdm s Were 1selated m one revm-

3-2-4. Mechanistic study

Stoichiometric study

”
AN

Scheme 3. Stoichiometric Studies To Evaluate the Role of
(salen)CrCl 2

_________

C—H Cleavage [__j_eq. J
GTH “u,_‘,»"':t*{.\‘ Prifbhise- SUME&%:E} G‘;rH-jg}-‘.‘____?,%\
wf*g&gjgw PA(CI) =
23 66%

Functionalization
CrizaleniCl 2,

CoHyax 4:3-“3_1 Wh CrH g AN OMe
| MeOCIOINHTs
4 PAOACYs mock cataiptic ogo,
condifions B L B
\T1EZ

___________________

19/22



0O
CHy E-W I:_ JL OMe

o

ot

Yiehd® L/ E/Z

¥
)
0

- no amount of the product was detected by GC analysis of
the crude reaction mixture when either BQ or Cr(salen)Cl was
omitted from the reaction conditions

- the Pd(Il)/bis-sulfoxide catalyst promotes allylic C-H cleavage

- the Cr(lll)(salen) catalyst together with BQ promotes amination
of the d-allylPd intermediate
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4. Allylic C-H Alkylation
4-1. Catalytic Intermolecular Allylic C-H Alkylation

J. Am. Chem. Soc. 2008, 130, 14090-14091.

4-1-1. Outline
linpar allylic Q.m0
G afRkyiation Wﬁ Sa?h - Pd(Il)-mediated electrophilic CsH cleavage
A D A B ; Pd(f}&r:} . ¥ W, and nucleophilic n-ally | Pd functionalization
BT o DMSO {x-acoeptor), B | (1
1 acuiiv. OMBQYACOH . EW,
[} & cat. source of base)
JROIBMBENBIN o ceotmor oo e s el S S S B SRR e
Shi et al. J. Am.Chem. Soc. 2008, 130, 12901-12903.
R:&
E) O 2 {10 mol¥%) |
B il EL 8*53 H 3 equiv), Oy balloon o S g
PR ™~ & pfg 3 e ,
oluene, 60 °C, 48 h . | !
H Fai” \Z‘(} ': o 5 :
53 6 T : Bt \ i/ |
_____________________________________________________________________________ : Ph\/S S-—-/Ph ¢
; Pd(OAc), |
- . M i l
H 0o 0 2 (10 mol%) /C A 2 L
,k\v,»u\ BQ (1.3 equiv), O4 balloon M% T e EEE T PR -
25+ Ph , e i - A ¥ O
Ar toluene, 60 °C, 48 h B
i .
, Ph”, "0
5 6a 7
4-1-2. Optimization & Mechanistic study
Tabie 1. Development of the Allylic C—H Alkylation Reaction resesm———————=
POACK2 M {10 squiv.) % O\\SJ S‘ -0 :
e diowans DVEO (41 {\j Gt | Ph7 Pho
L\::'r 2 45 °C, 3.5h Pd(?AC)z “
antry HuH yield L + 8 (- J B
| PhSCH200:Me, 3 9 s
2 NORCH2COPR, 4 82% 81
3 NOCHAOMe, 3 860 4:1
4 NO2CH:28C:Ph, 6 89% fe:l
5 5 {no DMSOF = 23
s Determined by 'H NMR analysis of the crude. * 0,033 M. © Diioxane
{0,033 M
Table 2. .
PdliL,
o NuH (1 aquw P 'R = COghe, B
J\ ~ o @ COPN, 9
il i dic:amm wsa«m” 2 50,Ph, 10
. Pafllits Hur i icdd 4F . .8
aniry (e {eauiv) oxidant vield (L + BF LB
R AL S{L) = 505 5:1
2 RN (L Oyl atm) 2% 4-1
100 5.0} DMBQ/ACOH? 2% 41
4 101 S(E DMBOYACOHR =
RIS L S ¥ S S(1.0) DMRQ 5%
6 1 PdOAck (010 S0 DMBQ/ACOH 63% 41
CAN (1§ IR 3(30)  DMBQ/ACOH? 83% 4:%
§ 1i00 4(3.0) DMBOQ/AcOH? 745 7:1
g 12 0.0 6 (3.0 DMBO/AOH? % 13:1
a IHNMR analysis of crude. 033 M. 8 h “DMBQ (15 equivy,
AcOH (65 equzx} “BuNOAc (1 equiv). 71,2 Bmtp%xenyisahms bi-
ethane/PATFA 2. # 1,2-Bis(benzylsulfinylethane/PdiOAch. ** 21/292




4-1-3. Substrate scope
Table 3. Scope of the Allylic C—H Alkylation Reaction

entry j L:gb  isolated yieid L
major product BF w
(1 O HA=0Me T 1T 507
2 n b Me l‘ 31 651%
3 T e |CHo=CHa) 311 63% ,
4 A MO ) I 4:1 62%
5 R ) By Codn 6%
5 (NTsMa 44 63%
7 F oo B5%
& 1COMe 111001 61%
g TC{OMAE 0t 665
10 1 GFy RS LRI 56%
L N g1 es
12 P o ioMe T g 58%
13 Ti i L IN=CPhs ' g1 58%
14 e e i o] | Me . 62%
15 e i Oa | GFy 2001 55%
16 it MO 'OTBS 1 3 58%
17 i S NOTE ! o1si 57%
18 2 X / Shts 41 65%
=
18 ;0 P = O %1 56%
‘Oﬂ o g
o S T T 3
20 (/\ L G cAz 62
i e 1 L
o 0] | !
Al o Jﬁ”" Ot 18t | 70%
A P e N—— 4
Q &
aEManCjEAW#}J« | 7.4 g3
THO % $0;
OMe :

OTBDPS b
” A 51 8%
A= Mo
)
NN
”e ! 15 | 42%
Vs TR ! 1.2:1d.r

“Olefin (1 equiv), 5 (3 equiv), DMBQ (1.5 equiv), AcOH (0.5
equivi, T (10 mol%), dioxane/DMSO {4:1, 033 M), Average of two
runs at 0.5 mmol. Products isolated as one regioisomer and olefin
isamer ® Determined by 'H NMR analysis of the crude.



