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Enantioselective Ketone and f-Keto Ester Hydrogenations
(Including Mechanisms)

Takeshi Ohkuma and Ryoji Noyori

Enantioselective hydrogenation of f-keto esters is a well-established procedure
to produce chiral f-hydroxy esters in high optical purity [1-4]. Many important
biologically active compounds have been synthesized through this procedure,
even on a commercial scale [1-4]. Ru complexes [5] bearing appropriate chiral
phosphine ligands [6-8] provide excellent catalytic efficiency for this reaction.
Certain chiral Rh catalysts [3, 4] and heterogeneous Ni catalysts [9] are also uti-
lized. The recent development of the chiral diphosphine/diamine-Ru catalyst
enables rapid and stereoselective hydrogenation of simple ketones without a het-
ero-atom functionality close to the carbonyl group [2, 4]. These enantioselective
transformations are summarized in the present chapter.

32.1
Chiral Ligands

In enantioselective hydrogenation of ketonic substrates, the excellent catalytic
performance such as high turnover number (TON), turnover frequency (TOF=-
TON h™" or s7"), and enantioselectivity is achievable only when (pre)catalysts are
prepared by the appropriate combination of metal species and chiral ligands [6—
8, 10, 11]. Stereo-repulsive interaction between substituents of ligands and sub-
strates is normally utilized for the regulation of stereochemistry. The metal and
ligand must be carefully selected because of the diversity of substrate structures
[1-5]. Chiral diphosphine ligands with a C, symmetry (see Fig.32.1) have
played a main role in this respect. Recently, however, various effective C; phos-
phine ligands as well as phosphinite ligands have been developed, the struc-
tures of which are illustrated in Figures 32.2 and 32.3, respectively. Chiral
amine and imine ligands (Fig. 32.4) are also useful, particularly when they are
coupled with a chiral diphosphine ligand in the hydrogenation of simple ke-
tones [2, 4, 5]. Immobilized BINAPs are detailed in Figure 32.5.
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Fig. 32.1 C,-chiral phosphine ligands.
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Fig. 32.1 (continued)

32.2
p-Keto Esters and Analogues

32.2.1
P-Keto Esters

The enantioselective hydrogenation of f-keto esters is important, because the re-
sulting optically active f-hydroxy esters are converted to useful chiral building
blocks [1-4]. The development of BINAP-Ru(II) catalysts allowed the highly en-
antioselective hydrogenation of f-keto esters. As shown in Figure 32.6, methyl-



1108 | 32 Enantioselective Ketone and f-Keto Ester Hydrogenations

QH R2P Al"s \C6H5
L A P
CeHs)z 2—&/ PAr, X—N(j
" P(CeH P,
(CgHs)2 P A CaH
(R)-(S)-BPPFOH (2S,4S)-BPPM

BPPM: Ar =R = CgHs; X = (CH3);COCO

(S,R,R,R)-TMO-DEGUPHOS
Ar = 2,4,6-(CH30)3CGH2;

MCCPM: Ar = CgHs; R = cyclo-CgHyq; X = CH3NHCO  y = (CH3),COCO

MCCXM: Ar = 3,5-(CH3),CeHa; R = cyclo-CgHy1;

X = CHaNHCO
o,
) CH50
) P(cyclo-CgHi1) O
Nz Pleyclo-CeHrr)y & 0 P(CeHs)
P(CgHs)2 P(CeHs)o 62 O P(CgHs)2
(R)-(S)-JOSIPHOS O O
cHOTY o
(S)-(R)-2A
(R)-MOC-BIMOP
X PAr PAr',
) ‘ P(CgHs)2
Q
PA> NH,
(R-(S)-2B AP (RR)-2D
2Ba; Ar = CgHs; X = [(CH3);CHCH,]oN (R-(R)-2C

2Bb: Ar= 3,5-(CH3)2C6H3; X= (CH3)2N 2Ca: Ar‘[
2Bc: Ar=CgHs; X = OCH3

= CGH5; Ar2 = 3,5-(CF3)2C6H3
2Cb: Ar' = 3,5-(CHz),-4-(CH30)CgHa;

A|'2= 3,5‘(CF3)206H3
Fig. 32.2 Phosphine ligands with C; chirality.

3-oxobutanoate was hydrogenated in methanol containing an (R)-BINAP-Ru(II)
complex to give (R)-methyl-3-hydroxybutanoate in >99% ee quantitatively [1, 2,
12]. The anionic halogen ligands on the Ru center are crucial to achieve high
catalytic activity. Ru complexes with a formula of RuX,(binap) (X=Cl, Bz, or [;
empirical formula with a polymeric form) [12] or RuCl,(binap)(dmf), (oligo-
meric form) [13] catalyze the hydrogenation of a wide variety of f-keto esters
with a substrate: catalyst molar ratio (SCR) as high as 10000. Several isolated or
in-situ-prepared BINAP-Ru complexes show a similar performance [14]. The hy-
drogenation is accelerated by an addition of strong acid [14b,d, 15]. The use of
more sterically demanding XylBINAP as a chiral ligand gives 99.9% ee [16].
Even a racemic XylBINAP-Ru complex can be used for this reaction in the pres-
ence of 0.5 equiv. of (S)-DM-DABN, a chiral aromatic diamine, as a poisoning
compound [16]. Here, the R alcohol is obtained in 99.3% ee due to the selective



32.2 p-Keto Esters and Analogues

! l Ar'
OPA, GEX/ OP(cyclo-CsHg),
OPAr2, N
OO P(cyclo-CsHg)
Ar!

(S)-Cp,Cp-IndoNOP
(R)-BINAPO
Ph-o-xylyl-BINAPO: Ar' = CgHs,
Ar? = 3,5-(CH3),CgH3
Xylyl-0-BINAPO: Ar! = 3,5-(CH3),CgHa,

00,
o\
A/OPR P
e e
PR,

(S)-oxoProNOP

Ph,Ph-oxoProNOP: R = CgHsg
Cy,Cy-0xoProNOP: R = cyclo-CgH44

Fig. 32.3 Phosphinite ligands.
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Fig. 32.4 Amine and imine ligands.

formation of a feebly active (S)-XylBINAP/(S)-DM-DABN-Ru complex. Other
useful biaryl diphosphines include BIPHEMP [14m], BIMOP [17], MeO-BI-
PHEP [18], C4TunaPhos [19], BIFAP [20], BisbenzodioxanPhos [21], P-phos [22],
tetraMe-BITIANP [23], bis-steroidal phosphine [24], and 2A [25]. The reaction
can be run in aqueous phase by use of a BINAP derivative with ammonium
functions 1Ba [11Db, 26, 27]. Hydrogenation catalyzed by a Ru complex bearing
i-Pr-BPE, proceeds smoothly under a low pressure of H,, probably due to the
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Fig. 32.5 Polymer-bound BINAPs.
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Fig. 32.5 (continued)

electron-donating ability of the aliphatic diphosphine ligand [28]. A Ru complex
with #-Bu-BisP* having chiral centers on the phosphorus atoms also shows high
enantioselectivity [7a, 29]. Ru(OCOCEF;),([2.2]-phanephos) in the presence of (n-
C4Ho)4NI catalyzes the reaction of f-keto esters at a low temperature and under
a low H, pressure, without the addition of a strong acid [30]. A Ru complex pre-
pared from Ru[’>-CH,C(CH3)CH,](cod), 2 equiv. of chiral monophosphine 1C,
and HBr catalyzes the hydrogenation of methyl-3-oxobutanoate with an optical
yield of 95% [31]. C;-chiral ferrocenyl ligands [8] are also useful. Ru complexes
with 2Ba [32] and 2Cb [33], and a JOSIPHOS-Rh complex [34] yield chiral alco-
hols in 98.6, 95, and 97% ee, respectively. A C,-symmetric bisphosphinite li-
gand, Ph-o-xylyl-BINAPO, is also useful in the Ru-catalyzed reaction [35]. Some

mm
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Fig. 32.6 Enantioselective hydrogenation of f-keto carboxylic acid derivatives.
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>95% convn

OH

*

XR

XR Chiral catalyst (SCR)®  Solvent H, Temp. ee Con- TON TOF
latm] [C]  [%] fig. h]

OCH;  RuCl[(R)-binap] (2000)  CH;0H 100 23 >99 R 1980 55

OCH;  RuCly[(R)-binap](dmf), ~ CH;OH 100 25 99 R 1960 49
(1960)

OCH;  RuCl[(R)-binap](dmf), ~ CH;OH 4100 98 R 2330 388
(2330)

OCH;  [NH,(CHs)L[{RuCl[(R)-  CH;0H 100 25 >99 R 1340 33
binap]}(+-Cl)s] (1410)

OCH;  [Rul{(S)-binap}C¢H]I CH,0H 100 20 99 R 2380 99
(2380)

OCH;  Ru[y*CH,C(CH3)CH,,» CH;0H 1 1t 97" s 40 08
[(S)-binap] + HBr (50)

OCH;  trans-RuCl,[(R)-binaplpy, ~CH;OH 3.7 60 99.9 R 1000 42
+ HCI (1000)

OCH;  [RuCly(cod)],~(R)-BINAP  CH;0H 4 1t 99 R 100 4
(100)

OCH;  RuCly[(R)-xylbinap)(dmf), CH;OH 100 1t 999 R 1500 94
(1500)

OCH;  RuCl[(z)-xylbinap](dmf), CH3;O0H 100 rt 993 R 750 47
-0.5 (S)-DM-DABN (750)

OCHj3 RuCl,[(S)-bis-steroidal CH;0H 100 100 99 S 1270 1270
phosphine](dmf),, (1270)

OCH;  RuBr,[(S)-biphemp] (200) CH;0H 5 50 >99 S 200 3

OCH;  [Ruly(p-cymene)],—(R)- 1:1CH;OH- 10 3040 100 R 2000 100
BIMOP (2000) CH,Cl,

OCHj3 RuCl;—(S)-MeO-BIPHEP CH;0H 4 50 99 S 100 25
(100)

OCHj3; RuCl,[(R)-c4tunaphos]- CH;0H 51 60 99.1 R 100 5
(dmt), (100)

OCH;  RuCL[(S)-(R)-2A](dmf),  79:1 CH;0H- 3.4 70 994 S 667 28
(667) CH,Cl,

OCH;  RuCly[(S)-bifap)(dmf), CH,0H 100 70 100 S 1000 500
(1000)

OCHj3; Ru[if—CHzC(CHg)CHZ]z- 9:1 CH;0H- 4 35 993 S 500 25
[(R,R)-i-pr-bpe] + HBr H,0
(500)

OCH;  Ru[y>CH,C(CH3)CH,» 10:1CH;0H- 6 70 979 R 172 17
[(S,S)-t-bu-bisp*] + HBr H,0
(200)

OCHj3; Ru(OCOCF;),[(S)-[2.2]- 10:1 CH3;0H- 3 -5 96 R <250 <14
phanephos] + (n-C4Ho),NI H,0O
(125-250)

OCH;9 [Rul,(p-cymene)],—(R)- CH;0H 5 80 95 S >990 >62

(R)-2Cb + HCI (1000)
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XR Chiral catalyst (SCR)®  Solvent H, Temp. e Con- TON TOF
[atm] ['C]  [%] fig. L

OCH;?  Ru[y’-CH,C(CH3)CH,J,- CH30H 60 100 95 R 99 12
(cod)—(S)-1B + HBr (100)

OCH;  [RuCly(p-cymene)],—(S)-  3:1 CHsOH- 54 50 9% S 100 5
Ph-0-Xylyl-BINAPO (100)  CH,Cl,

OCH3 RuCl,[(R)-poly-nap](dmf),, CH;OH 40 50 99 R 1000 71
(1000

OCH;  Ru[y*-CH,C(CH3)CH,),- CH;0H 100 50 99 R 10000 208
[peg-(R)-am-binap] + HBr
(10000)

OC,Hs  Ru[’-CH,C(CH3)CH,),-  C,Hs;OH? 4 50 99 S >2970  >165
(cod)—(S)-BINAP + HBr
(3000)

OC,Hs  RuCl,[(R)-bisbenzodiox- C,Hs;O0H 3.4 80-90 99.5 R 1000 <42
anephos](dmf),, (1000)

OC,Hs  RuCl,[(S)-p-phos](dmf),, 10:1 C,HsOH- 34 70 98.6 — 400 <33
(400) CH,Cl,

OC,Hs  RuCly[(-)-tetrame-bitianp] CH3;0H 100 70 99 R 950 475
(1000)

OC,Hs  Ru[y*-CH,C(CH3)CH,),-  C,HsOH 50 50 98.6 S 200 11
(cod)—(R)-(S)-2Ba + HBr
(200)

OC,Hs  Rufy-CH,C(CH3)CH,l,-  H,0 40 50 9% R 1000 67
(cod)—(R)-1Aa + HBr (1000)

OC,Hs  [Rh(nbd),]BF,—(R)-(S)- CH;0H 20 1t 97 S 100 7
JOSIPHOS (100)

OC(CH3); [NH,(C,Hs)[{RuCl[(R)-  CH;OH 340 >97 R 2170 271
binap]},(u-Cl)s] + HCI
(2170)

NH, Ru[;>-CH,C(CH;)CH,),-  10:1 CH3;0H— 6 50 89 R 71 7
[(S,S)-t-bu-bisp*] + HBr (71) H,0

NHCGHs [NH,(C,Hs)|,[{RuCl[(R)-  CH;0H 30 60 >95 R 495 10
binap]},(-Cl)s] (500)

N(CHs), RuBr,[(S)-binap] (680) C,HsOH 63 27 9% S 680 8

SC,Hs  RuCly[(R)-binap] (530) C,HsOH 95 27 939 R 218 3

a) SCR=substrate: catalyst molar ratio.
b) 80% yield.

c) 86% yield.

d) Methyl-3-oxopentanoate.

e) 0.3 equiv. to substrate.

f) 42% yield.
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Fig. 32.7 (R)-BINAP-Ru-catalyzed hydrogenation of f-keto es-
ters. (a) Catalytic cycle. (b) Transition-state models.

reusable catalysts have been developed for this reaction. An oligomeric Poly-
NAP-Ru catalyst can be used five times in the hydrogenation, with an SCR of
1000 [36]. A Ru complex with PEG-Am-BINAP is applicable to the reaction with
an SCR of 10000 in methanol [37]. This complex can be separated as a precipi-
tate by addition of ether to the reaction mixture. It is reusable four times, with
an SCR of 100 per batch. A Ru complex of APBBINAP which is a BINAP li-
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Fig. 32.8 Hydrogenation of benzoylacetic acid derivatives.

