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Palladium—Catalyzed Allylic C—H Functionalization: The Development of
New Catalytic Systems

Tang, Haoming Huo, Xiaohong Meng, Qinghua* Zhang, Wanbin*
(School of Chemistry and Chemical Engineering, Shanghai Jiao Tong University, Shanghai 200240)

Abstract Palladium-catalyzed allylic substitution is one of the most important methodologies for the construction of C—C
and C—X bonds, and has been widely applied in the synthesis of bioactive natural and pharmaceutical products. Tremendous
progress has been made towards the development of increasingly elaborate nucleophiles and catalysts to facilitate the afore-
mentioned reaction. Despite significant advances, Pd-catalyzed allylic substitution reactions remain limited to substrates pos-
sessing a good leaving group such as a carboxylate, carbonate, phosphate, or other related derivatives on the allylic moiety.
Allylic alcohols and amines have also gained attention for use as substrates for Pd-catalyzed allylic substitutions, because of
their use in aiding waste minimization and sustainability. Allyl groups containing allylic C—H bond(s) widely are present in
numerous commercially available organic compounds and various kinds of intermediates for chemical synthesis. There is no
doubt that the transformation of allylic C—H bonds into new C—C and C—X bonds is an ideal method to introduce new
functional groups into molecules to construct more complex structures. However, allylic C—H functionalizations catalyzed
by transition-metals are more challenging than allylic alcohols and other related allyl substrates, due to the difficult cleavage
of the C—H bond and the need for a suitable oxidant. Recently, some significant advances have been reported by chemists
and so Pd-catalyzed allylic C—H activations for the construction of C—C and C—X bonds have become a hot topic in the
chemical community. A series of novel reactions based on new catalytic systems have been developed to produce useful mol-
ecules and complex natural products. The control of branch/linear selectivity and enantioselectivity has also been realized in
the latest reports. Related work in this field is reviewed in this paper from the viewpoint of alkene substrates and nucleo-
philes. Pd(Il)-catalyzed asymmetric allylic C—H functionalizations are also introduced. The advantages and disadvantages of
different kinds of catalytic systems (including DMSO, bissulfoxide, PPh; and phosphoramidate as ligands) are discussed.
Finally, pathways for future developments have been proposed.
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Figure 2 (a) Allylic C—H alkylation and (b) Tsuji-Trost reaction
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Figure 3 Trost's stepwise allylic alkylation using a stoichiometric
amount of palladium
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Figure 4 Palladium(II)-catalyzed allylic C—H oxidation
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Figure 5 Palladium(II)-mediated oxidative carbocyclization
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Figure 7 Macrolactonization by palladium(Il)-catalyzed allylic C—H
oxidation
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Table 1 Optimization of the intramolecular C—H oxidation

OH

(0]
10% Pd catalyst
j/ o yst O/YO

(0] quinone (2.0 equiv.)

0
N ) .
H 45°C,72h SN

0.33 mol/L dioxane

Entry Additive Quinone Pd Yield/% dr
catalyst
1 None BQ 1 38 9:1
2 DIPEA BQ 1 46 7:1
3 Cr(salen)Cl BQ 1 83 9:1
4 None 2,6-Me,BQ 1 0 ND
5 None BQ Pd(OAc), >5 ND
6 Cr(salen)Cl BQ None 0 ND
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Figure 9 Rapid access to complex structures via allylic C—H oxidation
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Figure 10 Plausible catalytic cycle of Pd(II)/bis-sulfoxide/Brensted acid co-catalyzed allylic C—H oxidation
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Table 3 Optimization of the reaction conditions for the synthesis of
chromans

