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Development of the Asymmetric Hydrogenation of Enol Esters
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(® School of Chemistry and Chemical Engineering, Shanghai Jiao Tong University, Shanghai 200240)

Abstract Chiral alcohols are an important class of compounds and possess a broad array of applications, thus their asymmet-
ric preparation is an important area of research in the field of organic synthesis. Amongst methodologies for the preparation of
such compounds, catalytic asymmetric hydrogenation has gained widespread interest due to its efficiency, environmentally
friendliness and economic advantages, and is gradually becoming a technology with great potential for the industrial prepara-
tion of chiral alcohols. This review provides the first overview for the catalytic asymmetric hydrogenation of enol esters for the
synthesis of chiral alcohols. A comprehensive and up-to-date introduction are given for a number of different substrates. A
thorough analysis is provided concerning the advantages and disadvantages of different chiral ligands and their transition-metal
complexes. Finally, a brief discussion relating to developments and potential areas of further research concerning new sub-

strates, new ligands and new catalytic metals, is presented.

Keywords enol esters; chiral alcohols; asymmetric hydrogenation; Ru-catalyzed; Rh-catalyzed
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Figure 2 The classification of acyl-substituted enol esters
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S B AT B — RS2, iR FH ) e A4 4 L
Tic A 0 L B T AR P 2 (Eq. 1).
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phos)(nbd)|Cl0y, X} a- ZBEAIE N IRGER 2185 3k T
S1%AM1 84%IXTIRIEFEE, 1ZE A= al VE R AT At —
W R TFERCAE Prophos.

1980 4F, Koenig ZHI FH £ i FVEREBCMA, & IR
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G, R ) s T e O 4 ) 4% T2 2 ) [Rh(Me-
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2014 4, Zhang %70 22 FloOUBSBC AN T o- B
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Scheme 1 Rh-catalyzed asymmetric hydrogenation of tetra-substituted enol esters
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PR Rh fEACEAL, X IEBEFERRIR YIRS T 64% 1IXT It
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2013, Vidal-Ferran

99% ee (R=Ph)
99% ee (R = Alk)
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94 FH %o I3 5% P71,

2013 4E, Cadierno 1 Pizzano 25PN HIT K 5 T
EF1E CEFEE 2L BB RR R IR L4 N T a3
e R BERR ) A FR Rh LS4, KR 5K
YIRS T ARLF (P W B 1 (95% ~99%), T HXY a-
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/e c
2.1.1.2  ¥BEELAR
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VB R T ECAA S T o387 300 e 2 AR s e i 1 AS 5 R
Rh AL, Hr LS X a-IE T A o-Z BRI LA
O-CO(2-Furanyl) Jy 2 & 5[4 (1) I B g B v 20 03R48 T
949%Fll 89%E’JXT ML PEPE. 2012 4E, GooBen %M %t
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FIXF R RBEE, X2 2 A N I [ — 15 D5 FE R e 5k =
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XF o= 5 - -3 S B RIG BE R SRS 1 89% [ %o ik
Btk

2002 4, Zhang N4 I A () 1D F AT YA
P XUBERC AR TunaPhos N a-75 38 B B g A AN S
M Ru LS L, R MROERIECA C,-TunaPhos,
AR T 98% X M i 4.

2004 4, Chan ZMNEILIF R B HOFHESE FH
BT OB RCAR L9 K R T o5 SR B S 1
AKHFR Ru S, Bem3RAG T 97%I % i id 544
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R' Ru-Ligand R’

OO PPh, O PPh,
l PPh,

BINAP BIPHEMP
73% ee (R'=Ph, R" =H) 89% ee (R' = CF3, R" = SPh)
99% ee (R' = CF3, R" = Alk) 2000, Iseki

1995, Takaya

[o ‘ PPh,
o ] PPh,

C2-TunaPhos
98% ee (R' = Ar, R" = H)
2002, Zhang

“—0 O PPh,
):o l PPh,
L9

97% ee (R' = Ar, R" = H)
2004, Chan

22 RFEFMTERK HEZNS

AR I TR S PO & AR G 5wt 17 HL | T 2L 3RR
(1) NI 2 ) 5 5 o7 ¥ 52 g o, RS R AL Ak 1)
ROR AR B, BTUAHRHE LI A 2.
2.2.1 47(Ru)fEie

1995 4§, Takaya 2557 RARAE T HOIRIG BERS (0 A%
PR Ru AL, FIFHLFHEOUBERC A& BINAP, X it
IR PN XU PR P 8 2R AL AN 1 T DL K 7S TR A U ER
WEEEREN 43 B3RS T 20% 94%F1 60% FI % I i £
4 (Scheme 2).

