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Acid-base Catalysis of Chiral Pd Complexes: Development of Novel Asymmetric Reactions
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Using a unique character of the chiral palladium complexes 1 and 2, several types of novel catalytic asymmetric
reactions have been developed. In contrast to the conventional Pd (0) -catalyzed reactions, these complexes function as
an acid-base catalyst. Thus active methine compounds were activated to form chiral palladium enolates, which under-

went the enantioselective Michael reaction and Mannich-type reaction with up to 99% ee. Interestingly, these palladium

enolates acted cooperatively with a strong protic acid activating the electrophiles, formed concomitantly during the for-
mation of the enolates, whereby the C-C bond-forming reaction was promoted. In addition, this palladium enolate
chemistry was also applicable to the electrophilic asymmetric fluorination reactions, and thus various carbonyl com-
pounds including B-ketoesters, fS-ketophosphonates, and oxindoles were fluorinated in a highly enantioselective manner
(up to 98% ee). It is advantageous that these reactions were carried out in environmentally friendly alcoholic solvents
such as ethanol, and exclusion of air and moisture is not necessary.
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X = TfO or BF4 TfO = trifluoromethanesulfonate.

a: Ar = Ph: (R)-BINAP

b: Ar = 4-Me-CgH,: (R)-Tol-BINAP
¢: Ar = 3 5-dimethylphenyl: (R)-DM-BINAP

d: Ar = Ph: (R)-SEGPHOS

e: Ar = 3,5-dimethylphenyl: (R)-DM-SEGPHOS
f. Ar = 3,5-di(tert-butyl)-4-methoxyphenyl: (R)-DTBM-SEGPHOS

Fig. 1.

Chiral Pd Complexes 1 and 2
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Scheme 1. Formation of Chiral Palladium Enolate
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Direct Formation of Chiral Palladium Enolate from Acidic Carbon Pronucleophiles
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LT TRALER1,3- P47 b2 REFT S
ERFRIDHNTEL R, INHIZHEHATES
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Scheme 3. NMR Experiments on Formation of the Pd Eno-
late
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L CThemi 90%ee THMWINE SNz, HIRIYIC,
WHEOHEEMESRE (72, KBIETY > EZUL,
TIWAFTREBRE) 2ZHNWTRIGZITD EIATH
BHEAYMNAERKRL, BETS MU AR
Honlah-o .

AIA IV, B~ BT A7)V 81T H i A
T&7z. Table 1ITRT XD, BRIKRKUIHIRDHE
BT L TRWD T > F AR TRIB D HET L 2
(65—94%ee) (entries 1—8). HWAFFLIZIZT
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O O Pd cat. 1a (X =TfO)

6
WﬂYJﬁ3+ 2
2D 1hE 4m, -10°c  R?

7a: 90%, 90% ee (30 h)

O
(10 mol%) R'” N “R3
0]
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o o 7a,b
* 2-Br-CgH
Me G
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@)
Me

7b: 84%, 90% ee (36 h)

Scheme 4. Catalytic Asymmetric Michael Reaction of 1,3-Diketones

Table 1. Enantioselective Michael Reaction of Various }S-
Ketoesters Catalyzed by 1

Pd cat. 1
o (x TiO)

0 O

R4 Jg/lL
R1MO | Me THF4M R o)y
9a-h _—>:O

Bah 6

Me
o}
CO,Bu [::I:%]/Cozﬁu CO,Bu
n
8a: n= 8d
8b.n=
0 8e: R>=Me, R®=Bu
CO,R® 8 R?=Me, R®=Ph
Me 8g: R2 = Me, R® = 2-BrC¢H,
R? 8h: R2=Et, R = Bu
1 Temp. Time Yield ee
Entry 8 (mol%) (C) (h) Product (%) (%) Conf.
1 8a () —20 24 9a 92 92 R
2 8b 1a(5) 0o 72 9 92 9 R
30 8¢ 1b(10) —20 48 9c 88 89 N
4 8d 1b (10) 0 66 9d 58 71 —
5 8e 1a(10) 0o 72 9%e 88 90 —
6 8f 1b(10) 0o 72 of 69 93 R
7 8g 1a(10) 0 36 9g 82 94  —
8 8h 1a(10) rt 1w 9h 41 65 —
9 8a 1a(2) =20 40 9a 93 93 R
a) 1M 8¢

ZTFIESLDEE S (Bu, Ar) WEETHD, Me
IATIREt T ZATI)IVERNWZE A KIRRER
O TRAEN., MEEZEKTIELZ LB
RETH D, 2mol% Dl & T [ < RIS HE
frL7= (entry 9).