XR Chiral catalyst (SCR)®  Solvent H, Temp. ee Con- TON  TOF
ml[C] [ fig h]
OC,Hs Ruf;*-CH,C(CH3)CH,l,- C,HsOH 1 50 97® R 45 3
(cod)—(S)-Meo-BIPHEP +
HBr (50)
OC,Hs [NH,(C,Hs)L[{RuCl[(R)- C,HsOH 30 80 976 S 10000 1667
segphos]}(u-Cl);|
(10000)
OC,;Hs RuCly[(S)-tol-p- 1:1 20 90 96.4 R 800 400
phos](dmf),, (800) C,HsOH-
CH,Cl,
OC,Hs RuCly[(S)-(R)-2A](dmf), 79:1 34 70 977 R 667 28
(667) CH;0H-
CH,Cl,
OC2H5 Ru[n3—CH2C(CH3)CH2]Z— CszoH 50 50 98 R 200 -
(cod)—(R)-(S)-2Bc + HBr
(200)
OC,H;s Ru[173-CH2C(CH3)CH2]Z- C,HsOH 60 100 95 S 99 12
(cod)—~(S)-1C + HBr (100)
OC,Hs [RuCly(p-cymene)],~(S)-  3:1 54 50 99 R 100 5
Xylyl-o-BINAPO (100)  C,HsOH-
CH2C12
NHCH; RuCl,[(R)-binap](dmf), ~CH;OH 14 100  >99.99 S 900 50
(1800)

a) SCR=substrate: catalyst molar ratio.
b) 90% yield.
c) 50% yield.

gand bound on polystyrene [38], and an immobilized BINAP-Ru complex in
a polydimethylsiloxane membrane [39] are also usable for this transformation.
f-Keto dimethylcarboxamides and thioesters are also hydrogenated with BINAP-
Ru complexes enantioselectively [40, 41]. A Ru complex with a #-Bu-BisP* is
useful for the reaction of a f-keto amide [7a, 29].

A mechanistic model for the asymmetric hydrogenation of f-keto esters cata-
lyzed by (R)-BINAP-Ru complex is shown in Figure 32.7. The RuCl, precatalyst
(R)-7A reacts with H, to give the active RuHCI (R)-7B with removal of HCI [2].
The substrate and 7B reversibly form the o-chelate complex 7C, whose geometry
is unfavorable for metal-to-carbonyl hydride transfer. Protonation at carbonyl-oxy-
gen then increases the electrophilicity of the carbonyl-carbon, with conversion of
o-coordination to z-interaction causing facile hydride migration onto the carbonyl
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6 0 Ru[n3-CH,C(CH3)CH,l,[(R)-binap] + HBr OH O
+ H
CoHs OCHj > CH4OH,99°C, 18 h CoHs R OCHj
F F 20 atm F F
100% conv
- >95% ee
S/C =100 TON: 100, TOF: 6 h-'!
o O [Rh(OCOCF;){(S)-cy,cy-oxopronop}l, OH O

+ H
CH3(CH2)3)%OCZH5 2 toluene, 30 °C, 20 h CH3(CH2)8/;!§(MOCZH5
FF

F

F 20 atm

S/C = 1000 98% yield, 97% ee
TON: 980, TOF: 49 h™"
6 0 [Rh(OCOCF3){(S)-cy,cy-oxopronop}l, OH O
+ H :
CF3 OC,Hs 2 foluene, 70°C, 20 h CFiR OC,Hs
20 atm o .
S/C = 200 92% vyield, 91% ee

TON: 184, TOF: 9 h™!
Fig. 32.9 Hydrogenation of fluorinated f-keto esters.

carbon. The hydroxy ester ligand of 7D is replaced by solvent molecules, giving 7E.
Regeneration of 7B by heterolysis of H, with 7E completes the catalytic cycle.

The high level of enantiofacial selection is made in the hydride transfer step
7C - 7D [2]. The chelating geometry in the transition state 7F decreases the ac-
tivation energy. The chiral environment derived from (R)-BINAP clearly differ-
entiates diastereomeric Si-7F and Re-7F (Fig. 32.7b). The Si structure affording
the R alcohol is much more favored than the Re structure, which suffers from
the Ph/R repulsion.

Figure 32.8 shows examples of enantioselective hydrogenation of benzoylacetic
acid derivatives. The ethyl ester is hydrogenated in the presence of an (R)-SEG-
PHOS-Ru complex with an SCR of 10000 under 30 atm of H, to afford the S al-
cohol in 97.6% ee quantitatively [42]. The small dihedral angle of the SEGPHOS-
Ru complex (65°) may have a major influence on the high enantioselectivity. MeO-
BIPHEP [14q, 18], Tol-P-Phos [43], 2A [25], ferrocenyl diphosphine 2Bc [44], and
the monodentate phosphine 1C [31] also show high enantioselectivity. A Ru com-
plex with the diphosphinite ligand Xylyl-o-BINAPO gives the hydroxy ester in 99%
ee [35]. Reaction of N-methylbenzoylacetamide with an (R)-BINAP-Ru catalyst
gives the S alcohol in an enantiomerically pure form, albeit in 50% yield [45].

a,a-Difluoro-f-keto esters are hydrogenated with an (R)-BINAP-Ru complex to
yield the (R)-hydroxy esters in >95% ee (Fig. 32.9) [46]. The sense of enantiose-
lection is consistent with that of reaction of nonfluorinated substrates. A Cy,Cy-
OxoProNOP-Rh complex also shows high enantioselectivity for the hydrogena-
tion of fluorinated f-keto esters [47]. The sense of enantioface-selection depends
heavily on the fluorinated position. Reaction of ethyl-2,2-difluoro-3-oxododecano-
ate catalyzed by an (S)-Cy,Cy-OxoProNOP-Rh complex gives the R (f) alcohol in
97% ee. By contrast, ethyl-4,4,4-trifluoro-3-oxobutanoate is converted to the R (a)
alcohol in 91% ee with the same catalyst.
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Fig. 32.10 Examples of biologically active compounds obtainable
through BINAP-Ru-catalyzed hydrogenation of f-keto esters.
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chiral catalyst OH O
x ANy * R x A oq

>94% convn

Fig. 32.11 Hydrogenation of difunctionalized ketones.

X R Chiral catalyst (SCR)? H, Temp. ee Con- TON TOF
[atm] ['C]  [%] fig. ]

CeHsCH,OCH, CH; RuBry[(S)-binap] (370) 50 26 99 S 148 0.8

CH;0 CH; Ru[CH,C(CH;)CHy» 4 35 955 R 500 25
[(R,R)-i-pr-bpe] + HBr
(500)

C¢HsCH,0 C,Hs RuBr,[(S)-binap] (560) 100 28 78 R 543 12

Ce¢HsCH,0 C,Hs RuBry[(S)-binap] (560) 100 100 98 R 554 111

CeHsCH,0 C,Hs Ru[-CH,C(CH;)CHy 8 80 98 S 3000 63
(cod)—(R)-Meo-BIPHEP +
HBr (3000)

[(CH3),CH];Si0  C,Hs RuBr[(S)-binap] (290) 100 27 95 R 290 3

cl C,Hs RuBry[(S)-binap] (1080) 77 24 56 R 1080 26

Cl C,Hs RuBry[(S)-binap] (1300) 100 100 97 R 1300 19500

al CHs Rul*CH,C(CH3)CHy» 4 35 76 R 500 25
[(R,R)-i-pr-bpe] + HBr
(500)

Cl C,Hs RuCl;—(S)-MeO-BIPHEP 4 120 92 R 100 17
(100)

al C,Hs [NH,(CHs)[{RuCl[(R- 30 90 985 S 2500 1250
segphos]},(u-Cl)s] (2500)

cl C,Hs RuCl,[(R)-bisbenzodiox- 3.4 80-9097 S 1000 <83
anephos](dmf),, (1000)

al C,Hs RuCL[(S)-p-phos)(dmf), 34 80 98 — 2780 <232
(2780)

cl C,Hs [RuCly(p-cymene),—(S)- 54 50 98 R 100 5
Ph-0-Xylyl-BINAPO (100)

Cl(CH3),NH C,Hs [RhCl(cod)],~(25,45)- 20 50 8 S 100 5
MCCXM (100)

Cl(CH3);N C,Hs [NH,(C,Hs)L[{RuCl[(R)- 100 25 96 S - -

binap]},(¢-Cl)s] (-)

a) SCR=substrate: catalyst molar ratio.
b) 75% yield.

The BINAP-Ru(II)-catalyzed enantioselective hydrogenation of f-keto esters is
used for the synthesis of a wide range of important natural and man-made
compounds [1-4, 48]; some examples of these are listed in Figure 32.10, where-
in chiral centers created by the enantioselective reaction are labeled with R or S.

The enantioselective hydrogenation of ketones which have two heteroatoms on
both sides of the carbonyl group tends to give lower enantioselectivity due to the
competitive interaction of the functionalities with the catalyst. The extent depends
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on the electronic and steric properties of the coordinating groups. Methyl-5-
benzyloxy-3-oxopentanoate is hydrogenated with the (S)-BINAP-Ru catalyst to af-
ford the S alcohol in 99% ee (Fig. 32.11) [40]. The sense and degree of enantiose-
lection is the same as that in the reaction of methyl-3-oxobutanoate, but the situ-
ation is changed when 4-benzyloxy- and 4-chloro-3-oxobutanoate are employed as
substrates, with only moderate optical yields (78% and 56%, respectively) being
obtained by reaction at room temperature. However, the optical yield is increased
to 98% and 97%, respectively, when the reactions are conducted at 100 °C [49]. The
analogous substrate connecting a bulky triisopropylsilyloxy group at the C4 posi-
tion is reduced with high enantioselectivity even at room temperature [49]. f-Keto
ester possessing a chlorotrimethylammonium function is also reduced with a high
optical yield [14 m]. Ru catalysts with other C,-chiral biaryl diphosphines [14q, 18,
21, 22, 42] and Ph-o-Xylyl-BINAPO [35], a bisphosphinite, show similar enantios-
electivity. Methyl-4-methoxy-3-oxobutanoate is hydrogenated with an i-Pr-BPE-Ru
complex to afford the hydroxy ester in 95.5% ee even at 35 °C, whereas the ee-value
obtained by the reaction of 4-chloro ketone is 76% [28]. An MCCXM-Rh complex
catalyzes hydrogenation of the 4-chlorodimethylammonium derivative to yield the
alcohol in 85% ee [50].

The BINAP-Ru-catalyzed hydrogenation of difunctional ketones has been
applied to the asymmetric synthesis of several bioactive compounds (see
Fig. 32.12) [1, 49-51]. Stereocenters derived from the BINAP-Ru are labeled by

Ror S.
HO, o
F T
oH O 0 o
RoNt_A

N T v

LI

~o ~ (R)-carnitine: R=CH; ., NG :
| GABOB: R=H

\N R

compactin: R=H
mevinolin: R =CHs;

OH OH OH OH OH

(—)-roxaticin

1a,25-dihydroxyvitamin D3

Fig. 32.12 Examples of biologically active compounds obtain-
able through BINAP—Ru-catalyzed hydrogenation of difunction-
alized ketones.

1119



13C: R' = COCHj, OCO-t-C4Hg; R? = CHz C,Hs;

1120 | 32 Enantioselective Ketone and f-Keto Ester Hydrogenations

O O OH O OH O
Ru catalyst R R
NOCZHS tH —————— NOCsz _— OH
NHBoc 100 atm NHBoc NH,

13A: R= CH2C6H5' CHzCH(CHg)z’ CHZ'CyCIO-CeHﬂ 13B ) statine series

Boc = OCO--C4Hg 92-97% yield
Ru catalyst = RuBr,[(R)-binap] syn:anti = >99:1

Rh catalyst

o o Ru catalyst OH O
(CoHs)sN -
W ORZ + H, —— : O’
X NHR! 10 atm for 24 h X NHR'
then 90 atm for 24 h (3R4R)-13D

B 90-99% yield, >95% ee
X=HCl syn:anti = 100:0

Rh catalyst = [Rh{(S)-binap}(cod)]CIO,; Ru catalyalyst = RuBr,[(S)-binap]

BocNH
BocNH O O . Ru catalyst H* o o
CH;0CO OC,Hs 2
o—.,
13E 100 atm ')J\OCsz
13F
Ru catalyst = RuBr,[(R)-binap](dmf), 85% yield

trans:cis = 96:4

Br
theonellamide F
Fig. 32.13 Diastereoselective hydrogenation of chiral f-keto esters.