O, /\ 0O
Ph”" S\Ph
OH Pd(OAc), (10 mol%) @Cj/\
X BQ (2.0 equiv.)
H additives (10 mol%)
solvent, 45 °C
Entry Additives Solvent Time/h Yield/%
1 None THF 72 18
2 DIPEA THF 24 0
3 B(CsFo)s THF 16 22
4 Cr(salen)Cl THF 16 48
5 Cr(salen)Cl DCE 16 79
6 Cr(salen)Cl DCE 16 47
7 Cr(TPP)C1 DCE 16 72
8 Mn(salen)Cl DCE 16 45
9 None DCE 16 24
10 Cr(salen)Cl DCE 16 9
11 Cr(salen)Cl DCE 72 67
12 Ag(OTh) THF 16 18
O\\S/ \S//O
Ph”" ° TTPh
N OH Pd(OAc), (10 mol%) 0 0~
R// X BQ (2.0 equiv.) A
H Cr(salen)CI (10 mol%)
DCE, 45 'C
MeO
79% yield 84% yield 77% yield
69% yield 81% yield 84% yield
cl FaC O,N
80% yield 81% yield 66% yield
salicenlse N
o
F OMe .
67% yield
80% yield 88% yield

B IR Ak

Figure 11 Chroman formation
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Benzylic alcohol
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76% yield 75% yield 65% yield
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Figure 12 Isochroman and pyran formation
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Figure 13 Syn-1,2-amino alcohols via diastereoselective allylic C—H
amination
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Table 4 Substrate scope of Pd-catalyzed allylic C—H amination Table 5 Optimization of allylic C—H amination reaction
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H 5 O~ "NHSO,R (10 mol%) O~ "NSO,R
R = PhBQ, THF, 45 °C R // Z PhBQ (2 equiv.), Z
H BisSO Ligand (5 mol%),
R Yield/% dr (anti . syn) THF (0.66 mol/L), 45 °C
5 76 61 Entry R Time/h Yield/% dr
Y 1 p-Tol 72 15 51:1
2 p-CIPh 24 38 3701
5 8 18:1 3 p-NO,Ph (Ns) 24 67 441
>( 4 0-NO,Ph 24 63 261
P 86 16:1 o 1(10 mol%) 0
. )]\ PhBQ (2 equiv.) )]\
EtOYL% 84 711 07 “NHNs BisSO Ligand (5mol%) O~ ~NNs
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Figure 14 Syn-1,3-amino alcohols via diastereoselective allylic C—H
amination
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Figure 15 Proposed mechanism for the C—O versus C—N allylic functionalizations of terminal olefins
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Table 6 Optimization of the reaction conditions for the C—O versus
C—N allylic functionalizations of terminal olefins

O Pd cat. (10 mol%)/
NHNs L.A. cat. (8~10 mol%)
)\/\ BQ or Me;BQ
45°C
NHNs ji
N “ O HN NNS
- )_\: i-Pr)_\:
Pr A B
Entry cat}:liyst L.A. Yield of Yield of
_ ) 0
(10 mol%) co-catalyst A% B/%
1 1 None 19 28
2 1 DIPEA 0 38
3 1 B(CgFs); 50 7
4 1 AgOTf 76 9
5 1 Cr(salen)Cl 8 8
6 1 TfOH 64 28
7 None TfOH 0 0
8 None AgOTf 0 0
9 Pd(OAc), AgOTf 0 46
10 Pd(OAc), AgOTf 0 59
11 Pd(OAc), B(CyFs); 0 62
12 Pd(OAc), None 0 32
13 None B(CeFs); 0 0
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Liu et al.
H 0 Pd(OAc), (10 mol%)
maleic anhydride (40 mol%
RN+ Ty M owe yende | g
) H NaOAc (25 mol%), 4A MS
(3 equiv.) (1 equiv.) DMA, O, (0.6 MPa), 35 °C
o)
+
R/\/\NJ\OMe R
Ts N(Ts)CO,Me
53%~87% combined yield
White et al.
O /\_0
o Bn"pg(0Ac), BN
H (10 mol%),
R)\/ . TS\HJ\OMe LA (6 mol%)
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52%~72%
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Figure 16 Palladium(Il)-catalyzed intermolecular allylic C—H amina-
tion
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Table 7 Palladium(Il)-catalyzed intermolecular allylic C—H amination

Pd(OAc), (10 mol%)