X7z, RKETFHOHBIEN—fREEZRT Z E0H
SN0 BIZIE, BALiCEREZET ST/
10 WS G, BT O FARERETY
AT IVAIR 11 &5 N7 (—99%ee) (Scheme
5). 51T, KLEHEPESNTHIHREREEAT

RLEER a.f- AEMT )T R12Z2HVWEED
A, FORZHBICETUHINT 2P AFILTY 45—
IR 13 2@ IR, ST FARRNICED Z &
MTERZ (90%, 99%ee). ZDFFEIZL> TIE
PNIRMEL 72 3 f—4 S R A R E —RUTHEEE T
5T EINTE.

ABIATIVRKIETHLNDENWT T > F AR
i, EECHEENZPdT ) S— MIERLTSH
0, Fig. 2 1R EBREZ R TRIAHET L TW
5EFZBZ6N5. Thbt, BEEVWIZATI)VELN
I/ 5—bDsSiMIIAET 220, 708 RIC
Ko CiEMHRfEES N/ REBFAHNIT /) 77— b D re
MORBIRMICRIGLIZEEZ NS, ZOK, RE
TR D B AL D & ISR R 7R H5 ) % A&
DORIGT B EEZ 6N, T X BEERT 2
BERICHRELZ 11 OWIEE -T2, UEDOX
212, PASERZA WS ZEIZXD ZINETIZREN
HE W E R TR I I R < L R
ERFETEZ. BT, 7 AT LUAEREOSKED
RO EEEHE L2t 27> T b,

22, p- 7 PIRTIIVEREEIE T DMENTE
<=y ERIRIGO R ATV THS )
ElokPdT )/ I—rETONEBEOHLFESE
X, FOhCEBICE o TH<ER LI D132
OIS, Thbbx =y B BKINIZHEL T
H5EEZOGND. TIT, afMlilAF 4 RIRFZEE
HbmEmEICERALINZ -7 I/ BFEERZE A
T5HEELTE T RIATINDOR > 2y ERfY
I Z MR L7z, 1719

9, MREEGRERERELEZETEII &
LTNp-AFT 7)1/ ITAT)) 14a
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Pd cat. 1a
(5 mol%)

]
Me O 3-penten-2-one (10)

Pd cat. 1a

Cron™
CO,tBu

11 89%, dr = 8/1
99% ee (major)

THF, -20 °C

(5 m0|(70) 0O
crotonaldehyde (12) M? OMe
v OMe
THF, 0 °C;
then MeOH CO,1Bu

13 90%, dr = 3.8/1
99% ee (major)

Scheme 5. Diastereo- and Enantioselective Michael Reaction

Re face

/J siface

(R)-BINAP complex

1a-8a complex i

R2" “CO,Bu

Fig. 2. Working Hypothesis for the Transition State Model

ZEN) 8a EDONnE{TH 7~ (Table 2, entry 1), 7
ORRIZESTA I DB NITIERIEE N2
EEZBNDN, XA TIVRIBIZHAREEITRE N
W TRISIZET L=, Pd#E{K 1b 2 5Smol%
TRIGZETO & A AREMTRINEKRTL, <>
= B R 17aa VI 96 %, ANEINE 97%
(major) THESN/=. —FH, T/ 57— FDERIC
o TT O~ B U7z 2a Z il & U TH
Wizha, RIS TES B O TS > F 7
RHEDHRIFIE T L (entry2). ZDOXDIC~ >
Ty ERIRMZBVWTHTO N ENBETHD, T
JI—h&TO b CBOEFEENKLILL TS,

51T, AREONEIEERSA 2 ) TAT VRS
Bz 7 )T e RHRROA I DICHBEHTE
(entries 3—9). N-Boc 1 2 > 15 % N-Ts { 2 > 16
ERWEZEZARRKOEIRD g- 7 T ATV E

HBIHBIIRIEL, BiEFES Y AT LA ERME
(up to 96/4) EEWIF > FAERME (up to 9%

ee) THRIGT B~ = v bR 18 LN 19 2455
ZEMTEL, JORBZOHBDONIY v ER
SOt - L THISIITWASD, Db DK
fisd TRIRICETT 5. 2RI 2 DO RISEID
HEIEMHLICERL TWwWa EEX 51 5.