BINAP-Ru is effective for the diastereoselective hydrogenation of some chiral
f-keto esters (Fig. 32.13). Reaction of N-Boc-protected (S)-p-amino f-keto esters
13A catalyzed by the (R)-BINAP-Ru complex results in the syn alcohols 13B ex-
clusively [52]. The stereocenter at the f-position is controlled by the chirality of
the catalyst; therefore, use of the S catalyst affords the anti isomer, as predicted.
Derivatives of statine, a key component of the aspartic proteinase inhibitor pep-



32.2 f-Keto Esters and Analogues
Raney Ni-U-(R,R)-tartaric acid
1 OR2 H . 1 2
R 50:1 THF-CH3CO,H R OR
100 atm

Raney Ni-U = ultrasonic irradiated Raney Ni
Fig. 32.14 Hydrogenation of f-keto esters catalyzed by modi-

fied Raney Ni.

R R? Temperature ['C] Time [h] ee [%]
CH; CH; 100 4 86
C,Hs CH,4 60 34 94
n-CeHis CH; 60 52 90
(CH;),CH CH; 60 71 96
cyclo-C3Hs CH; 60 48 98.6
CH; (CH;),CH 60 45 87
CH; (CH;)5C 60 40 88

statine, are efficiently synthesized by this method [1, 52]. Tandem hydrogenation
of N-acetyl- or N-Boc-protected y-amino y,0-unsaturated f-keto esters 13C in the
presence of an (S)-BINAP-Rh and —Ru catalyst gives (3R,4R)-13D exclusively
[53]. First, enantioselective reduction of the olefinic moiety catalyzed by the BI-
NAP-Rh complex occurs preferentially at low H, pressure, after which the car-
bonyl group is reduced with the BINAP-Ru catalyst under high pressure of H,.
The hydrogenation of an N-Boc-protected (S)-0-amino f-keto ester 13E in the
presence of the (R)-BINAP-Ru complex followed by an acid-catalyzed cyclization
affords selectively the trans lactone 13F, which is a useful intermediate for the
synthesis of theonellamide F, an antifungal agent [54].

Highly enantioselective hydrogenation of f-keto esters is achieved by using a
Raney Ni catalyst modified by tartaric acid and NaBr (Fig. 32.14) [9, 55]. The cat-
alyst should be prepared under controlled conditions including suitable pH (3
4), temperature (100°C), and concentration of the modifier (1%) to achieve an
optimum stereoselectivity. The addition of NaBr, an achiral modifier, is impor-
tant. Furthermore, ultrasonic irradiation of the catalyst tends to increase the ac-
tivity and enantioselectivity [9f,g]. Ultrasonication may remove nonselective
sites of the catalyst surface.

Enantioselective hydrogenation of f-keto esters catalyzed by the modified Ra-
ney Ni is useful for the synthesis of biologically active compounds, as shown in
Figure 32.15 [56-58]. A large-scale synthesis of (-)-tetrahydrolipstatin (orlistat), a
pancreatic lipase inhibitor (F. Hoffmann-La Roche AG), is carried out using this
method [58].
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OH

HO),PO Q ° on
(HO) 20 HOO /-\/\/\/\/\/\/\
0 HN o : :
o HN OPO(OH), : :
0 0 HO 0 (2S,3S,7S)-3,7-dimethylpentadecan-2-ol
o o +OH
o
/lLQ 0
MMONN(CH3)3
(S)-pahutoxin
N
lipid A “"CHO
/\/\/\/l\/U\OH /\/\/\/\/\/'\N\
myrmicacin (—)-tetrahydrolipstatin

Fig. 32.15 Examples of biologically active compounds obtain-
able through asymmetric hydrogenation of f-keto esters cata-
lyzed by modified Raney Ni.

32.2.2
1,3-Diketones

Double hydrogenation of 1,3-diketones in the presence of an appropriate chiral
catalyst yields the chiral 1,3-diols with an excellent diastereo- and enantioselec-
tivity (Fig. 32.16). When 2,4-pentanedione is hydrogenated with an (R)-BINAP-
Ru catalyst, enantiomerically pure (R,R)-2,4-pentanediol (anti:syn=99:1) is ob-
tained quantitatively [40, 59]. Dissymmetric 5-methyl-2,4-hexanedione and 1-phe-
nyl-1,3-butanedione are also reduced stereoselectively to give the chiral anti
diols. Ru complexes bearing other ligands such as C,-chiral BIPHEMP [60] and
BDPP [61] as well as C;-symmetric 2Ca [33] show similar stereoselectivity. The
hydrogenation of methyl-3,5-dioxohexanoate catalyzed by a BINAP-Ru complex
gives an 81:19 mixture of the anti (78% ee) and syn dihydroxy esters [62]. The
stereoselective outcome shows that the C3 carbonyl group is preferentially re-
duced over the C5 carbonyl function. Hydrogenation of ethyl-2,4-dioxopentano-
ate with an (S)-MeO-BIPHEP-Ru catalyst followed by in-situ cyclization affords
an 84:16 mixture of (3R,5S)-3-hydroxy-5-methyltetrahydrofuran-2-one in 98% ee
and the 3R,5R isomer in 87% ee [63]. A Ru complex bearing a chiral ferrocenyl
diphosphine (S)-(R)-2Bc catalyzes the hydrogenation of 1,3-diphenyl-1,3-
propanedione with almost perfect diastereo- and enantioselectivity [44]. A
BIPHEMP-Ru complex is also usable [64]. The BINAP—Ru-catalyzed hydrogena-
tion of 1,5-dichloro-2,4-pentanedione results in the chiral anti diol in 92-94%
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: OH OH OH OH
chiral catalyst :
R1)J\)J\R2 T —— R1)\/\R2 * R1)\/|\R2
anti syn
Fig. 32.16 Hydrogenation of 1,3-diketones to give the chiral
1,3-diols.
R'" R Catalyst (SCR)? H, Temp. Yield dr® ee TON TOF
fatm] ['C] [%] %] (W]
CH; CH; RuCly[(R)-binap] (2000) 72 30 100  99:1 100 2000 22
CH; CH; RuHCI[(R)-biphemp]- 100 50 100  99:1 >99.9 2000 83
[P(CeHs)s] + HCI (2000)
CH; CH; [RuCl,(CeHg)]o— 80 80 100 75:25 97 1695 106
(R,R)-BDPP (1695)
CH; CH; [Rul,(p-cymene)],—(R)- 100 80 >99 >99:1 97  >990 >58
(R)-2Ca + HCI (1000)
CH; (CHj3),CH [NH,(C,Hs),J[{RuCl[(R)- 50 50 92 97:3 98 460 23
binap]},(u-Cl)s] (500)
CH; CgHs RuBry[(R)-binap] (360) 83 26 98  94:6 94 360 6

CH; CH;0-  [NH,(C,Hs),J[{RuCl[(R)- 100 50 1009 81:19 78 - -
COCH,  binap]}(u-Cl)s] (-%)

CH; C,HsOCO RuBr,[(S)-meo-biphep] 100 80 >999 84:16 98 >198 5
(200)

CeHs CgHs RuCl,[(R)-biphemp] 100 40 70  94:6 87 119 2
(170)

CeHs CgHs Ruf>-CH,C(CH3)CHl- 50 50 100  >99.5:05 >99 200  —
(cod)—(S)-(R)-2Bc + HBr
(200)

CICH, CICH, [NH,(C,Hs)o][{RuCI[(R)- 85 102 -9 -9 92-94 — -
binap]},(u-Cl)3] (-%)

a) SCR=substrate: catalyst molar ratio.

b) Anti:syn diastereomeric ratio.

c) % ee of the anti diol.

d) Not reported.

e) A mixture of diol and J-lactone.

f)  (3R)5S)-3-Hydroxy-5-methyltetrahydrofuran-2-one.

ee, which is a synthetically useful chiral polyfunctionalized compound [65]. Un-
der appropriate conditions, mono-hydrogenation of 1-phenyl-1,3-butanedione
catalyzed by [NH;(C,Hs),][{RuCl[(R)-binap]},(u-Cl)s] occurs selectively to give
(R)-1-phenyl-3-hydroxybutan-1-one (Fig. 32.17) [59]. As shown in Figure 32.18,
the asymmetric hydrogenation of 1,3-diketones catalyzed by a BINAP-Ru com-
plex is used for the synthesis of bioactive compounds with contiguous polyhy-
droxy groups [66].

A chirally modified Raney Ni catalyzes the hydrogenation of 1,3-diketones se-
lectively to give the anti 1,3-diols in about 90% ee (Fig. 32.19) [67]. Natural com-
pounds such as africanol and ngaione are synthesized via this method [68].
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o9 chiral Ru complex oH 9 OH OH
* H +
M@ S0atm  CHeOH.50°C %
ketol, 98% ee anti diol
chiral Ru complex = [NHy(C4Hs),][{RUCI[(R)-binap]}2(u-Cl)s]  89% yield, ketol:diol = 98:2
S/C =500 TON =445, TOF: 22 h™"

Fig. 32.17 Mono-hydrogenation of 1-phenyl-1,3-butanedione
catalyzed by a BINAP-Ru complex.

oW
W

OH OH OH OH OH OH

(+)-mycoticin A

OH OH OH OH OH OH OH OH OH OH OH OH OH OH

roflamycoin 17-deoxyroflamycoin

Fig. 32.18 Examples of biologically active compounds obtain-
able through BINAP—Ru-catalyzed hydrogenation of 1,3-dike-

tones.
100 atm H,
o o s:rB]?y Ni-U-(R,R)-tartaric acid OH OH OH OH OH O
A N N N N
THF, 100 °C )
anti syn ketol
100% convn
R anti:syn:ketol % ee of anti diol
CHj; 86:7:7 91
CH(CH3), 72:22:6 90

(-)-ngaione
(+)-africanol

Fig. 32.19 Hydrogenation of 1,3-diketones catalyzed by modi-
fied Raney Ni.
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i X hiral phosphine-R T 3
chiral phosphine-Ru
R1 P(OR3)2 + Hz ralp P R17* p(OR )2
R? R2 CH3O0H R2 R2
>96% yield
Fig. 32.20 Hydrogenation of f-keto phosphonates.
R R> R® X  Chiral phosphine H, Temp. ee Con- TON TOF
(SCR)? fatm] [C [%] fig. h
CH, H CH; O (R)-BINAP (1220) 4 25 98 R 1208 17
CH; H CHsO (S)-BINAP (50) 1 50 99 S 50 1
CH; H CHsO (R,R)-BDPP (50-100) 30 rt 95 R <100 <2
CH; CH; CH; O  (R)-BINAP (370-530) 4 50 98 R <514 <9
n-CsH;; H  CH; O (S)-BINAP (100) 100 rt 98 S 100 1
(CH;),CHH CH; O  (S)-BINAP (370-530) 4 80 96 S <509 <32
CeHs H CH; O (R)-BINAP (370-530) 4 60 95 R <509 <3
nCsHy, H CH; S  (S)-MeO-BIPHEP 100 1t 94 S 100 1
(100)
(CH3),CHH CH; S (S)-MeO-BIPHEP 10 rt 93 S 100 1
(100)

a) SCR=Substrate: catalyst molar ratio.

32.2.3
P-Keto Phosphonates, Sulfonates, and Sulfones

Enantioselective hydrogenation of f-keto phosphonates in the presence of an
(R)-BINAP-Ru complex under 1-4 atm H, and at room temperature provides
the (R)-f-hydroxy phosphonates in up to 99% ee (Fig. 32.20) [69]. The sense of
enantioface selection is the same as that observed in the reaction of f-keto car-
boxylic esters (see Fig. 32.14). A BDPP-Ru catalyst is also usable [70]. Similarly,
f-keto thiophosphonates are hydrogenated with a MeO-BIPHEP-Ru catalyst
with up to 94% optical yield [69b].

BINAP-Ru catalysts also show high enantioselectivity in the hydrogenation of /-
keto sulfonates. Reaction of sodium f-keto sulfonates with (R)-BINAP-Ru catalyst
quantitatively gives the (R)-f-hydroxy sulfonates in up to 97% ee (Fig. 32.21) [15].
In the same manner, hydrogenation of f-keto sulfones in the presence of an (R)-
MeO-BIPHEP-Ru catalyst affords the (R)-hydroxy sulfones in >95% ee [71].

Figure 32.22 shows the diastereoselective hydrogenation of (R)-f-keto sulfox-
ides with Meo-BIPHEP-Ru catalysts [72]. The R chiral center of the substrate
matches with the S catalyst, giving the S,R alcohols in >99:1 selectivity,
whereas reactions with the R catalyst affords a 6:94 to 10:90 mixture of the S,R
and R,R diastereomeric alcohols. The diastereoselection is controlled mainly by
the configuration of the catalyst.
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o i OH
chiral catalyst
SO X + H
RJ\/ 2 , m R)‘\/SOZX

100% convn
Fig. 32.21 Hydrogenation of f-keto sulfonates.