(o] MA (40 mol%)
1 NaOAc (25 mol%)
AR JC .
4R M.S. (50 mg), 0, (0.6 MPa)
-Il\—ls R!
ROOC X
Entry Product Yield (%)
1 R=Me 7 (70:30)
Ts
2 rRooc N~ Cetir R=tBU 69 (76:24)
: R=Bn 63 (66:34)
Ts
! N 5 (69:31
Me00G” N~ CsHr (69:31)
Ts
° Me00C N~ Crattze 74 (57:43)
6 IIS OB R=Me 61
ROOC™ O8N
! R= t-Bu 83
8 Ts R= Me 2
ROOC/N\/\/OBZ
° R= {-Bu 65
10 -’58 Ph R= Me 70
ROOC™ X~
" R=t-Bu 62
Ts
12 ROOC” N X R=Me 71
13 R=t-Bu 67
14 R=Bn 80
OMe

R8 T IHREAAL C—H MRS s AL

Table 8 Palladium(II)-catalyzed intermolecular allylic C—H amination

o,/ /\ O
Ph"pg(0Ac), PN
(10 mol%) O\/VTS
O\A Cr(lll)L,, (6 mol%) Pz N\H/OR
H ROC(O)NHTSs (2 equiv.) o)
BQ (2 equiv.), solvent (0.66 mol/L)
45°C, 72 h
Entry R Cr(1II)L, Yield/% L:B
1 Me — — —
2 Me CrCl;+3THF 17 —
3 Me (TPP)Cr"'Cl 25 >100: 1
4 Me (salen)Cr'"'Cl 53 >100: 1
5 Me (salen)Al"'C1 21 >100: 1
6 Me (salen)Co™Cl 17 >100:1
7 Me (salen)Mn"'Cl 44 >100 : 1

© 2016 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences
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Table 9 Diamination of olefins

Pd(PPhgz)4 jj)\
% N J( W oot P
Benzened 3>—<2/< ;

Pd(PPhs), 7L /%

/\/& >< }L >< (5 mol%) N
65°C —

R1

Product Time/h  Yield/%

1 N)OLN 7 90

Entry Substrate

2 R =Et %NJ\N% 12 68
3 R=n C6H13 Rl “ — 12 74
4 R =Bn

Q\N)LN/% 12 <))
)

B 17 XU L

Figure 17 Proposed mechanism for diamination
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. MK o

8 R =Me -
9 R = Et 12 92
OMe

o

R =
1 R =n-CeHy3 MeO 12 64

3.3 KAN C—H k&R &
3.3.1 AR A Be ka9 tEARAR £

JEH K 2t A/ N PR IE T s I A C—H
TSI T 2 WA ECEAZ I E T AL B2 (R 10).
DAXCIE AR A R b 7, 78 FR 2R RIS SR B T &%
T —RINHICH S TCIR IR NI = (E 18). Z RN
R KIRE TR C—H 85 Ve L Xt
B R MEAT TR RFE AL, HEH TR
RN FE.
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o, //\ 0
s . o7 o
Ph”pg(0Ac), Ph ~
(10 mol%) 60N R,
U
BQ (1.3 equiv.), O, balloon < 3
toluene, 60 °C, 60 h 7
0 0
0 o o o
Ph é/k
0 _ Ph z )
y o Y Z
44% 48% 53%, dr > 20:1 25%, dr > 20:1

B 18 77 RIE I C—H Ke el S N2

Figure 18 Intramolecular direct allylic alkylation via Pd(II)-catalyzed
allylic C—H activation

R10 I FIRGETHE C—H SR b 2641

Table 10 Intermolecular direct allylic alkylation via Pd(II)-catalyzed
allylic C—H activation

o /\ O

- Y . ¢
©/v P"Pd(0Ac), ™" i
(10 mol%) M R
N
BQ (1.3 equiv.), O, balloon 07 R2?
M toluene, 60 °C, 60 h
R! R2
Entry R! R? Yield/%
1 Ph Me 82
2 Ph Ph 69
3 Et Et 64
4 Me Me 55
5 Me OEt 25
6 OEt OEt <5