3. BRETRE 7 v FRERIEADER

3. p-TFPIRTIROL- T PRAKRKCEIR
TILDT7 v R EWEELEEmITT v HE
HPa8 AL TESZEREL LD ET2HAL, B
%%%%’ﬁmfﬁﬂ’@%éhéiﬁfﬁé.%
DIZDARFRFZF I T v BEFRF DG DG RRIE
DHFEIIEETH D, % F I HBEE WY
7 AT LA BRI T v FEoF TV 7w Bl ZE
AW F > FAERO 7 v BENFEFEINTE
2B UInLsm s, MR ARE 7 v FERINICE
L TN ONDHEZED SR 2 HOAHE I N
TWEETTHD, BT > F AR & e —
Mz RS ROSDOBRFENRS EEN TN, 22 2
T, ERONTIPILT ) T—DIEFEEHANWT
il AT 7y AR DB ICEF L.

7, RKETWT7 v RFERFHLIZE A N-
TINFONE L ZI R A 2 K (NFSD 20 2%
LTWBZEMNSMND, THF 1 5mol% d Pd fifi it
laf7{E R, SERO -7 FIT AT )L 8a D7 v HEfk
BITol&E A, WERT2%, RHFINEKT19%ee TH
%) 21a 3 5 417= (Table 3, entry 1). ZD 7 v
FEEEEMRG T TITO & 954, KIGDHETIC
Pho TG TH D AR A I RPHART
LDt FEBEOHEENBETH D, —H,
Pd¥ERIC L BT/ 59— NERRIZBESRE T TREZ
L7z, BRI RTE B I SOS I B I T
5. IHRIFFAEREZ A LTS, Hals
U VBN TFERF L. TORE, S80I T2
FED8E R 1e & If 2 W & 2 ABIREOSKEN A
537z (entries 2 and 3). BBREWZ &iZ, 17
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Table 2. Catalytic Enantioselective Mannich-type Reactions of f-Ketoesters

0 .P Pdcat(X = TfO) O NHP

N
RWKKCOQtBu + 3J|

R2 R
8 14-16

NPMP _Boc

N
B0 H M

3
PMP = p-MeOCgH4 R H

THF, 1M R’ R®

R2 “CO,tBu
17-19

15a; R®= Ph N’TS

16b: R® = 2-MeCgH, | 16a
15¢: R? = 2-furyl ph/\)\H

Entry ( mC O%t(;/o) 8 Imine Product Temp. T(1113 € Sgi/il)d dr? ee?
1 1b (5) 8a 14a 17aa 0°C 4 96 87/13 97/91
20 2a(2.5) 8a 14a 17aa 0°C 48 23 87/13 2/10
3 1a(2.5) 8a 15a 18aa 0°C 5 93 88/12 99/97
49 1d (2.5) 8e 15a 18ea rt 4 84 86/14 98/95
5 1a(2.5) 8a 15b 18ab 0°C 5 74 93/7 94/—9
6% 1a(2.5) 8e 15b 18eb It 9 87 96/4 98/—9
7 1a(2.5) 8a 15¢ 18ac 0°C 2 75 >95/5 86/—9
8 1a(2.5) 8e 15¢ 18ec It 3 71 82/18 96/99
9/ 1d(1) 8a 16a 19aa —20°C 24 88 90/10 99/99

a) Major/Minor. Determined by 'H NMR of the crude products. b) Major/Minor. ¢) 5mol% to Pd. d) The imine (3 eq.) was

used. e) Not determined. f) 0.25 m.

Table 3. Optimization of the Fluorination Reaction of 8a
Pd cat.
o PhSO, (X = TfO) ¢]
CO,tBu + N-F x CO,tBu
PhSOé solvent, 1M F
8a NFSI (20) 21a
Catalyst Temp. Time  Yield ee
Entry (mol%) Solvent CC) (h) (%) (%)
1 1a(5) THF —20 12 72 79
2 1c(5) THF —20 39 99 88
3 1£(5) THF 0o 72 89 90
4 2f(2.5) THF 10 48 83 92
5 2f(2.5) acetone 10 48 93 92
6 2f(2.5) EtOH 20 18 73 92
7 2f(2.5) iPrOH 20 18 90 92

IWEORRRY > 2y E BIROS TR RONE 2 /R S 7a -
7z Pd (u-OH) #ffk2f # W= 54 H RIGITMHE
WCHEFTL, 92% E/mbEWAFIERTHMYINE S
N7z, Z3E, NFSI OREBEFHENT ) o013
WHRTEWEDEEEZ OGNS, I 5HRIMHD
FER, MPEEBEFOS D IR R TH S Z &M
SN0, TIVA=)EBEEE Ul & 2 A RIGKEE D
THF T 48 Bffn 5 18 BFRICE R I Nz, B
2189 % 218 084, THF 1T 270 BRI T
HINRMOXEETHDHDIZHLT, T¥ /=)
DOEE A8 I TR L2, 24Uk, NMR EEBEOD

FERBRENS T ) T — MERMIE I NZ72072 &
EZTNWS.