R X Chiral catalyst (SCR)® H, Temp. ee Con- TON TOF
[atm] ['C]  [%] fig. h
CH, ONa RuCl,[(R)-binap](dmf), + HCI (200) 1 50 97 R 200 8
n-CisHy;  ONa  RuCl[(R)-binap](dmf), + HCI (2000 1 50 96 R 200 8
(CH3),CH  ONa  RuCl[(R)-binap](dmf), + HCI (200) 1 50 97 R 200 8
CeHs ONa RuCl[(R)-binap](dmf), + HCI (2000 1 50 96 R 200 67
CH; CeHs RuBr,[(R)-meo-biphep] (100) 1 65 >95 R 100 4
n-CsHyp CgHs RuBr,[(R)-meo-biphep] (100) 1 65 >95 R 100 4
cyclo-CeHyy  C¢Hs  RuBr;[(R)-meo-biphep] (100) 1 65 >95 R 100 4
CeHs CsHs RuBr,[(S)-meo-biphep] (100) 75 40 >95 S 100 4
a) SCR=Substrate: catalyst molar ratio.
- H O

Q ?+ RuBry(meo-biphep) Q N

)]\/S + Hg R)*\/s
R R CH4OH, rt R

50 atm
S/C =50
Fig. 32.22 Diastereoselective hydrogenation of f-keto sulfoxides.
R MeO-BIPHEP Time[h]  Yield [%] S,R:RR  TON TOF [h]
nCeHi; S 25 82 >99:1 41 2
n-CeH;; R 25 74 6:94 37 2
CeHs S 63 70 >99:1 35 0.6
CeHs R 63 95 10:90 48 0.8
Raney Ni—(S,S)-tartaric acid
Q gz . NaBr OH 0,
~ 2 S
R 100atm 11571 THF-CHyCOZH, 100 °C RTEN
am 100% yield

R = CyHs, n-CsHqq, n-CgHy7 up to 71% ee

Fig. 32.23 Hydrogenation of ff-keto sulfones catalyzed by
modified Raney Ni.

Enantioselective hydrogenation of f-keto sulfones in the presence of (S,S)-tar-
taric acid modified Raney Ni gives the S alcohols in up to 71% ee (Fig. 32.23)
[73].
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o o OH O OH O
é)[\ chiral catalyst éz U é)k )
() OR? + H, —— ™" TOR?  + OR
R! >95% convn R' R’
anti syn
Fig. 32.24 Hydrogenation of racemic 2-alkoxycarbonyl cy-
cloalkanones via dynamic kinetic resolution.
R R? Catalyst (SCR)? Solvent H, dr® Antialcohol TON TOF
[atm] B — [h™
ee Con-
[%] fig.
CH, CH; [RuCl{(R)-binap}CeHeCl CH,Cl, 100 99:1 92 1R2R 1820 30
(1820)
CH, CH; [Rul{(S)-binap}(p-cymene)]l CH,CLY 100 99:1 95 1S2S 1302 33
(1370)
CH, CH; Ru[*-CH,C(CH;)CH,)s- 9:1 4 96:4 983 1S2S 500 25
[(R,R)-i-pr-bpe] + HBr CH;0H-
(500) H,0
CH, CH; Ru[*-CH,C(CH3)CH,],- 10:1 6 84:16 96 -9 200 20
[(S.S)-t-bu-bisp*] + HBr CH;0H-
(200) H,0
CH, CH; RuCly[(+)-tetrame-bitianp] CH;0H 100 93:7 99 1R,2R 1000 500
(1000)
CH, C,Hs Ru[p*-CH,C(CH3)CH,J,- CH;0H 20 97:39 94 1R2R 50 25
(cod)—(R)-BINAP + HBr
(100)
(CH,), C;Hs  [RuCl{(R)-binap}CgHg]Cl CH,Cl, 100 95:5 90 1R2R 530 9
(530)
(CH,), C,Hs  Ru[j>-CH,C(CH;3)CH,J,- CH,Cl, 20 74:26 91 1S2S 100 33
(cod)—(S)-BINAP + HBr
(100)
(CH,), C;Hs  Rul>-CH,C(CH3)CH,,- C,HsOH 50 92:8 >99 1R2R <200 <3
(cod)—~(R)-(S)-2Bb + HBr
(200)
(CH,); CH;  [RuCI{(R)-binap}CeHq]CI CH,Cl, 100 93:7 93 1R2R 910 11
(910)

a) SCR=substrate: catalyst molar ratio.
b) Anti:syn diastereomeric ratio.

c) Contaminated with <1% of water.
d) Not determined.

e) 50% conversion.

32.2.4
Dynamic Kinetic Resolution

It is possible that hydrogenation of racemic a-mono-substituted f-keto esters
provides four stereoisomers of the corresponding hydroxy esters. Fortunately,
enantioselective hydrogenation of such racemic compounds can selectively yield
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o O OH O OH O

chiral catalyst g
@) o+ H, —— 350 + 730

100 atm 100% convn )
syn anti

Fig. 32.25 Hydrogenation of 3-acetyltetrahydrofuran-2-one via dynamic kinetic resolution.

Catalyst (SCR)? Solvent dr® Syn alcohol TON  TOF
— 7]
ee [%] Config.

[RuCl{(R)-binap}CsHg]Cl C,HsOH 98:2 94 3S6R 1350 18
(1350)

[Rul, (p-cymene)],~(S)- 3:1CH;0H- 99:1 97 3R6S 770 19
BINAP (770) CH,Cl,

RuCl,[(+)-tetrame-bitianp] CH;0H 96:4 91 3S,6R 1000 20
(1000)

a) SCR=substrate: catalyst molar ratio.
a) Syn:anti diastereomeric ratio.

a single stereoisomer of products through the in-situ racemization under appro-
priate conditions, because the a position of f-keto esters is configurationally la-
bile [1]. In fact, as shown in Figure 32.24, racemic 2-methoxycarbonylcyclopenta-
none is hydrogenated with [RuCl{(R)-binap}CsHg]Cl in CH,Cl, instead of con-
ventional methanol and ethanol to afford the 1R,2R hydroxy-ester in 92% ee
with a 99:1 anti-selectivity [74, 75]. The diastereoselectivity decreases to some
extent with increasing ring-size of the substrate, while the enantioselectivity is
not affected. High stereoselectivity is obtainable by hydrogenation with Ru cata-
lysts bearing i-Pr-BPE [28], t-Bu-BisP* [29], tetraMe-BITIANP [23], and a chiral
ferrocenyl diphosphine 2Bb [32] in alcoholic solvents. The enantioselective hy-
drogenation through dynamic kinetic resolution is the result of catalyst-based
intermolecular enantioselective induction and substrate-based intramolecular en-
antioselective induction, as well as suitable kinetic parameters [76]. The compu-
ter-aided analysis of (R)-BINAP—Ru-catalyzed hydrogenation of racemic 2-ethoxy-
carbonylcycloheptanone in CH,Cl, reveals that the R keto ester is hydrogenated
9.8-fold faster than the S isomer, and that equilibration between both enantio-
mers of the substrate occurs 4.4-fold faster than hydrogenation of the slow-re-
acting S substrate. Hydrogenation of racemic 3-acetyltetrahydrofuran-2-one cata-
lyzed by the (R)-BINAP-Ru complex gives the 3S,6R (syn) product exclusively
(Fig. 32.25) [14n, 74Db)]. A tetraMe-BITTANP-Ru catalyst is also usable [23].

This chemistry is applicable to the hydrogenation of acyclic compounds such
as g-acylamino-, g-ammonio-, a-amidomethyl-, and a-chloro-substituted p-keto
esters (Fig. 32.26) [14n, 74a, 77-79]. The (R)-BINAP-Ru-catalyzed hydrogena-
tion of the a-acylamino and g-amidomethyl ketones in CH,Cl, leads to the
2S,3R (syn) alcohols in up to 98% ee [14n, 74a]. The use of sterically hindered
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(o}
@) o 0 H chiral catalyst OH2 Q + /?1)1\
RMOCHT’ >90% convn R737" OCH, R™ Y "OCHs
X 50-100 atm X X
syn anti

Fig. 32.26 Hydrogenation of acyclic a-substituted f-keto esters via dynamic kinetic resolution.

R X Catalyst (SCR)? Solvent  dr® Major TON TOF
diastereomer (h7]
ee Config.

[%]
CH;  CH;CO- RuBr[(R)-binap] (270) CH,Cl, 99:1 98 2S3R 270 5
NH
CH; CH;CO- Ru[l’]}-CHZC(CHg)CHz]Z CH;0H 76:24 95 25,3R 9 <2
NH [(R)-binap] + HCI (100)
CH;  (CHs),C- Ru[’-CH,C(CH3)CH,l, CH;OH  77:23 92 2S3R 90 <2
HCONH [(R)-binap] + HBr (100)
(CH3),» CgHsCO- Rufi*-CH,C(CH3)CH,J, CH,CLY  >99:1 98 2S3R 45 2
CH NHY [(R)-bisbenzodioxanphos]
+ HBr (50)

(CH;), CINH;® RuCly[(S)-binap](dmf),, CH,CL, 1:>990 98 253 21 4

CH (26)

(CH;),- CINH;9 Ru[*-CH,C(CH;)CH,), 1:10 1:99 97 28,35 45 2

CH [(S)-bisbenzodioxanphos] C,HsOH-

+ HBr (50) CH,CL,®
Ar™  CINH;  [IrCl(cod)],~(R)-MeO- CH;CO,H  1:>99) 95 2R3R 29 03

BIPHEP + Nal +
NaOCOCH; (33)

Ar)  CH3CO- RuBr,[(R)-binap] (265) CH,Cl, 99:1 94 2S3R 265 2
NH
CH;  phthali- [NH,(C,Hs),][{RuCl[(R)- CH;0H 3:97  >99 2R3R - -
mide  c3tunaphos]},(u-Cl)s] (-9)
CH;  CeHsCO- [NH,(CyHs),)[{RuCl[(R)- CH,Cl, 94:6 98 283R 100 5
NHCH, binap]},(u-Cl)s] (100)
CH;  CeHsCO- [Rul{(S)-binap}- 99.5:0.5 94:6 97 2R3R 98 2
NHCH, (p-cymene)]l (100) CH,Cl,~
H,0
CH;  C¢HsCO- [Rul,(p-cymene)],— 1:7 99:1" 99 283R 550 14
NHCH, (+)-DTBBINAP (1000) CH;0H-
CH,Cl,
CH;  CeHsCO- [NH,(C,Hs),][{RuCl[(-)- - 99.3:0.7 994  2S3R - -

NHCH, dtbm-segphos]},(u-Cl)s]
")
CH, cl? Ruf-CH,C(CH3)CH,),»  CH,Cl, 1:99 99 2R3R 200 40
(cod)~(R)-BINAP (200)
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R X Catalyst (SCR)? Solvent  dr® Major TON TOF
diastereomer h™]

ee [%] Config.

CH; CH; Ruf;*-CH,C(CH3)CH,l,-  9:1 58:42 96 2R3R 500 25
[(R,R)-i-pr-bpe] + HBr CH;0H-
(500) H,0™

CH; CH;, [RuCl{(R)-binap}CeHg]Cl  CH,Cl, 32:68 94™  2R3R™ 625 10
(625)

a) SCR=substrate: catalyst molar ratio.

b) Syn:anti diastereomeric ratio.

c) Ethyl ester.

d) 130 atm H,.

e) Benzyl ester.

f) 82% yield after conversion to the benzyl amide.
g) 12atm H,.

h) 4-Benzyloxyphenyl.

i) 88% yield after conversion to the benzyloxycarbonyl amide.
j)  3,4-Methylenedioxyphenyl.

k) Not reported.

) 55% conversion.

m) 4atm H,.

n) Value of the syn alcohol.

ligands, DTBBINAP and DTBM-SEGPHOS, results in excellent stereoselectivity,
affording the almost pure syn a-amidomethyl f-hydroxy ester [14n, 42]. Bisben-
zodioxanPhos also induces high stereoselectivity [78b]. Highly anti-selective hy-
drogenation with the BINAP- or BisbenzodioxanPhos—Ru complex is achieved
by using a-amino f-keto ester hydrochlorides (R=alkyl) instead of the acylamino
compounds in CH,Cl, or a 1:10 mixture of ethanol and CH,Cl, [78, 79]. An
(R)-MeO-BIPHEP-Ir complex catalyzes the hydrogenation of methyl a-amino
benzoylacetate hydrochlorides in acetic acid to afford the 2R,3R (anti) products
selectively [80]. Addition of NaOCOCHj; and Nal is essential to attain high en-
antioselectivity. Hydrogenation of an a-phthalimide f-keto ester catalyzed by the
(R)-C3TunaPhos-Ru complex in methanol selectively gives the 2R,3R (anti)
product in >99% ee [81]. An a-chloro fi-keto ester is hydrogenated with a BI-
NAP-Ru dimethallyl complex to give predominantly the anti chloro alcohol in
99% ee [77D]. Hydrogenation of a simple a-methyl f-keto ester gives low diaste-
reoselectivity, while the ee-value of the product remains high [28, 74]. Similarly,
the BINAP-Ru-catalyzed hydrogenation of a-acylamino- or a-bromo-substituted
f-keto phosphonates affords selectively the corresponding syn alcohols in up to
>98% ee (Fig. 32.27) [69a, 82]. The mode of stereoselection is the same as that
observed in the reaction of a-substituted f-keto carboxylic esters.