[FIEE, White /NHPVRIF 2 5 & FO 4 5 22 A AL R
AR RSZBL TN IE AL C—H Bidd b e L. AhAi]
RIKRERAE AR NEAF, 3R 2 s SR & P s
AR TS 5y BR AR SN, R T W 7 12 RSP e e B
S5, AATTHEMIX AN S R Ik R Hh s e 380 4 TR SR A A 1)
FEAEL TR 2R DA R AR RO AR A A ) 2%
PRIRTR AR A C—H BN, 7= 2 b A s T 24— 3R
. B85 — RPNV R AZ ARG 5 I TR B4 — R R =
N7, FREE R R Ry X I 1R 1 45 B0 A SR e 2 b
MIER 11). BTk, XNERT —RINAMF, RIKAL
BHF) 2,6- — FHEHUAR I R BRAE BE R 1 26 A1 & — MR 4T
AL, TERALIR B AT, 2R 1 iR
WIREAT T AR R, SEIR AR R W SO S TE RN A 4
PN AR B BE I (n-CL, Br, OTE 25 )4 1R 4 (1) e 1
(K 19).

B A 1 23 7 18] AE 3 A0 B 1 e 2 Ak e B E B
2011 44 H White /NPURIE. 76 LRTRIRIEH, R
14 Y B4Rl s B 26 A4 (DMSO 7% DMSO)FI B AR 5 1%
TRA, RIS B PR I ST J B A58 FH 3 P s TR 2
ST, ZANEEHTT T 2R BN, R SE S
PEBCA P RE AR S VG R R IR X — AL St 56
RSP T o T IR A & B SEAL S BE(FR 12).
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11 FIEALFEM TSGR C—H e bR
Table 11 Allylic C—H alkylation reaction under stoichiometric condi-
tions

Pd(OAC)2  NuH (10 equiv.) §
= O
©/\/ dioxane:DMSO (4:1)
45°C 35h
Yield (L+B) .
Entry NuH %) LB
1 PhSOQCH2COzMe 9 -
2 NO,CH,COPh 82 8:1
3 NO,CH,CO,Me 86 4:1
4 NO,CH,SO,Ph 89 161
5 (no DMSO) 0 —
o, //\ 0
Ph 5 1/a - Ph
Pd(OAc),
CO,Me A O;Me
o+ (10 mol%) ArA/\,E)C
NO, DMBQ (1.5 equiv.) 2

AcOH (0.5 equiv.)
dioxane:DMSO (4:1)
45°C, 24 h

@A\/YCOM O AN COMe
R NO, <O NO,

R=Br 60% L:B=4:1

OMe 50% L:B=7:1 56% L:B=3:1
OQMe
ON =N TBDPS
AN N N CO,Me
A\ NO,
N
H
42% LB=15 68% LB =5:1
dr=1.2:1

B 19 AR TR AL C—H FedEAl S
Figure 19 Substrate scope of Pd(II)-catalyzed intermolecular allylic
C—H alkylation reaction

R 12 AR REITIE PI BLeFE A R
Table 12 Pd(II)-catalyzed alkylations of unactivated alkenes

\\ / \ /
R R=Ph; 1
OAC)2 R— Bn; 2

H

CsH17)\/

+ CgHq7

Q 7 1 o 2 owso

Ph)J\/NOZ PhM PN

Entry Catalyst Yield/% L.B
1 R=Ph, 1 <5 —
2 1 25 1211
3 1 <5 —
4 R=Bn, 2 <5 —
5 2 59 1201
6 2 <5 —
7 Pd(OAc), 6 —
8 R=n-Pr 62 10 01
9 R=Cy 57 12:1
10 R=#-Bu 40 10 21

© 2016 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences
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TR B A IR AR G (Y S 2R ). White /)
LHPTHRAE 15— I A I AL C—H B R AL (R BB A%
WA RE B R (R 13, 14). AN T Je iR iE 4
AL C—H Bedb AL S, 3K — S SR A R 2% (KA B

R 13 BHIEHA C—H B E R O
Table 13  General allylic C—H alkylation with tertiary nucleophiles

H O,N__SO,Ph
2 2
R'IJ\/ + \é/z
R'=Ph; S1a R2=Me; S2a
R'=C¢Hq1; S1b  R2=Bn; S2b
O‘\s/ _\S,,O R=Ph; 1
R” . R R=Bn; 2 R1/\/Y302Ph
Pd(OAc), (10 mol%) oN R
2!
DMBQ (1.5 equiv.) R'=Ph, R?=Me