RIS 2 W TR S D FE — Mk 2
U7, EEOMWHEITEU T 2¢ XU 2f Z W71
2 ETHRAIBRB-TRIATIVDO T v ENET
F O F A EIRIITHEEST U7z (Scheme 6). 55017
AR DA ECE VBRI E & DI K > THRE
L7zh, Zhudedo Pd T/ 55— 6 THEIH
HbDE—HKU . EHFATREAL, ARBNKP
AR T 2EREEESMBBELELBNVEATHD. £
DEDOREBEEDOILY ) =)V & MH>H I ENTE, R
T=IVT7 v TR THSD. £z, 7vH#RbaIhi
AR 21 LIATAREIRIC KR T 2 - B ROF 2 X
L7 2 BFGERNEET DI EITHRIL
TWa, INSIXEMEEEEMSRAM DA S
D 7w R E L THBRDOEIEAIR IS Y
ans.

EHI, - RRARCBEIATIV22 DT v 3R
EHITD ZEMTE . FEMITET 2, T
LR AR B T AT )V % i 98%ee THED Z &8
TX/-=. Scheme 7 {213 1 mol% D il & T11-> 7=
BlZRd. BIE, 23 068N d 7y #FEHRA
R ERNTE NI B VbR O EHR
DiiFEZBFFTH 5.

32. AFXL L R-LFEGEOT R
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0 2 (2.5 mol%) . OB
R1J\T/COZBU-+ 20 R’ 2
w s S T
8 ~ 21

0 0
*_CO,tBu CO,Bu
F "'F

21b: 91%, 94% ee

21c¢: 85%, 83% ee

0 0 o)
Me)¥;<00gsu Me)#;<COgBu PHJ%7/COgBu
Me  F Et” F ’

21e: 49%, 90% ee

Scheme 6.

Q9
P(OEt), NFSI 20 (1
EtOH, t,
22
Scheme 7.

oCOpom| O

“F
Jous
FsC N

H

\

21h: 88%,

(S)-1¢c (1 mol%)
5eq)

L
N

Me “F

87% ee 21i: 92%, 91% ee

Enantioselective Fluorination of Various S-Ketoesters

8h

o 9
«_P(OEt),
F

23  94%, 95% ee

Catalytic Enantioselective Fluorination of S-Ketophosphonate

(S)-Pd-cat. 1c
(5 mol%)
20 (1.5eq)

———

THF, rt

R
. _ 25:R=H 26: 20%, 5 % ee (60 h)
24‘|\E/ISM,SP20‘}|-?V|52 27a: R = Boc 28a: 53%, 81% ee (12 h)
(MaxiPost™™) (racemate)
R
R
N — >0 p
o p N pdl )
N Pd >* — =)
H ~p 0
tBuO
Scheme 8. Initial Studies on the Fluorination of Oxinidoles

DEIBHMAEREIZ, RITHFI O R=IDOTvHE
ftemat Lz, AF 20 R=IVBREAET LAY
WERRICEE S HFIEL, TDELHHAWistt
BRI ZENHASENTNWS, I5IZFFI R
D3N OKEERZE T v RITEBRT D Z & TEYNK
BEINHZEERBEHOPITAD ZENTE,

BMS204352 (24) (Scheme 8) IZMAR AR & L
THAAES I MHERRBRERPOLEMTH S. 2
ZDEIITHF L R=IVD 3T v FLAKRDE)R
HANFE B BIE D BRI R FEAL A TR B W TR ER
W,