The stereoselective hydrogenation of a-substituted f-keto carboxylates and
phosphonates via dynamic kinetic resolution catalyzed by a BINAP-Ru com-
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P ('3 BINAP-R ' (") ' 9
I —Ru
+)- P(OCH + _— 1 P(OCH * P(OCH
(6 AN POOHR + He  —S e iy FecHn ¢ A Fock,
4 atm X
X o X X
>95% convn syn anti
BINAP-Ru = RuCl,(binap)(dmf),
Fig. 32.27 Hydrogenation of a-substituted f-keto phospho-
nates via dynamic kinetic resolution.
R X BINAP Temp. dr? Syn alcohol TON TOF
(SCR®  [q] I h]
ee [%] Config.

CH; CH;CONH R (590) 25 97:3 >98 1R,2R 590 9
C¢Hs CH;CONH R (100) 45 98:2 95 1R,2R 100 0.8
CH; Br S (590) 25 90:109 98 1R,2S 561 6

a) SCR=substrate: catalyst molar ratio.
b) Syn:anti diastereomeric ratio.
c) Contaminated with 15% of a debrominated compound.

plexes is now widely used for the synthesis of important bioactive compounds,
as well as some chiral diphosphines [1-4, 69a, 74, 83]. Some examples are listed
in Figure 32.28. The stereocenter according to the BINAP-Ru chemistry is la-
beled by R or S. The chiral 2-acetoxyazetidinone, a key intermediate in the syn-
thesis of carbapenems, is synthesized through the BINAP-Ru-catalyzed hydro-
genation of methyl-2-benzamidomethyl-3-oxobutanoate via dynamic kinetic reso-
lution on an industrial scale at Takasago International Corporation (Fig. 32.29)
1, 2, 84].

323
Simple Ketones

3231
Alkyl Aryl Ketones

The hydrogenation of simple ketones was difficult. Because of the absence of
hetero-atoms near the carbonyl function, these ketones cannot form a stable cy-
clic transition state, as shown in the reaction of f-keto esters (see Fig. 32.7) [2].
Most neutral or cationic metal-catalysts bearing monodentate or bidentate chiral
phosphine ligands produced unsatisfactory results [4]. A breakthrough in this
field was achieved by the development of Ru catalysts bearing both BINAP and
a chiral 1,2-diamine on the center metal [2, 85]. Hydrogenation of 601 g aceto-
phenone with only 2.2 mg trans-RuCly[(S)-tolbinap][(S,S)-dpen] in alkaline-base
containing 2-propanol at 30°C, under 45 atm of H, completes in 48 h, resulting
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OH O OH

Aol '
n-C15H31 R : () n )‘\l/R>n-C15H31 \\\‘\/'\n_csH”
n-CiaHagp “:OH HO n-Cy4Hz9

OH

CO,H

AT
\n/ \/\T - H S
© ° “yNH
HCIN_ 2
FK906
P(CgHs)2 C
CHs s r P(OH),
P(CeHs)2 H“V'H
chiral diphosphine fosfomycin 1§ (+)codaphniphyline
polyoxypeptin A
OCH,
S
OCOCH;
S
: 0
° 4 OH (=)-haliclonadiamine
(CH3)N
W oy dilthiazem
biphenomycin A
°© P(CeHs)2
1233A
HO.
p ..
S
O %H R OH
NH,
HO P(CeHe)2
—)-balanol L-DOPS

chiral diphosphine
Fig. 32.28 Examples of bioactive compounds and chiral di-
phosphines obtainable by BINAP—Ru-catalyzed hydrogenation
via dynamic kinetic resolution.
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o O OH O
(R)-BINAP-Ru
()- OCH; *+ H —— OCH,
NHCOCgHs ~ 100atm NHCOCgHs
98% ee
syn:anti = 94:6
£-C4Ho(CH3),SiO HO
M ococH, HoH
— R _
- R _ R
NH N S
© © CO,H
chiral 2-acetoxyazetidinone carbapenems

Fig. 32.29 Industrial synthesis of a carbapenem intermediate
by BINAP—Ru-catalyzed hydrogenation.

o) chiral Ru complex OH
(CH3)3COK :
+ H2
(CH3),CHOH
45 atm 30 OC, 48 h
ketone:Ru:base = 2,400,000:1:24,000 100% yield
80% ee
TOF: 228,000 h™'
or63s™

chiral Ru complex:
T o
N
Ru
/ | N
P N
Arz Cl H2

Ar = C6H4-4-CH3
trans-RuCl,[(S)-tolbinap][(S,S)-dpen]

Fig. 32.30 Rapid hydrogenation of acetophenone catalyzed by
the TolBINAP/DPEN—Ru complex.

in (R)-1-phenylethanol in 80% ee (Fig. 32.30) [86]. The TON reaches 2400000,
while the TOF at 30% conversion was calculated as 228000h™" or 63s™".

Highly enantioselective hydrogenation of simple ketones has been achieved
by the use of the catalyst consisting of trans-RuCl,[(S)-xylbinap][(S)-daipen] (or
the R/R combination) and (CH;3);COK [(S,S)- or (R,R)-31D] in 2-propanol
(Fig. 32.31) [87]. For example, hydrogenation of acetophenone catalyzed by (S,S)-
31D with an SCR of 100000 under 8 atm H, quantitatively gives (R)-1-phenyl-
ethanol in 99% ee. The combination of XylBINAP and DPEN (31E) also shows
excellent enantioselectivity. This reaction tolerates many functionalities on the
aryl ring such as F, Cl, Br, I, CF;, OCH;, CO,CH(CH3),, NO,, and NH, [87].
The electronic and steric properties of the substituents hardly affect the enantio-
selection. Propiophenone, isobutyrophenone, cyclopropyl phenyl ketone, and 1'-
and 2'-acetonaphthone are converted to the corresponding chiral alcohols in ex-
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)OJ\ chiral catalyst OH
H bl Sl
Ar R Ar”* "R

chiral catalyst:

trans-RuCl,[(S)-tolbinap][(S)-daipen] + (CH3)3COK; (S,S)-31A
trans-RuCl,[(S)-tolbinap][(S, S)-dpen] + (CH3)3COK; (S,SS)-31B
RuCl,[(S)-tolbinap](pica) + (CH3)3COK; (S)-31C
trans-RuCl,[(S)-xylbinap][(S)-daipen] + (CH3)3COK; (S,S)-31D
trans-RuCl,[(S)-xylbinap][(S,S)-dpen] + (CH3)3COK; (S,SS)-31E
trans-RuHCI[(S)-binap][(S,S)-cydn] + (CH3)>CHOK; (S,SS)-31F
trans-RuH(n'-BH,)[(S)-xylbinap][(S, S)-dpen; (S,SS)-31G
trans-RuH(n'-BH4)[(S)-xylbinap][(S, S)-dpen] + (CH3)3COK; (S,SS)-31H
trans-RuCl,[(S)-xyl-hexaphemp][(S)-daipen] + (CH3)3COK; (S,S)-311
trans-RuCl,[(R)-xyl-p-phos][(R,R)-dpen] + (CH3)3COK; (R,RR)-31J
trans-RuCl,[(R)-xylyl-phanephos][(S,S)-dpen] + (CH3)3COK; (R,SS)-31K
trans-RuClo[(R)-1Bb][(R)-daipen] + (CH3)3COK; (R,R)-31L
trans-RuCl,[(S)-xyl-sdp][(R,R)-dpen] + (CH3)3COK; (S,RR)-31M
trans-RuCl[(S)-3A]5[(S,S)-dpen] + (CH3)3COK; (S,SS)-31N
RuCl,[(S,S)-bdpp][(S,S)-dpen] + (CH3)3COK; (SS,SS)-310
RuBro[(R,R)-bipnor]—(S,S)-DPEN + KOH; (RR,SS)-31P
RuCl,[(S,S)-1Aa](dmf),—2-(n-propyl)aniline + (CH3)3CONa; (SS)-31Q
[NH2(C2Hs)2][{RuCI[(S)-tolbinap]}a(u-Cl)3]; (S)-31R
RuCICp*(cod)—(S)-4A + KOH; (S)-31S
trans-RuHCI[(S)-binap][(R,R)-2D] + (CH3)3COK; (S,RR)-31T
RUCI,[P(CgHs)als + (R,R)-4B + (CH3)3COK; (R,R)-31U
[RhCI(nbd)]>—(S,S)-DIOP + (CoHs)3N; (S,S)-31V
[RhCl(nbd)]>—(S,S)-BDPP + (CoHs)3N; (S,S)-31W
[RhCl(cod)]>—(R,S,R,S)-Me-PennPhos + 2,6-lutidine + KBr; (R,S,R,S)-31X
[Ir{(S)-binap}(cod)]BF ;~P[2-N(CH3)oCgH4]oCsHs; (S)-31Y

=
Ar2 H2R1 Al'2
PXN;R2 p2C N
N N
/Ru\ ) /Ru\
Pl SNTRS P” | N
Arp Y Hp Ar, G Hp

trans-RuCl,[(S)-tolbinap][(S)-daipen]: X =Y =Cl, RuCl,[(S)-tolbinap](pica): Ar = 4-CHz(
Ar = 4-CH3CgHj,, R = R2 = 4-CH3OCgHy, R® = (CHg),CH  diastereomeric mixture
trans-RuCl,[(S)-tolbinap][(S,S)-dpen]: X=Y =Cl,

Ar = 4-CH3CgH,, R' = H, R2 = R® = CgHj

trans-RuCl,[(S)-xylbinap][(S)-daipen]: X =Y =Cl,

Ar = 3,5-(CHg)2CeHg, R" = R? = 4-CH30C¢H,, R® = (CH3)2CH
trans-RuCly[(S)-xylbinap][(S,S)-dpen]: X=Y =Cl,

Ar = 3,5-(CH3),CgHg, R =H, R? = R® = CgHs

trans-RuH(n1-BH,)[(S)-xylbinap][(S,S)-dpen]: X =H, Y =n'-BH,,

Ar = 3,5-(CH3),CeHz R' =H, R2=R3 = CgHs

===
—~

Fig. 32.31 Hydrogenation of alkyl aryl ketones.
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R Ar Catalyst SCR? H, Temp. Yield ee Con- TON TOF
[atm] ['C]  [%] [%] fig. h
CH; CgHs (S,5)-31E 100000 8 45 100 99 R 100000 40000
CH; CgHs (S,S5)-31F 5000 3 20 100 88 R 5000 >417
CH; CgHs (S,S5)-31G 100000 8 45 100 9 R 100000 14286
CH; CgHs (S,S5)-31H 100000 8 45 100 9 R 100000 133333
CH; CgHs (S,5)-311 3000 8 rt >99 9 R >2970 >6364
CH; CgHs (R,RR)-31] 100000 34 25-28 99.7 9 S 99700 2764
CH; CgHs (R,SS)-31K 20000 8 18-20 >99 99 R >19800 >13200
CH; CgHs (R,R)-31L 1000000 48 rt 100 98.6 S 1000000 20000
CH; CgHs (S,RR)-31M 100000 50 40 98 98 S 98000 1361
CH; CgHs (S,S5)-31IN 2000 50 0 95 93 R 1900 475
CH; CgHs (SS,S5)-310 500 2 rt 100 84 R 500 10
CH; CgHs (S,RR)-31T 2000 2 5 >99 71 S >1980  >495
CH; CgHs (R.R)-31U 100 30 rt 100 76 S 100 6
CH; CgHs (S,5)-31v 200 69 50 64 80 - 128 21
CH; CgHs (S,5)-31W 100 69 50 72 82 72 3
CH; CgHs (R,S,R,S)- 100”30 ot 97 95 97 4
31X
CH; CgHs (5)-31Y 100 54-61 60 63 54 S 63 0.5
CH; 2-CH;CgH,  (S,5)-31A 100000 10 28 94 99 R 94000 1958
CH; 3-CH3CgH,4 (S,5)-31D 10000 10 28 98 100 R 9800 204
CH; 3-CH;CeH,  (SS)31Q 500 7 o1t >99 93 S >495 >33
CH; 4-CH3;CgH,4 (R,RR)-31E 2000 4 28 100 98 S 2000 286
CH; 4-n-C4HoCeH, (R,RR)-31E 2000 4 28 100 98 S 2000 400
CH; 2,4-(CH;3),C¢Hs (R,R)-31D 2000 4 28 99 9 S 1980 248
CH; 2-FC¢H, (S,5)-31D 2000 8 28 100 97 R 2000 154
CH; 2-FCqH, (S)-31R 1300 85 35 21 >99 - 273 6
CH; 3-FCeH, (R,RR)-31E 2000 4 28 99 98 S 1980 330
CH; 4-FCgHy4 (R,R)-31D 2000 4 28 100 97 S 2000 333
CH; 2-CIC¢H, (R,RR)-31E 2000 4 28 995 98 S 1980 110
CH; 2-BrCgHy (R,R)-31A 10000 10 28 100 98 S 10000 1667
CH; 2-BrCgH, (R,R)-31D 2000 4 28 9 9% S 1980 660
CH; 2-BrCqHy (S)-31R 950 85 35 95 97 S 903 19
CH; 3-BrCeH, (R,R)-31D 2000 4 28 100 99.5 S 2000 667
CH; 4-BrCgHy (S,5)-31D 20000 8 28 99.9 996 R 19980 3996
CH; 4-BrCqHy (S,5)-31D 500 1 28 99.7 996 R 499 166
CH; 4-BrCqHy (R,SS)-31K 3000 8 18-20 >99 99 R >2970 >2970
CH; 4-ICeH, (5,5)-31D 2000 8 28 99.7 99 R 1994 499
CH; 2-CF;C¢Hy (R,R)-31D 2000 4 28 99 9 S 1980 660
CH; 3-CF3C¢Hy (R,R)-31D 2000 4 28 100 99 S 2000 500
CH; 3-CF;C¢Hy (R,SS)-31K 3000 8 18-20 >99 9 R >2970 >5940
CH; 4-CF3CcHy (S,5)-31D 10000 10 28 100 99.6 R 10000 500
CH; 2-CH30C¢H4  (R,R)-31D 2000 4 28 100 92 S 2000 200
CH; 3-CH;0C¢H, (R,R)-31D 2000 4 28 99 9 S 1980 495
CH; 4-CH30C¢H4  (S,5)-31D 2000 10 28 100 100 R 2000 2000
CH; 4-CH;0C¢H, (R,S,R,S)- 100 30 rt 83 9% S 83 2
31X
CH; 3-(R)-glycidyl-  (S,55)-31G 2000 8 25 99 99 RR 1980 141
oxyphenyl
CH; 4-(C;Hs0CO)- (S,59)-31G 4000 8 25 100 9 R 4000 267