1996 4F, Bruneau 1 Dixneuf 25444 22 Firdgh T2k XU
B A J92 FH - L 0 IR A I A P AR S 2R T o TR T 1 AN
WK Ru AL EAL, o BIPHEMP 3545 7 i 97%I1)
XL PEME(Eq. 7).

o (BIPHEMP)Ru(OCOCF;), QAO .
7
%&o m ok

97% ee
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© 2016 Chinese Chemical Society & SIOC, CAS

Lk
(BINAP)Ru(OAC),
(0]
Ho
O

(BINAP)RuU(OAc),

H _(ol

BINAP

B 2 Ru-BINAP fEAL IR AR B e A X AR AL
Scheme 2 (Ru-BINAP)-catalyzed asymmetric hydrogenation of
cyclic enol esters

1999 4E, Consiglio % "4 il F P 0B i 14
MeO-Biphep N FH T 75 J0FF P M ke 38 ) S R B I e g 2-
ML PR AN X AR Ru HEAGEAL, SmdiAS T 97%Hx ik
M (Eq. 8).

R} R R} R
— (MeO-Biphep)Ru(OAc),
R—\ P ” R—\ 2° @
2
R™ () R™ 9]

R = Alk, up to 97% ee
R = Ph, no reaction

MeO E PPh,
MeO ! PPh,

MeO-Biphep

222 %$E(Rh)fEK

1998 4E, Scalone 5 h T 2, B 6 ZE 0 VX 0 Ji
PR i — VO Rk 2 LA AMPP B2 FH T /5 J63F A 6 2 3R 41
S5 T 0 W R R R AR Rh AL A AL, o
Cy-oxoProNOP 343 T fit i1 95%[1Ix Wik $ 14 (Eq. 9).

1999 4E, Zhang S ML 1A M0 % v O T 1 U
& PennPhos 3 T34 I S B0 A1 S AL AR B I 1) A
XIFR Rh AL SR, XIS O RIS T 98%
F1=>99% ()55 Bt ik £ 14 (Scheme 3).
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OAc OAc
[Rh(Cy-oxoProNOP)(cod)|BF,4

Ha
(0] O
95% ee
O\
PCy2
N—PCYZ
(0]
Cy-oxoProNOP
OAc OAc
Rh-PennPhos : f
Ha
98% ee
OAc OAc
X Rh-PennPhos X
O m
X X
X =H, 99% ee

X = Me, >99% ee

Me
PennPhos

B33 Rh-PennPhos fH A4 I FIR I B I AN R AL
Scheme 3 (Rh-PennPhos)-catalyzed asymmetric hydrogenation
of cyclic enol esters

2012 4E, Pignataro, Piarulli f1 Gennari M HIF &
AR = B B R S i 44 BenzaPhos N T34 P 4 12 34
ANERAYGTEES KT FR Rh AL, SN TeHR Ry
RIF T 49% 0 Bk £ (Eq. 10).

KT 7 kA B HUA R T i ) AN e PR A A A T
W Eq. 10 s, o] RAURILBE S SEBAR N B 2. 0
S B Z BRI FT, AR BT 1 OB I A
SMS-Phos 1 TangPhos R 5113k1F 1 11 F- 58 3 [0 WLk £
PE, T ICE IR AT NI O S 0 BR B AR BT 3R A o) e
B R WS AIC. 22 A 5 A e 25 B T i ) A
MR AT TR, 224 N B ) = B )
BRI F AN, FRORIG R W AR AR, o E R T
Mg Ao FPEXUBERC /R PennPhos AL A4, HE M
oA 2 (1R Yo et 6 A e R £
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OAc OAc

Rh-BenzaPhos
9 (o
Ha
49% ee

BenzaPhos

3 BiERREEE

WRYE BRI AL E, ZRIRI AT 70 oI L
AR B-To ek AR B IR (P 5).

R™ P(O)R' R™ R"
= on =

R OCOR R,P(O) OCOR

B S5 B IR e 43 2
Figure 5 The classification of phosphoryl-substituted enol es-
ters

3.1 o-BAER BB S ETEE

RV AT @ - PR FR R E B E F R AN 2
AR T S B ) 45 140 RS R AL = T o-FR L 0
BT a-FRIERR AU, SO EARXT 7z, ik
MK Z . A FREA B A0 B L —Fh 2
(Eq. 11).
3.1.1 SUBRELAR

1999 4, Burk 21 VORI HIF & B e b oo
PEXUBEEC 44 DuPHOS A1 BPE [AEEC &I AT T ok
FEEURIGEERE AT R S, L OBz 1E N &2
M, 24 pArTEHUREE, FFH[Rh(Et-DuPHOS)(cod)]OTS 1]
AT 96%IEIXF LI REME; 2 B A AR DY LT,
FI[Rh(Me-BPE)(cod)]OTf T 3k 5 68%[1X WLk FME; 4
p AL EU kRS, 1 H[Rh(Me-DuPHOS)(cod)]OTf AJ
SIS 92% Xt ki . 2006 4E, Xiao Z17NK £ Fh
FFC A4 8 FH T AN R BE VR N BE A R ) a- Bl IR S AR
IREEE AR Rh fEACEAL, om0 oo P XU
Fict4« Me-DuPHOS i A 7 JCHUAR AN B Ao SR HAR F SR IS
YIE 5T AT T 96% 1 94% Xt i 458 1.