Dioxane/DMSO (0.33 mol/L) R'=CgHyq, R2=Me

45°C R'=Ph, R%=Bn
Entry  Olefin Tertiary Catalyst Yield/%
nucleophile
1 Sla S2a 2 61
2 S1b S2a 2 35
3 Sla S2a 2 83
4 S1b S2a 2 58
5 Sla S2a 2 74
6 S1b S2a 1 41
7 Sla S2a Pd(OAc), 1
8 Sla S2b 2 78

F 14 UBOSRIZR I MG A C—H Lek b [ SR v
Table 14 Substrate scopes of allylic C—H alkylation with tertiary nu-
cleophiles

H O./\ 0O
Ph/l\/ R/S . S\R
+ Pd(OAc), (10 mol%)

AN EWG;
Ph/\/r WG,

EWG1YEWG2 DMBQ (1.5 equiv.)
R._{’), DMSO/Dioxane (4:1,0.33 mollL) /B> 20:1;
45°C, 24 h E/Z> 20:1
a -Nitro Carbonyls
PR PR PN Ph
O,N O,N O2N
X
X =H; 57% o 58%
= Cl; 59% 76%
= OMe; 50% WJ\
/\gzw%\_\ O,N
80% 53%
Carbonyls
Oy_OMe 1% 0
N AN
61 %/\QE/'\/ 72% /\:giGZ%
66% 8%
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BT, BEE R E R, Flin, P/ R
PO AR A I AL ot B A0 s B 7= AR i P v R A, 1%
A B T2 7N D-AS IR, 53w R+
AL OB 20). 2L ZAET AR Z AV
.

C-H

H O2N._SOPh oxidation

0
_— O/ \ P
+ Ph-S. * Sepp
0_ | P Pd(OAC),

(10 mol%)
(1)

Diels-Alder

A $H:H
0”7 “OMe 75 yield, 07 “OMe
27:1 endo/exo
(2) TiCl,
B ——
50% yield
O~ "OMe
common tricyclic
core

Class | Galbullmima Alkaloids

B 20 FIAMGAAL C—H BIE A D-A [ORAE IR
Figure 20 Tandem allylic C—H alkylation/Diels-Alder reaction cas-
cade

332 A AR A B AR e HEARAR R

2012 4F, Trost /NAPFEAE AL C—H 8% 1k 5
BV T BEECAA. e T BT AR E LA AR I s B R AS
SIRRMEA T T 2 B, NI AL C—H BRI
VIV BB B A . DXIURI ST ARSE BV T TR T S 2 (1 1A
EasE. NEITUE Tsuji KI5 1946 A 2 b 2640 [ B,
2| i White ¥ & 1 DOEISEAE RRC AR, DMSO 22| |
FEEMAEH. Trost NS H ALK EMFF ALK, K
S0 1 TR A XoF 2 o A A R A A ol oot S A% A7) ) 5 HL R
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¥ F R S0
AN S A AR, B DUE IR — MBI A4 @ A0
fRERR AL C—H BEWIRN. 2R &R, Trost il 701-0 ﬁgugag%’: ) 1 Z
e S— ) S S B g -U mol7o 3)4 R
Tl LA R IR IR AL A B R 1,3- T RS A R PhMe, 4 h )
<5 R
W,
BN 15). R™ ) St /
R15 @ C—H BN 1,4- M1 ke Ak 8 1.1 equiv. Et;N Y/
Table 15 Palladium-catalyzed alkylation of 1,4-dienes by C—H activa- 1.1 equiv. 2,6-DMBQ
tion 20h
Et3N (1.1 equiv.) 0 = 0 = 0 =
EWG.__R! 2,6-DMBQ (1.0 equiv.)
\ll?/z PENTS Pd(OAc); (5 mol%) Ewe i Fo Meo =o
2 (J
PPhs (10 mol%) R' R? ON )y ON -y NC
THF (0.2 mol/L), r.t., 24 h / / /
Q Q Q 78% yield 62% yield 55% yield
t—BuOW t—BuOW t—BuOW 7.21EIZ 10:1 E/Z >19:1 E/Z
Ph CN H3;C CN Et CN
73% yield 79% yield 87% yield
E/Z>19:1 E/Z>19:1 E/Z>19:1
(@] (o] (@]
t-BuOW t-BuOW t-BuOW
i-Pr CN Bn CN n-hex CN
91% yield 77% yield 85% yield
E/Z=10:1 E/Z>19:1 E/Z>19:1
O o O
t-BuOW H:LOW t-BuO)W
PH NO, i-Pf NO, H,C NO,
64% yield 63% yield 89% yield
E/Z=8:1 E/Z=9:1 E/Z=10:1
(o] (o] o\ //O
AN
EtOW Phw p-toI/SW
H NO, H,C NO, HsC NO,
42% yield 69% yield 59% yield
E/Z=15:1 E/Z=9:1 E/Z=6:1
(0]
t-BuO)W OzNW OZNW
B Ac H4C Ph H CH,
73% yield 86% yield 82% yield
E/Z=12:1 E/Z>19:1 E/Z=171