CeHa
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R Ar Catalyst SCR? H, Temp. Yield ee Con- TON TOF
[atm] [C]  [%] [%] fig. 7]
CH; 4{(CH;),CH- (5,5-31D 2000 8 28 100 99 R 2000 667
0OCOJCeH,
CH; 4-NO,CeH4  (S,5)-31D 2000 8 28 100 99.8 R 2000 133
CH; 4-NH,C¢H4  (S,5)-31D 2000 8 28 100 99 R 2000 500
CH; 1-naphthyl (S,SS)-31B 100000 10 28 995 98 R 99500 2488
CH; 1-naphthyl  (R,RR)-31E 2000 4 28 99 99 S 1980 495
CH; 1-naphthyl  (S,5)-31V 200 69 50 100 84 - 200 40
CH; 2-naphthyl ~ (R,RR)}-31E 2000 4 28 99 98 S 1980 495
CH; 2-naphthyl  (RR,SS)-31P 500 5 28 65 81 R 325 33
C,H; CeHs (R,RR)-31E 2000 4 28 100 99 S 2000 133
C,Hs CeHs (S,RR)-31K 3000 55 1820 >99 98 S  >2970 >1980
C,Hs CeHs (R,S,R,S)- 100 30 rt 95 93 S 95 1
31X
C,Hs 4-FC¢Hy (R,RR)-31E 2000 4 28 99 99 S 1980 248
C,Hs 4-CICH, (S,5)-31D 20000 8 28 999 99 R 19980 1249
(CH3),CH C¢Hs (RR)-31D 10000 8 28 997 99 S 9970 712
(CH3),CH C¢Hs (S)-31Y 200 5461 90 78 8 R 156 1
cyclo-C3Hs CgHss (S,5)-31D 2000 8 28 99.7 9 R 1994 142
(CH3),CH- C¢Hs (5)-318 100 10 30 98 95 R 98 <16
CH,
(CH;)sC  CeHs (8)-31C 2000 5 25 100 97 R 2000 167
(CH;3);C  CeHs (S)-31S 100 10 30 99 81 R 99 <17

a) SCR=substrate: catalyst molar ratio.
b) Without addition of KBr.

cellent ee. trans-RuHCI[(S)-binap][(S,S)-cydn] with (CH3);COK (31F) also exhi-
bits high catalytic activity [88]. In a similar manner, Ru catalysts bearing biaryl
diphosphines, Xyl-HexaPHEMP (311) [89], Xyl-P-Phos (31]) [90], and 1Bb (31L)
[91], show high enantioselectivity. The use of planar-chiral Xylyl-Phanephos
(31K) [92] or chiral spiro diphosphine Xyl-SDP (31M) [93] gives excellent results.
A Ru complex with a chiral monodentate phosphinite 3A and DPEN in a 2:1
ratio (31N) shows high selectivity [94]. BDPP/DPEN-Ru (310) [14p] or BIP-
NOR/DPEN-Ru catalysts (31P) [95] results in a good enantioselectivity. An in-
situ-prepared catalyst from RuCl,(1Aa)(dmf),, achiral 2-(n-propylthio)aniline,
and (CHj3);CONa (31Q) shows high enantioselectivity in ethanol [96]. Selection
of alcoholic solvent notably affects the stereoselection. Ru catalyst bearing BI-
NAP and a chiral amino phosphine 2D (31T) [97] or a nitrogen-based tetraden-
tate ligand 4B (31U) [98] are also usable. Sterically hindered pivalophenone is
smoothly hydrogenated with RuCl,[(S)-tolbinap](pica) (PICA =a-picolylamine)
and (CH3);COK [(S)-31C] to yield the R alcohol in 97% ee [99]. The best enan-
tioselectivity is achievable in ethanol. A ternary catalyst system consisting of
RuCICp*(cod) (Cp*=pentamethylcyclopentadienyl), a chiral diamine 4A, and
KOH (31S) is also usable [100]. Halogen-substituted acetophenones at the C2’
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position are hydrogenated in the presence of [NH,(C,Hs),][{RuCl(tolbinap)},(u-
Cl);] (31R) to afford the chiral alcohols in up to >99% ee [101].

The BINAP/1,2-diamine-RuCl, complexes require the addition of alkaline
base to form reactive RuH, species for the hydrogenation of simple ketones to
neutralize releasing HCI. trans-RuH (5'-BH,)(xylbinap)(dpen) (31G) produces the
active species without an additional base, while an even higher rate is obtain-
able in the presence of an alkaline base (Fig. 32.31) [102]. The base-free proce-
dure can be applied to the hydrogenation of several base-sensitive ketones. For
example, the reaction of ethyl-4-acetylbenzoate catalyzed by (S,SS)-31G quantita-
tively yields ethyl (R)-4-(1-hydroxyethyl)benzoate in 99% ee [102]. No transesteri-
fication is observed.

Enantioselective hydrogenation of alkyl aryl ketones catalyzed by chiral di-
phosphine—Rh complexes has also been reported. A catalyst system consisting
of [RhCl(nbd)],, DIOP, and (C,Hs)3N (31V) promotes the hydrogenation of acet-
ophenone and 1’-acetonaphthone with high enantioselectivity (Fig. 32.31) [103,
104]. Hydrogenation of acetophenone with a BDPP-Rh catalyst (31W) gives
82% optical yield [105]. A Me-PennPhos—Rh complex with 2,6-lutidine and KBr
(31X) catalyzed the hydrogenation of several aromatic ketones in up to 95% ee
[106]. A cationic BINAP-Ir(I) complex with an achiral aminophosphine (31Y) is
also usable [107].

Figure 32.32 shows a proposed mechanism for the hydrogenation of simple
ketones catalyzed by TolBINAP/DPEN-Ru complexes [2, 108-110]. Under the
hydrogenation conditions, the precatalyst 32A is converted to the cationic RuH
species 32B, which equilibrates with the neutral complex 32E. The 16-electron
species 32B reacts reversibly with an H, molecule to form 32C, followed by a
base- or solvent-assisted deprotonation resulting in the active RuH, species
32D. A ketone is immediately reduced by 32D to give the alcohol product and
the 16-electron species 32E, which is spontaneously protonated by alcoholic sol-
vent, generating 32B. Under highly basic or aprotic conditions, 32D is repro-
duced by the reaction of 32E and H,. The six-membered pericyclic transition
state 32F, in which carbonyl moiety of the ketone does not interact with the Ru
center, results in a low energy barrier at the reducing step, 32D — 32E [2, 108,
109]. The H-Ru-N-H 1,4-dipole function fits well with the carbonyl dipole. The
hydride on the Ru center migrates to the electrophilic carbonyl carbon, while
the amino-proton is delivered to the carbonyl oxygen simultaneously. Therefore,
the presence of the NH, (or NH) end is crucial to achieve high catalytic activity.

As shown in Figure 32.30, the hydrogenation of acetophenone catalyzed by
the (S)-TolBINAP/(S,S)-DPEN-Ru complex gives (R)-1-phenylethanol. The sense
of enantioselection is general for various simple aromatic ketones. According to
the “metal-ligand bifunctional mechanism” described above, the absolute con-
figuration of alcohol products is kinetically determined at the stage of
32D—32E (Fig.32.32) [2, 108, 109]. Both possible diastereomeric transition
states, Si-33A and Re-33A (Fig. 32.33), utilize the NH,, (not NHq) proton for
formation of the pericyclic ring due to the smaller H-Ru-N-H,, dihedral angle.
The R alcohol is selectively produced through Si-33A, because the Re-33A lead-
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Fig. 32.32 Proposed catalytic cycle of hydrogenation of simple
ketones with the ToIBINAP/DPEN—Ru catalyst.

ing to the S alcohol suffers from significant nonbonded repulsion between the
P-tolyl group and the phenyl ring of acetophenone. This explanation is consis-
tent with the result that the use of the bulkier XylBINAP achieves higher optical
yield (99% versus 80%).

The BINAP/1,2-diamine-Ru catalysts achieve rapid and enantioselective hy-
drogenation of simple aromatic ketones. However, enantioselective hydrogena-
tion of 1-tetralones is difficult with these catalysts. This problem is solved by
the use of IPHAN (Fig. 32.4), a chiral 1,4-diamine [111]. Hydrogenation of 1-tet-
ralone with an (S)-XylBINAP/(R)-IPHAN-Ru complex and (CH;);COK [(S,R)-
34C] in 2-propanol gives (R)-1-tetralol in 99% ee (Fig. 32.34). Tetralones substi-
tuted by CH30 and F at the C7 position are reduced with 34C in 99% and 98%
optical yield, respectively. The use of an (S)-TolBINAP/(R)-IPHAN-Ru catalyst
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(S)-TolBINAP/(S,S)-DPEN-RuH, Si-33A (favored) Re-33A (unfavored)

[(S,SS)-32D]

Ar =4-CHyCeHy, (O =Ru

ax = axial, eq = equatorial
Fig. 32.33 Schematic view of the RuH, species and diastereo-
meric transition states in the hydrogenation of acetophenone.
The equatorially oriented phenyl groups in the DPEN are
omitted in 33A.

[(S,R)-34B] or the R,S combination gives the best results for the hydrogenation
of 4-, 5-, and 6-substituted ketones. 5,7-Disubstituted ketones are stereoselec-
tively reduced with an (S)-BINAP/(R)-IPHAN catalyst. A cationic BINAP-Ir(I)
complex with an addition of achiral aminophosphine (31Y) effects for hydroge-
nation of a series of cyclic aromatic ketones (Fig. 32.34) [112]. 1-Tetralones and
their analogues are hydrogenated in up to 95% optical yield, while the reaction
requires H, pressure up to 57 atm and temperature of 90°C. The hydrogenation
of 1-indanone under the same conditions gives 1-indanol in 86% ee [112].
Immobilized catalysts on solid supports inherently have benefits because of
their easy separation from the products and the possibility of recycling. They
are also expected to be useful for combinatorial chemistry and high-throughput
experimentation. The polystyrene-bound BINAP/DPEN-Ru complex (beads) in
the presence of (CH3);COK catalyzes the hydrogenation of 1’-acetonaphthone
with an SCR of 12300 in a 2-propanol-DMF mixture (1:1, v/v) to afford the
chiral alcohol in 97% ee (Fig. 32.35) [113]. This supported complex is separable
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O OH

chiral catalyst = *
X + H X
R 2 g

chiral catalyst:

trans-RuCl,[(S)-binap][(R)-iphan] + (CH3)3COK; (S,R)-34A
trans-RuCl,[(S)-tolbinap][(R)-iphan] + (CH3);COK; (S,R)-34B
trans-RuCl,[(S)-xylbinap][(R)-iphan] + (CH3)3COK; (S,R)-34C

Fig. 32.34 Hydrogenation of cyclic aromatic ketones.