ZIZT, T T FIATINDEEDORELS
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HhERANWTEF > R=)L 25 07 v FLKIEETT
57~ (Scheme 8). LMWL ANS, KNMIESAHE
INRHDOTNSBICEEahotz. TOHBZELE
MEERMTH LD EHE AT, £ I T, 2k
BARIOT ) I— MNEREERTLHE0ICEHF T >
R—)L D2 # % t-butylcarbonyl (Boc) M THE#EL
R 2Ta BHZITRE L. 1e Bl E L TK
INEfTo 2L T A 27Tal3iHk L 28a % 81%ee TH
HIEMTER., IORIMFTDOKE, 2.5mo0l%
D Pd filt#it 2¢ ##4E K, iPrOH ZiAMlEE L THWS
ZETHRARBAF L R=IVisEKRD 7 v FLETT
ST EMMTE (Table 4). MINIFHEITHETL,
75—96%ee & WD & W IERMETHBY) 28a—i 2115
SNz, BB, TORIBEHNWSZETBMS LS
Y 24 ORERAF AR B AEETH 5.

IHIL, EERPIO T IO T T IVA ORD AR
MERINS 2907 v FREITHEL L 7= (Scheme
9). THF HTIZE / 7 v HRILIK 30 315 57208,
FTOARBFENRITIDOLT N2 % THo 7=, — K,
CICH,CH,CI-MeOH DR & VA It T Kt %17 - 7=
LA, 7 wvHEITE T MeOH 12 X % A5y
fRIKE Z o 7B 31 3 5z, THEFE D& &
WO HRAYIT, 31 OAFINERIT 93% LD T o
. ZREE// 710V F0K30 DT I{bXD b
SAY ) —=IVIZKDNNEHE D RNHETT L e led &
Z6N5. FRTH S 29 DBINNBEE iR % 2\F 5 7=
OITNENHRETH DM, HIVEZIEEHD
o-E /) Ty RNTELRDIZVENFI D1 DT
b5, T HRAGRIEEFOBKE L THE
ETHDHIEMS, TOFETHIRT ST v R
DERIEE L THELEEEZON, IORLIFEEN
I ns.

4. BHYIC

NFF M Pd RO RTE—IEEEEFIHL
T, W DO AF RS DBIFEITRII L 7z
Pd $5K1Z, WEHEATF L ALEWNSFIIININT Y
TLL) T— R EEKT B0 TaEEEERL
7z, TOILJT— MIBMEUIFHESRETTERL
THD, MO TRMBEETRINETD ZENTE
fo. RFE—RFMEEERKIETIE, PAT/ F—
7O BOKAEELENSHAERH LA 7
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Table 4. Catalytic Enantioselective Fluorination of Various
Oxindoles

R! (S)-Pd cat. 2¢ (X = TfO) R!

Cfgi (2.5 mol%,) /@\)i
o+ 20 ——mm 0
R2 N (1.5 eq) iPrOH R2 N
Boc Boc
27 (racemate) 28

Fime Tield ee

Entry 27 R!/R? Temp. M) (%) (%)
1 27a Ph/H 0°C 18 96 90
2 27b  p-MeC4H,/H rt 397 86
3 27b  p-MeC¢H,/H 0°C 18 92 88
4 27¢ p-FCsHy/H rt 3 94 84
59 27d  0-MeOC¢H,/CF; t 3 80 75
6 27e Me/H rt 5 86 95

27e Me/H 0°C 18 85 96
27 Et/H rt 10 85 92
27¢ CH,C(O)CHy/H 1t 2 8 86
10 27h Bn/H rt 4 72 80
11 27i i-Bu/H rt 2 85 75

a) Acetone was used as a solvent.

(S)-Pd-cat. 2¢ (X = TfO)
(2.5 mol%) H. g

NFSI (1.5 e
N DCE-MeOH (1/1) N
Boc rt, 18 h Boc
29 30
H.« F

- ©\)<COZ'V'9 53%, 93% ee
NHBoc 31

Scheme 9. Catalytic Enantioselective Monofluorination of 29

HED ST NI HET Uz, 2, SN
MEOEHEITKOEEL 2, £H 513 Pd(u-OH)
gER2 &7 X U OB—EREPRIRREZRE L T
NETHRETH 727 2 2 DAFHE NI D R
L7l &2l THL. W ARBH TR RzX D7
B e S TITHB T 2 KRB OEMHLIZREATH
0, BEZORBEEN LIS OBFEICED A
TW%, ISIKITEBSEORMED, EkodET
JI—bFORBNEZEBDIHRINERTFET HE 070
FIZi DTN EFEL Tno.,

BE AP HICRE LT BRI
W T IR OMEETIHIDNE DO THY, i
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