BEA5, Trost S5 20K i b AN [7] (AL WILER AR 74 26 B
SN ER BT SR FH 00U TR Sk B 0 () B il PA(O)HEAK 1)
I TR J e A S SR PA(TT) 18 A P s 1A 22 A S B (e
21,22). X — RPN [FEFEE A PPhy /AL

o =

A, e | 2
EtO
NO 1.0 equiv. EtzN EtO
2 7.0 mol% Pd(PPhs), NO,
PhMe, 4 h
o) 7
NN EtO

1.1 equiv. Et3N
1.1 equiv. 2,6-DMBQ
20h I

Bl 21 SR PA(O)FT PACTHEAL HAE I S e a4k S
Figure 21 Tandem Pd(0) and Pd(II)-catalyzed allylic alkylations
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Bl 22 I PA(0)FI PAIT) A FrD ) P e A Jsg 7 JE 490 Ve
Figure 22 Substrate scope of tandem Pd(0) and Pd(II)-catalyzed allylic
alkylations

4 AHFRBERL C—H EE N RIEAR
41 FXREGEAL C—H EIUR R

White NAPOIF R T — R 5145 R L 2Bk S8 3 b i
FAGR L, TR T 240 FIE . X
A sz o #8388 3k 55 T A7 F4D SV IR S T 4 R % i T A R 3R AT
BCAE. IXHE SN S AFAN R 28 2 AT AN BR B . White
/INCELRI P BT 5000 T 1 2 2 BT IR SR W TE & S R L e AR
PEIRE(E 23). fEZ RN, T 5 ik £ 1 Hh PR
AHUEEY A S KBRS A, IS ARIE R C—O B
TER. I T 5 Wiig, 1530 7 2 H A 1k
JE A A 2 SR AL B I B SR IR B (R 16).

FEMEIZE AL |2 AFAE T KR =k, HAh iR 2468
HAEEREMEE. SRR/ NAP R iRE 7
P/ fif P i T 1 2% - R R R 0 R0 8 A 20 7 N TR O
AL C—H S8 LIS RE, SEARIE B B T 2K it i
GERY(F 17, 18). HLERRF T BoR, %N & AR AL 1)
WAL C—H Ak, SR FEEAT A0 P 2 e 4 Ak
XN 7R T RS R 6 () -diversonol (] 24).

— pa,

O\\S S”O /\L/n

PA"" © T°ph R
Pd(OAc),
RN n-G-T
C-H
1 equiv. Cleavage PdL,
R/\l//
O:@:o OAc
oo R
Formation up to 63% ee

previous best 36% ee

B 23 KBRS AL SR
Figure 23  Pd(II)-catalyzed asymmetric allylic oxidation
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R 16 KRR PIAL A SR %A
Table 16 Optimization of Pd(II)-catalyzed asymmetric allylic oxidation

] / \/O N 2

X 4 X=Cl LA1
S - Spn _N\Cr N= N
Pd(OAc),  t-Bu o’yo t-Bu OAc LA3
1
t-Bu t-Bu

1 (10 mol%), LA (10 mol%)

OAc
W AcOH (1.1 equiv.), BQ (2 equiv.) %
EtOAc (2 mol/lL), r.t., M.S. (4 A), 48 h 7
Entry LA Conversion/% Yield/% eel%
1 — 90 71 0
2 LA1 15 7 32
3 LA2 84 74 9
4 LA1 42 35 32
5 LA2 94 86 54
6 LA2 100 93 57
7 LA3 78 71 31
8 LA2 17 2 —
9 LA2 10 0 —