R X Catalyst SCR? H, Temp. Yield ee Con- TON TOF
fatm] [C] [%] [%] fig. ]
CH, H (S)-31Y 190-230  50-57 90 72 86 S <166 <8
CH, 5-Cl (R)-31Y 190-230  50-57 90 81 84 - <186 <10
(CH,), H (R)-31Y 190-230  50-57 90 88 95 R <202 <3
(CH,), H (S,R)-34C 3000 9 25 99.6 99 R 2988 374
(CH,), 5-CH;0  (S,R)-34B 55000 9 25 100 98 R 55000 3929
(CH,), 6-CH30  (S,R)-34B 1000 9 25 98 92 R 980 75
(CH,), 7-CH;0  (R)-31Y 190-230  50-57 90 74 95 - <170 <3
(CH,), 7-CH;0  (S,R)-34C 3300 9 25 100 99 R 3300 413
(CH,),  7NO,  (R}31Y  190-230 50-57 90 64 94 -b <147 <2
(CH,), 7-F (S,R)-34C 3000 9 25 100 98 R 3000 375
(CH,), 5,7-(CHs), (R)-31Y 190-230  50-57 90 78 95 - <179 <3
(CH,), 5,7-(CHs), (S,R)-34A 3300 9 25 99.9 95 R 3297 1648
(CH3),- H (R,R)-34B 12000 9 25 99.9 93 R 11988 666
CCH,
OCH, H (R)-31Y 190-230  50-57 90 89 93 R <205 <3
SCH, H (S)-31Y 190-230  50-57 90 87 84 S <200 <5

a) SCR=substrate: catalyst molar ratio.
b) Not reported.

by a simple filtration, and is reusable as a catalyst. The reaction with SCR of
2470 per batch can be conducted 14 times without loss of enantioselectivity (to-
tal TON=33000). Some heterogenized BINAP/DPEN-Ru catalysts have also
been used for this purpose. Poly-NAP [114], poly(BINOL-BINAP) [115], poly(BI-
NAP) [116], or dendritic BINAP 5A [117] show a high performance. Ru catalysts
with poly-NAP [114] or 5A [117] can be reused four times, with SCR of 1000
per batch and 500 per batch, respectively.
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polymer-bound complex
O Q (CH3)sCOK O OH
+ H2
O 1:1 (CHy),CHOH-DMF O
8atm  5.c,97h

ketone:Ru:base = 12,300:1:240 96% yield, 97% ee
TON: 11,808, TOF: 122 h™"

polymer-bound complex:

Q/H
N
Phy ~ H,
o) OO PG N @

Q = polystyrene

Fig. 32.35 Hydrogenation of 1'-acetonaphthone with the poly-
mer-bound BINAP/DPEN-Ru catalyst.

32.3.2
Hetero-Substituted Aromatic Ketones

Enantioselective hydrogenation of a-, f-, and y-amino-substituted ketones yields
the corresponding chiral amino alcohols directly. Several chirally modified Rh
and Ru catalysts have been applied in this reaction. Hydrogenation of 2-aminoa-
cetophenone hydrochloride catalyzed by MOC-BIMOP—{Rh(nbd),]ClO, [118] or
[RhX(cy,cy-oxopronop)], (X=Cl, OCOCFj3) [119] provides the corresponding ami-
no alcohol in 93% ee (Fig. 32.36). 2-(Dimethylamino)acetophenone hydrochlo-
ride is hydrogenated to the chiral amino alcohol in 96% ee with an MCCPM-
Rh catalyst at an SCR of 100000 [120, 121]. Epinephrine hydrochloride is pro-
duced in 95% ee by hydrogenation in the presence of [Rh(nbd)(bppfoh)]ClO,4
and (C,Hs)3N [122]. 2-Dialkylamino ketones in their neutral form are reduced
with BINAP-Ru [14n, 40] and DIOP-Rh [123] catalysts in high optical yield.
The MCCPM-Rh-catalyzed hydrogenation of f- and y-amino ketone hydrochlor-
ides gives the corresponding chiral amino alcohols in up to 91% ee [124]. Hy-
drogenation of 2-(dimethylamino)acetophenones with Cy,Cy-oxoProNOP-Rh
[125] and Cp,Cp-IndoNOP-Rh [126] catalysts affords the chiral alcohols in up to
>99% ee. This reaction is applied to the synthesis of an atypical f-adrenergic
phenylethanolaminotetraline agonist SR58611A [127].

A chiral catalyst consisting of trans-RuCl,(xylbinap)(daipen) and (CH3);COK
in 2-propanol effects asymmetric hydrogenation of -, -, and y-amino aromatic
ketones [128]. Hydrogenation of 2-(dimethylamino)acetophenone catalyzed by
the (R)-XylBINAP/(R)-DAIPEN-Ru complex [(R,R)-31D] gives the R amino alco-
hol in 93% ee (Fig. 32.36). The optical yield is increased up to 99.8%, when
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% chiral catalyst OH
M X H, T * X
Ar” > (CHy), 20-50 °C Ar” " >(CHa)y
>85% yield
Fig. 32.36 Hydrogenation of a-, -, or y-heterosubstituted aro-
matic ketones.
Ar n X Catalyst (SCR)? H, ee Con- TON TOF
[atm] [%] fig. ]
CeHs 1 CINH, [Rh(nbd),]Cl0,—~(R)-MOC- 90 93 R 1000 6
BIMOP + (C,Hs)sN (1000)
CeHss 1 CINH; [Rh{(S)-cy,cy-oxo-pronop}- 50 93 S 200 100
(cod)]BF, (200)
CeHs 1 CICeHsCH,NH,  [RhCl(cod)],~(25,4S)- 20 93 S 1000 50
MCCPM + (C,Hs)5N
(1000)
3,4- 1 CICH;NH, [Rh{(R)-(S)-bppfoh}(nbd)]- ~ 50 95 R 100 06
(OH),CH; ClO, + (C,Hs)sN (100)
CeHs 1 (CHs)N RuBr,[(S)-binap] (500) 100 95 S 425 18
CeHs 1 (CH,),N (R,R)-31D (2000) 8 93 R 2000 167
2-naphthyl 1 (C,Hs),N [RhCl(nbd)],~(S,S)-DIOP 70 95 18 9
(200)
CeHs 1 Cl(CHs),NH [Rh(OCOCF;){(S)-cp.cp- 50  >99 S 200 11
indonop}], (200)
3-CIC4H, 1 Cl(CH;),NH [Rh{(R)-cy,cy-oxo-pronop}- 1 96 R 200 11
(cod)]BF, (200)
CeHs 1 Cl(C,Hs),NH [RhCl(cod)],~(25,4S)- 20 97 S 100000 5000
MCCPM + (C,Hs);N
(100000
3.CIC¢H, 1 CgHsCONH RuCly[(S,S)-1Ab](dmf),— 7 93 R >495 >33
(CH3)3CSCH,CH,NH,
+ (CH3);CONa (500)
CgHs 1 CgHs;CO(CH;)N (R,R)-31D (2000) 8 99.8 R 2000 250
4-CgHs- 1 CgHsCO[3,4- (R,R)-31D (2000) 8 97 R 2000 83
CH,0C¢H, (CH;0),-
CeHs3(CHy)o]N
CeHs 2 CICH;NH, [RhCl(cod)],~(25,45)- 30 798 R 1000 21
MCCPM + (C,Hs)5N
(1000)
CeHs 2 (CHj),N (S,5)-31D (10,000)" 8 975 R 10000 2000
CeHs 2 (CHj),N (S,55)-31G (4000) 8 97 R 4000 333
2-thienyl 2 (CHa),N (R,R)-31D (2000)” 8 92 S 2000 286
2thienyl 2 (CHj3),N RuCl,[(R,R)-bicp](dmf),— 7 9% S 1800 120
NH,C(CH 3),CH,NH,
+ (CH3);CONa (2000)
CgHss 2 Cl(CH;),NH [Rh{(S)-cy,cy-oxo-pronop}- 50 939 R 180 4
(cod)]BF,, (200)
CeHs 2 CIC¢HsCH,(CHs)- [RhCl(cod)],~(25,4S)- 30 90.8 R 1000 21
NH, MCCPM + (C,Hs)5N
(1000
4FCH, 3 RY (S,5)-31D (10000) 8 99 R 10000 313
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Ar n X Catalyst (SCR)? H, ee Config. TON TOF
[atm]  [%] ™
CeHs 3 Cl(CH3),NH [Rh{(S)-cy,cy-oxo-pronop}- 50 92 R 192 5
(cod)]BF, (200)
CeHs 3 CICeHsCH,(CHs)- [RhCl(cod)],~(25,4S)- 50 884 R 250 4
NH, MCCPM + (C,Hs)5N
(250)
CeHs 1 CH;0 (R,R)-31D (2000) 8 95 R 2000 400
4-CF3CH, 1 CH;0 RuCly[(S,5)-1Ab)(dmf),~ 79 97 R >495 >33

(CH3);CSCH,CH,NH,
+ (CH3)3CONa (500)

a) SCR=substrate: catalyst molar ratio.

b) trans-RuCl,(xylbinap)(daipen) is treated with (CH3);COK
in 2-propanol prior to hydrogenation.

c) Contaminated with 5% propiophenone.

N / \
4 R= F~</: SN N
=N

e) At80°C.
f) At-10°C.

acetophenone derivatives with an amido group at the a position are hydroge-
nated with the same catalyst [128]. This method is applied to the synthesis of
(R)-denopamine, a ff;-receptor agonist used for treating congestive heart failure
(the structure is shown in Fig. 32.44) [128]. When 3-(dimethylamino)propiophe-
none, a base-labile f-amino ketone, is reduced under controlled conditions
using an (S)-XylBINAP/(S)-DAIPEN-Ru catalyst prepared from the RuCl, com-
plex and a minimum amount of (CH;3);COK, the R amino alcohol is obtained
in 97.5% ee and in 96% yield, contaminated with 2% of 1-phenyl-1-propanol, a
deamination-derived byproduct [128]. The desired product is obtained quantita-
tively by reaction with trans-RuH(n'-BH,)[(S)-xylbinap][(S,S)-dpen] [(S,SS)-31G]
under base-free conditions [102]. Similarly, a 2-thienyl derivative is also reduced
selectively [129]. The chiral f-amino alcohols are key intermediates for the syn-
thesis of antidepressants (R)-fluoxetine and (S)-duloxetine (see Fig. 32.44). The
y-amino ketone shown in Figure 32.36 is hydrogenated with (S,S)-31D in basic
2-propanol, giving the R alcohol in 99% ee, which is a potent antipsychotic,
BMS 181100 (see Fig.32.44) [128]. Hydrogenation of 2-methoxyacetophenone
catalyzed by (R,R)-31D affords the R a-methoxy alcohol in 95% ee (Fig. 32.36)
[85a]. A Ru catalyst consisting of RuCl,(1Ab)(dmf),, achiral (CH;);CSCH,CH,-
NH,, and (CH;);CONa effects enantioselective hydrogenation of 2-benzyloxy-
amino- and 2-methoxyacetophenone derivatives (Fig. 32.36) [96]. Hydrogenation
of 3-dimethylamino-1-(2-thienyl)-1-propanone, a f-amino ketone, with a BICP/
NH,C(CH3),CH,NH,—Ru catalyst gives the f-amino alcohol in 96% ee [96].
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Ar1)k r2 ¥

A

8 atm

(S,5)-31D
(CHy),CHOH

2

23-30°C

Fig. 32.37 Hydrogenation of diaryl ketones.

OH
Ar' )'\Arz

Ar' A SCR?  Yield [%] ee[%] Config. TON  TOF [h7']
2-CH;3CgH, CeHs 2000 99 93 S 1980 180
2-CH30CH, CeHs 2000 100 99 S 2000 133
2-FCeH,4 CeHs 2000 99 97 S 1980 141
2-CICgH, CeHs 20000 99 97 S 19800 360
2-BrCeH, CeHs 2000 99 96 S 1980 152
2-BrCeH, 4-CH3CgHy 2000 99 98 S 1980 132
4-CH;0CgH, CeHs 2000 95 35 R 1900 146
4-CF3CeH, CeHs 2000 99 47 S 1980 165
4-CH;0CgH, 4-CF3C¢H, 2000 97 61 - 1940 162
Ferrocenyl® CeHs 2000 100 95 S 2000 154

a) SCR=substrate: catalyst molar ratio.

b) (S,5)-31A is used as a catalyst.

3233
Diaryl Ketones

Enantioselective hydrogenation of pro-chiral diaryl ketones requires the electron-
ic or steric differentiation of two otherwise similar aromatic functions. Further-
more, hydrogenolysis of the produced diarylmethanols is to be avoided. Hydro-
genation of 2-substituted benzophenones in the presence of an (S)-XylBINAP/
(S)-DAIPEN-Ru complex and (CH3)3COK [(S,S)-31D] in 2-propanol provides the
diarylmethanol in up to 99% ee (Fig. 32.37) [130]. No detectable diarylmethane
is produced under such basic conditions. 2-Substitution of electron-donating
and -attracting groups such as CHj;, CH30, F, Cl, and Br has a minimal effect
on enantioselectivity. Chiral alcohols obtained from 2-methyl- and 2-bromo-4'-
methylbenzophenones are easily converted to antihistaminic (S)-orphenadrine
and (R)-neobenodine, respectively (see Fig. 32.44) [130]. Substrates with a sub-
stituent at the C3 or C4 positions are hydrogenated with only moderate enan-
tioselectivity. Benzoylferrocene is hydrogenated with an (S)-TolBINAP/(S)-DAI-
PEN-Ru catalyst [(S,S)-31A] to afford the S alcohol in 95% ee [130].

3234

Heteroaromatic Ketones

General enantioselective hydrogenation of heteroaromatic ketones is achieved by
means of the XylBINAP/DAIPEN-Ru complexes and (CH3);COK in 2-propanol.
A variety of substrates with an electron-rich and -deficient heteroaromatic func-
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0 . chiral catalyst OH
R He a5 R
= hetero-aryl

Fig. 32.38 Hydrogenation of heteroaromatic ketones.