2001 “EJF4A, Gridnev. Imamoto A1 Hoge 581 J5
V4 22 P8 T M SUBE O A L T oo Tl R 258 LA 2 s 1)
KRR Rh LS, BL O-Bz 1E N E A S, HdFH
NI 3 A7 BEL A K 1K) TCEP St g A7 ToBUA R R4 AT 3545
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BHE
P(0)(OMe), Rh-Ligand P(0)(OMe), )
R OBz Hy R OBz
Alkyl\\? tBu
P Me,, % ‘
f Alkyl P O-P'O
o Alkyl ( ©[ o
< P,
P 7\ \ P(Alkyl)
Alkyl™ r tBy
L10
BPE/DuPHOS MiniPhos/TCFP

95% ee (R=H
96% ee (R=H)  99% ee (R = H) 92% oo ER - AZ)
68% ee (R=Ar)  96% ee (R = Alkyl) 98% e (R = Alkyl)
?g;/geg (lT(= Alkyl) 2001, Gridnev, Imamot & Huge 2005 Ppizzano

, Bur '

H
e OO N—PAr,
N
o) PPh,
PPh,

HW-Phos
L11 99% ee (R =H)
99% ee (R=H) 99% ee (R = Ar)
99% ee (R = Ar) 99% ee (R = Alkyl)
99% ee (R = Alkyl) 2008, Zhen & Hu

2007, Zhen & Hu

AO P P-N
[ o
on
P
Ph
= L8
SMS-Phos (Alkyl = i-Pr, t-Bu)

99% ee (R =H)
2010, Knochel

99% ee (R =H)
2015, Leitner & Francio

T 99% [N ki £, FII ] MiniPhos X 4 437 B B4 Qe 3
TR AT 345 B v 96%o %o e 13 4

2005 4F, Pizzano M ILIF R (LT AW B 420
B B RR R C A4 L10 B T a- B IE 22 HUA A B s (1 AN
YRR Rh LA, X AL TEER B A B EUR D5 2 A g
A B e 25k B SR B = 3 RS T 95%. 92% A1 98%
] il 1 6P 2009 4F, Reek 250004 BT 4% fit 5 T 5]
T SR U B T P A S T - T 2 A A e i 1)
ASXFFR Rh AL A AL, Ho IndolPhos X g A7 EHUL.
P AR IR LN B A AR FE R 1) IR B v 20 3RS T
87%- 40%Fl1 46% )% it ige % 11

2007 4F, Zheng Fl Hu 250G AP R 93T 1-DUA
ZE B SR - e AR L1 BT oIS EUR
IS AR Rh LS AL, XF B AL TEHUR B A HEL
e, B AL HEUR T LA K B AL S BUAR B S S R
BEBIEAR T 99%MIx ik . 2008 4F, flifi7lT!e
B TF R T 1- D0 S 28 B 1 M — U g I e I A
HW-Phos J F T o~ fiff B J2 A J75 B 6 PO AN R Rh 4L
b, X EIRIRYIFEREI AT T 99% KX g £, 1M
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DI PEE AR %o 252 553 P 5 T 2 2 Y B 24 P Ml — 2R Il P v P A
o JE A DSt Rt i B P AT

2008 4, Vidal-Ferran 5275204 HIT R 3T 24
B BRI - B R IO A 1,2-P-OP N T a- 3L HL
RIFBEEEG I ASTFR Rh LS AL, RT3 T 95%I1Ixd ik
PRI

2010 4F, Stephan 220120 HFF % 1) — R AT
XU A FA) 82 TiE & Y0 [Rh(SMS-Phos)(MeOH),|BF, [ f
T o-BE I LU B2 G A XS PR Sk, X B A TEEL
RIRMIFAT T >99% It e 5 .
3.1.2  ¥BEELR

2015 4F, Leitner F1 Francio 250 HIF & 13 T-98
75 1 B T BRIV R IR AT A L8 I FH T Tl 55 AR 0 1
BEASTFR Rh fELELL, X B AL EBURED SRS T
99% [ % Wizt #E1.
3.2 B-HEEEENX HEZRS

ZREY T IELL p- B L B R TGS 71 B A T AR T
B S B ) 5 Y ST HOR S B AL A A A TR D,
B4 I BIRIE(Eq. 12).