R17 EARTERZLL

Table 17 Screening of catalysts and optimizing of the reaction condi-

tions
Pd(dba)s (5 mol%) ©\/j\/\/
H . =
L* (7.5 mol%) o’ =
X OFBA (10 mol%) E
_ OreA U moln)
OH DMBQ (1.2 equiv.) +
MTBE, 45°C, 12 h
under Ar
" o NAF
), . 2

P—N

e v
R1

L1:R'=H,R2=R3=Ph

L2: R'= 4-NO,CgH,, R?=R%=Ph

L3: R" = 4-NO,CgH,, R? = 2-Naphathyl, R® = Ph

L4: R" = 4-NO,CgHy, R? = 3,5-(CF3),C¢H3, R® = Ph

L5: R" = 4-NO,CgH,, R? = 3,5-(CF3),CgH3, R® = 4-MeOCgH,4

Entry L* B-H Yield/% ee/%

1 L1 (PhO),POH 6 0
2 L1 AcOH 44 18
3 L1 BzOH 26 7
4 L1 OFBA 59 21
5 L2 OFBA 97 84
6 L3 OFBA 95 83
7 L4 OFBA 94 85
8 L5 OFBA 95 87

42 AFHREHEA C—H E R M

W PIAE C—H B AL IR e A Js I8 L 38 Sl A AT 4l
I8, AR RRA be 2 A S B IE B e /> 2 D Trost
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RA8 W AKIHRIE I C—H Z A 5% PHL IR 14 05 2 e 40 ¥
Table 18 Substrate scope for the synthesis of chromans via asymmetric
R3 MTBE, 45 °C, 12 h

allylic C—H oxidation
X
R1_'/ A
O 2
R R3
under Ar
0NN 0NN \E:(oj\/\/

86% yield,
Z/E=25]1,90% ee

Pd(dba); (5 mol%)
L5 (7.5 mol%)
OFBA (10 mol%)

C(\)\k% DMBQ (1.2 equiv.)

81% vyield,
Z/E=24:1, 85% ee

88% yield,
Z/E=27:1, 83% ee

82% vyield,
Z/E=18:1,76% ee

88% yield,
Z/E=23:1,75% ee

OMe
0 NG = R
o7 ~ “oMe

87% yield, 91% yield, 93% yield,
Z/E=23:1, 90% ee Z/E=46:1, 89% ee Z/E=35:1, 87% ee

“Bn ~~

71% yield,
Z/E>50:1, 66% ee

68% yield, Z/E=5:1, 71% ee (

95% yield,
Z/E=32:1, 88% ee

86% yield,
Z/E>50:1, 86% ee

OMe 9-BBN (2.0equiv)  OM
THE, NaOH, H;0,
S

84% ee

Zr(O'Bu), (0.5 equiv.), D-(-)-DIPT OMe
(0.6 equiv.), TBHP (2.0 equiv.)

61%

OMe
SO3zePy (6.0 equiv.), EtzN
(10 equiv.), DMSO (40 equiv.)

OMe

(1) Pd/C (5 mol%), Hp, EtOAC
~_CHO (2) PCC (2.0 equiv.), DCM, r.t., 1 h

OMe

5 steps

81% for 2 steps (+) diversonol

95% ee

B 24 FEHE (+H)-diversonol
Figure 24 Synthesis of (+)-diversonol

NPT BB IE A P ARREAR A 8 C—H SV AL S
ZJa, ARPRBUT A T — o i 1 B 50 74 F AN
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% % F R LRk

RGN C—H B (B 25). H 2-Be i BUAR o o
L3-S sE O A, v ER A T T N Pd(OAc), (5 mol%)
I % R—,‘ L (10 mol%)
b R (] 26). & 2,6-DMBQ (1.0 equiv.) Q Ac
o] o} MeQ —— X R
ROH (1.0 equiv.) + EtN (1.0 equiv.) Ar—
HN DCC (1.0 equiv.)  HN 4 steps BocN /\rAr THF (0.2 moliL)
DMAP (10 mol%) H 50°C, 24 h
O0=\oy DMF.23°C,7h O=\ 0™ \or