R Rh-Ligand R
—_—
- (12)
(MeO),(O)P OBz H, (MeO),(O)P OBz

L10 ClickFerrophos Il

99% ee (R = Ar) 96% ee (R = Ar)
99% ee (R = Alkyl) 92% ee (R = Alkyl)

2008, Pizzano 2012, Fukuzawa

2008 4, Pizzano 5P IKIIAR T p-iBEIEEUCHE
BEFRIAKTAR Rh (AL, FIHHIF R 03T 25
B -0 BRSO A L10, X o 5 BRI S BRI )
B BIAE T 99% X ik Pk

2012 4, Fukuzawa 50 HIT A T T XUBE AT
A& ClickFerrophos 11 N FH T~ B~ It Jik B s B 1 1) A
Fr Rh (AL, X a- 05 A PR B R B 3k e 7
96%F1 92% 1% e 5 2.

4 HEBRKKEES

BT R =AEIRBIW AR R LN a-Bat
e I BEILRBEEEIE Z AN, NTTIETET T a-ffidk.
o-JREE . a-FERERE . WA PRIE DA a- IR SR IR A
SRR AL, PR Z A A 2 3 R M e ) SR,
FI A 38 AT 3R AT T — AR (0 0 e e 33 4 4%
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1998 4%, Boaz " ¥ VKW 78 T oM A o SE B
FEBS AT AR Rh (AR, 008 A O 5 P XU T
& Me-DuPHOS 431l P 94%F1 99% fity X Wik B 15 3] 1
oI FEAB IR R AN o IR IE 5 A I (1) 72 W) (Scheme
4).

R R
:(:/ Rh-Me-DuPHOS _/:/ ;
H P E

OAc 2 OAc ; Me

R 94% ee | Me

//  Rh-Me-DuPHOS _R i
4/_/ Me""
H2 -
OAc OAc Me-DuPHOS
99% ee

ER 4 Rh-Me-DuPHOS LI a-Jf A a-bhIE B IR EERS
AR PR

Scheme 4  (Rh-Me-DuPHOS)-catalyzed asymmetric hydro-
genation of a-alkenyl/alkynyl-substituted enol esters

2005 £E, Minnaard, Feringa fll de Vries 251214 2 Ft .
S Bk R AR S T a3 A -tk e 35 A 0 T i 1)
KRR Rh 4L E 4L, PLELNCOO 1ENE G 3EF], Hd
FIFH PipPhos 43 5 AT 3K1G 97%FN 43% (1) %F L ik 45 14
(Scheme 5).

R
_ Rh-PipPhos J:/
- . ,
H 2
OCONEL, 2 OCONEt,

97% ee

SiMes Rh-PipPhos SiMe;

H, ‘OCONE,
43% ee

OCONEt,

PipPhos

BIxX 5 Rh-PipPhos AL a-#iidk Al ok foe 5 ORI I A
XFRREA

Scheme 5 (Rh-PipPhos)-catalyzed asymmetric hydrogenation
of a-alkenyl/silyl-substituted enol esters

2012 4, Zhang Z TR T a-Bi HRIEHU AR B2
Big (AN FR AL Z Ak, I [Rh(DuanPhos)(cod)]BF,, %}
B-TCHUARAHN B- F J= B BB A B 13 70 il BA 92% 11 98% (1)
Sk PR B T a- B FRIEA L IE SR = H(Bq. 13).

2012 4E, Vidal-Ferran 220 RiE T a-FFEHUR
IGTEER AT FR Rh S, I IR R 2T T
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Q [Rh(DuanPhos)(cod)]BF 4 Q

(13)
— H,
R' OAc R' OAc

R'=H, 92% ee

R' = Me, 98% ee

DuanPhos

CEFEE IR B TR BRI AR 1,2-P-OP, 3K15 7 97%
R B BEPE(Eq. 14).

CN [Rh(1,2-P-OP)(cod)]BF,, JCN
P (14)
OAc Ha OAc
97% ee

5 HiL5RE

FHLE TR B AT B IL B ST L B o- LR
SEBRIEANA RRIRINS, M i Tig 0 AN X R M AL AL TEAR RS
B, (HRWOLHS T IR IRRR. AE XU
BeAARIL 2 BRI A R R BET BE S 1, #1502 MR A
W i JEE A #R T SR AL T 56 56 B Wik Bk, AT N PR 22
JeEE AT IR I R R E e O 1Rk ERAE —
SESR T AR I B R P BOA AT BRI 45 R, HE R
Wk 7T, Pk, it BIRABT AR SR RN ALEE, IR
Feli B IT R A i RON 5 A5 T R T A A A
TR, 0% T R DIE VS, I R 28 SEEUAT 2R
FHEINRED T HPALRI T, T5R 24 % SO BT 7
R AR TS T,
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