Et,0, -78~4°C, 12 h DCM (0.22 mol/L),

. (0] 0 A
R'MgBr (3.0 equiv.) R R. Ac Cl
CuBreSMe; (3.0 equiv.) ¥ ; RN A
BF3eOEt, (3.0 equiv.) BocNJ/j TFA (20.0 equiv.) H’jj Ejij \/\@ Ejij \/\@\CHO

23°C 0=\ r 89% yield, 85% ee 84% yield, 71% ee
o]
A (1 2equw) . AC\\ =
DMAP (20.0 mol%) R aryl, arylmethyl CF; MeO
PhMe, 23 °C, 16 h =anyl oy 76% yield, 66% ee 82% yield, 78% ee

B 26 HiRIREH

OO q OO O\@ Figure 26 Substrate scope of alkenes
g dp_iij 2014 . 5 MR KA T Rl
99 IJ% ] OO (A1 AL AL SR SR A 10 5 B RS )
A L

T [F) I BRI AN PRI T S T S -
BN C—H BEEAL, SEBL T BERA SR 16
- PEEAL, FTUAH TR FIEF R 0GR 19). HEAEL

igure 2 i i W 27, F AT A R, A

Figure 25 Design of new OOPN ligands

Ho[Q]
] C-H
[O] + R\l/\ activation
H
OR} *
R +_ O—\P’OR
L,Pd® + H-B* \‘<PdLn i
o |
H\N,Rz
R1WN’R2 OR*\ /OR* \/
Ar Ar ol

deLn, -
H0 | -R®NH j\r) TS- R2NH | | -H,0

ArJ\CHO

B 27 E T TSRS ST A R AR FRE A R C—H e Ab S

Figure 27 Design of C—H-activation-based asymmetric a-allylation of aldehydes with terminal alkenes by using chiral counteranion strategy
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Tob 55 s o2 IR A P A A 04 T C—HL BT T2 il TR 5
Bl WP BRI A s R, 2 R 8 i
PR TS-1, Aol AL GERAL T Al 5 Je At T
22 SRS AR 1 H AR 7= RN 731 R AR, 3K — (AR AT
PLRL T — R B0 SR 05 B RUR s, A th 4 285
U FRUALR RO R A (18 27).

F19 HUEMIR IR C—H BT LD K5 5 1 A3
i

Table 19 Substrate scope of Pd-catalyzed asymmetric a-allylation of
aldehydes with terminal alkenes

3R M.S. (150 mg)
DMBQ (1.5 equiv.)
A (40 mol%)
CHO  (R)-TRIP (3 mol%)
[Pd(PPhs),] (3 mol%)

Ar

I+>—

H
RWC [6]
Ph
MEBT (0.1 mol/L), 60 °C, 24 h
then 2 mol/L HCI, 30 min

X CHO AN CHO
Ph /©/\/7<Ph
t-Bu MeO

79% yield, 90% ee

IS XN CHO
_ Ph

57% vyield, 90% ee

<

90% yield, 90% ee

Cl X CHO
DI

54% vyield, 87% ee

H
Ph Y CHO
AN X CHO
Ph

34% yield, 90% ee 90% yield, 87% ee

CHO
Ph N A CHO N CHO
Ph Ph
S
[y
CF;
34% yield, 90% ee

85% vyield, 67% ee 79% yield, 89% ee

5 HiLGRE

W A RERR ST A T R e i, AR R, e
CElUT 1SRG MR, V2 B B A Tk
AN AR AL S e e R A3t TR I 5. (B
SFAZ TR 10 325 FH ¥ R0 1 22 A 9 X e 1k % T
PRIEFENETT T, VyRAAAERCR ISR T2 18], B X A 55
DRI 7 25 ML A EER K AN BTG N, X 2% S0 it 7t
R SRAT 2 B RTE. AERE— IR AW FEAR I S ML ER
oL fiti b, BETEIT A R 5 15 R 2R T 2 T A S A Ak
7, Pt CHRTERYII R BNLEE IR, B ¥ J& 5 19 A8 0E 1A )i
TSR AT, & SLBZ A EAR G T IE TR
Gr TR IR, R A A IR I FE B R S T
[A.
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