Het R Catalyst (SCR)? H, Yield ee Con- TON TOF
latm] % [%] f. th]

2-furyl CH; (R,R)-31D (40000) 50 9% 99 S 38400 3200
2-furyl CH; (R,SS)-31K (3000) 55 >99 9 R >2970 >1188
2-furyl CH; (S,RR)-31M (5000) 50 99 98 S 4950 990
2-furyl CH, (R,S,R,S)-31X (100) 30" 8 9 S 99 10
2-furyl n-CsHy  (RR)-31D (2000) 8 100 98 S 2000 167
2-furyl (CH;3)3C  (S)-31C (2400) 8 99 97 R 2376 475
2-thienyl CH, (R,R)-31D (5000) 8§ 100 99 S 5000 417
2-thienyl CH; (S,5)-31D (1000) 1 100 99 R 1000 59
2-thienyl CH; RuCl,[(R, R)-bicp]- 49 100 93 S 500 10

(tmeda)—(R,R)-DPEN

+ KOH (500)
2-thienyl CH, (S,RR)-31M (5000) 50 98 98 S 4900 980
2-thienyl (CH3)5C  (S)-31C (2100) 8 100 98 R 2100 420
2-(5-chloro)-  CHj; RuCL[(R,R)-bicp](dmf),— 7 >99 94 S >198  >13
thlenyl NHzc(CHg,)zCHzNHZ

+ (CH;)3CONa (500)
3-thienyl CH; (R,R)-31D (5000) 8 100 997 S 5000 1000
3-thienyl CH; (S,RR)-31K (3000) 55 >99 98 S 22970 2990
2-(l-methyl)}- CH; (S,5)-31D (1000) 8 61 97 - 610 31
pyrrolyl
2-[1-(4-toluene- CHjs (R,R)-31D (1000) 89 93 98 S 1000 56
sulfonyl)]-
pyrrolyl
2thiazolyl ~ CH, (R,R)-31D (2000) ) 8 100 96 S 2000 167
2-pyridyl CH; (R,R)-31D (2000)¢ 8 99.7 9% S 1994 665
2-pyridyl (CH3),CH (R,R)-31D (2000) 8 100 94 S 2000 167
3-pyridyl CH; (R,R)-31D (5000) 8 100 996 S 5000 417
3-pyridyl CH; (R,SS)-31K (1500) 8 >99 99 R >1485 >495
4-pyridyl CH, (R,R)-31D (5000) 8 100 998 S 5000 417
2,6-diacetyl- (R,R)-31D (10000) 8 99.9 100 S, 9990 588

pyridine

a) SCR=substrate: catalyst molar ratio.

b) Reaction in methanol.

¢ At-30°C.

d) Reaction in 1:10 DMF: 2-propanol.

e) B[OCH(CHj3),J; is added. Ketone/B=100.
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* chiral catalyst OH
)]\ + H2 B——
R™ 'CHs R CH,
catalyst:

RuH(n'-BH,)[(S)-tolbinap](pica); (S)-39A
Fig. 32.39 Hydrogenation of alkyl methyl ketones.

R Catalyst SCR¥  Solvent H, Yield ee Con- TON TOF
[atm] [%]  [%] fig. ]
n-C4Ho (R,S,R,S)-31X 100 CH;0H 30 9% 75 S 96 2
(CHs)»  (RS,RS)-31X 100 CH;0H 30 66 8 S 66 09
CHCH,
(CH3),CH  (R,S,R,S)-31X 100 CH;OH 30 99 84 S 99 1
cyclo-C3Hs  (S,5)-31D 11000 (CH;),CHOH 10 9% 95 R 10560 880
cpclo-CeHyy  (R,S,R,S)-31X 100 CH;0H 30 9 92 S 90 0.9
cyclo-CeHy1  (S,5)-31D 10000 (CH;),CHOH 8 99 8 R 9900 990
(CHs3)5C (S)-31C 100000 C,H;OH 20 100 98 S 100000 4167
(CH3);C  (S)-39A 2000 C,HsOH 4 100 97 S 2000 400
(CH3);C"  (R)-31C 2300 C,HsOH 5 100 97 R 2300 460
(CH;)sC  (RS.R,S)-31X 100 CH;0H 30 51 94 S 51 05
(CH3);C  [Rh{(SRRR)- 1000 (CHj;),CHOH 73 30 84 S 300 288
tmo-deguphos}-
(cod)]BE,4
I-methyl-  (S,S)-31D 500 (CH;),CHOH 4 96 98 - 480 160
cyclopropyl
1-adamantyl (S)-31C 2000 C,HsOH 5 100 98 S 2000 400

a) SCR=substrate: catalyst molar ratio.
b) 2,2-Dimethyl-3-undecanone.

tion are converted to the chiral alcohols in high ee (Fig. 32.38) [129]. Hydrogena-
tion of 2-acetylfuran with (R,R)-31D gives (S)-1-(2-furyl)ethanol in 99% ee, leav-
ing the furan ring intact. With the same catalyst, 2- and 3-acetylthiophene are
reduced in >99% optical yield. Sterically congested 2-pivaloylfuran and 2-piva-
loylthiophene are enantioselectively reduced with the TolBINAP/PICA-Ru com-
plex and (CH3)3COK (31C) in ethanol [99]. Reaction of the substrates with 2-(1-
methyl)pyrrolyl or 2-[1-(4-toluenesulfonyl)|pyrrolyl group also gives high enantio-
selectivity. Under the regular conditions, reaction of 2-acetylthiazol and 2-acetyl-
pyridine do not go to completion, probably due to the high binding ability of
the alcoholic products to the catalyst metal center. This problem is solved when
B[OCH(CHj3),]5 (ketone:Ru:borate=2000:1:20) is added as a co-catalyst [129].
The hydrogenation of 3- and 4-acetylpyridine under standard conditions yields
the pyridyl alcohols in excellent ee. Double hydrogenation of 2,6-diacetylpyridine
in the presence of (R,R)-31D gives the S,S diol in 100% yield out of three possi-
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ble stereoisomers. The (R)-Xylyl-Phanephos/(S,S)-DPEN-Ru catalyst [(R,SS)-
31K] [92] and (R)-Xyl-SDP/(R,R)-DPEN-Ru catalyst [(R,RR)-31M] [93] also show
excellent performance in this reaction. The in-situ-prepared catalyst from
RuCl,[(R,R)-bicp](tmeda), (R,R)-DPEN, and KOH is also usable [131]. A BICP/
NH,C(CH3),CH,NH,—Ru catalyst promotes hydrogenation of 2-acetyl-5-chloro-
thiophene to afford the chiral alcohol in 94% ee [96]. Reaction of 2-acetylfuran
with the Me-PennPhos—Rh catalyst (31X) gives 96% optical yield [106].

3235
Dialkyl Ketones

The enantioselective hydrogenation of simple aliphatic ketones remains difficult
because of the lack of general chemistry to differentiate two alkyl groups. The
Me-PennPhos—Rh catalyst (31X) attains a good optical yield in the hydrogena-
tion of n-alkyl methyl ketones (Fig.32.39) [106]. 2-Hexanone is reduced with
(R,S,R,5)-31X to afford (S)-2-hexanol in 75% ee. Sterically demanded pinacolone
is reduced with 94% optical yield [106]. The (S)-XylBINAP/(S)-DAIPEN-Ru com-
plex [(S,S)-31D] catalyzes the hydrogenation of cyclopropyl methyl ketone and
cyclohexyl methyl ketone in basic 2-propanol to give the R alcohols in 95% and
85% ee, respectively (Fig. 32.39) [85a, 87]. Pinacolone is efficiently hydrogenated
with the (S)-TolBINAP/PICA-Ru complex and (CH;);COK [(S)-31C] in ethanol
to afford the S alcohol in 98% ee [99]. The reaction completes with an SCR of
100000. 2,2-Dimethyl-3-undecanone and 1-adamantyl methyl ketone are also hy-
drogenated enantioselectively. RuH (;7'-BH,)(tolbinap)(pica) (39A) reduces pina-
colone under base-free conditions [99]. The TMO-DEGUPHOS-Rh catalyzes hy-
drogenation of pinacolone in 84% optical yield [132].

Heterogeneous Ni catalysts modified by tartaric acid and NaBr show relatively
high enantioselectivity for the hydrogenation of simple aliphatic ketones
(Fig. 32.40) [133]. In the presence of an excess amount of pivalic acid, 2-alka-

0 s:g?y Ni—(R,R)-tartaric acid )01
° + H
R)]\ 2 10:9 THF—pivalic acid R
90atm 5060 °C >98% yield
\/\/\/?i 4 4
80% ee w/l\ 72% ee
85% ee
o) fine Ni powder—(R,R)-tartaric acid OH

/\/\)j\/ NaBr /\/\)\/
° * Hy
10:9 THF—pivalic acid
90 atm 120 °C P >98% yield
31% ee

Fig. 32.40 Hydrogenation of aliphatic ketones with the modified Raney Ni.
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o] OH
S,S)-31D :
o N+ H (S.S) o N
[ (CH3),CHOH |
8 atm 25°C
SIC = 2000 100% yield, 97% ee

TON: 2000, TOF: 1000 h™"

Fig. 32.41 Hydrogenation of an unconjugated enone to the chiral enol.

nones are reduced with the modified Raney Ni catalyst to give the 2-alkanols in
up to 85% ee. Even 3-octanone is reduced with 31% optical yield, when the chi-
rally modified fine Ni powder is used as a catalyst in place of a chiral Raney Ni
[133¢].

32.3.6
Unsaturated Ketones

The enantioselective hydrogenation of unsaturated ketones to chiral unsaturated
alcohols is a difficult subject, because most existing hydrogenation catalysts prefer-
entially reduce olefinic bonds over carbonyl functions. This long-standing problem
has been solved by the use of BINAP/chiral 1,2-diamine-Ru catalysts in base-con-
taining 2-propanol [86, 87, 102, 129, 134-136]. As shown in Figure 32.41, 1-(2-fur-
yl)-4-penten-1-one, an unconjugated enone, is hydrogenated with (S)-XylBINAP/
(S)-DAIPEN-Ru and (CHj3);COK [(S,S)-31D] in 2-propanol, yielding the R enol
in 100% yield and in 97% ee [129]. The olefinic bond is left intact.

Enantioselective hydrogenation of a,f-unsaturated ketones affording chiral
allylic alcohol is also achieved with the BINAP/1,2-diamine—Ru catalyst system.
A variety of allylic alcohols in high optical purity are obtained by reaction with
trans-RuCl,[(S)-xylbinap][(S)-daipen] (or the R/R combination) and K,CO; (42A)
in 2-propanol (Fig. 32.42) [87]. The use of a relatively weak base, K,COs3, effec-
tively prevents the formation of undesired polymeric byproducts. Hydrogenation
of benzalacetone (a) catalyzed by (S,S)-42A gives (R)-(E)-4-phenyl-3-buten-2-ol in
97% ee. No saturation of the olefinic bond was observed. Hydrogenation of (E)-
6-methyl-2-hepten-4-one (g) with (R,R)-42A affords the S allylic alcohol in 90%
ee [87], which is a synthetic intermediate of the a-tocopherol (vitamin E) side
chain (see Fig. 32.44). Reaction of 1-acetylcycloalkenes (i—k) results in the allylic
alcohols in >99% ee. Highly base-sensitive 3-nonene-2-one (e) is hydrogenated
with (S,5)-42A in basic 2-propanol under high dilution conditions ([ketone]=
0.1 M) to give (R)-3-none-2-ol in high yield [87]. When the reaction is conducted
with trans-RuH (n'-BH,)[(S)-xylbinap][(S,S)-dpen] [(S,SS)-31G] without addition
of base, the desired R allylic alcohol is quantitatively obtained, even with a
2.0 M substrate concentration [102]. (R)-Xylyl-PhanePhos/(S,S)-DPEN-Ru cata-
lyst [(R,SS)-31K] [92] and (S)-Xyl-SDP/(R,R)-DPEN-Ru catalyst [(S,RR)-31M] [93]
are also useful for this reaction. The olefinic t-butyl ketones (c and f) are
smoothly hydrogenated with the TolBINAP/PICA-Ru complex (31C) in basic
ethanol [99].



2 2
R®Q chiral catalyst R* OH
R‘J\(U\ R * H ——— R MR "
R3 R3

=CgHs; R =R3=H; R* =CHj3
: R1 CeHs; R2 = R3 = H; R* = (CH3),CH
= CgHs; R2 = R3 = H; R* = (CH3):C
= 2-thienyl; R2 = R3 = H; R* = CH3
R'=n-CgHqq; R2=R3=H; R*=CH,3
R1 = n-CgHy3; R = R3 = H; R* = (CH,);C
= CHg; R2 = R® = H; R* = (CH3),CHCH,
: R1 R2=R*=CHg R®=H
R'-R® = (CH,),;; R? =H; R* = CHs
R'-R3 = (CH,)s; R? = H; R* = CHj
: R'-R3=(CH,)3; R2=R*=CH;,3
R! = 2,6,6-trimethylcyclohexenyl; R2 = R® = H; R* = CHj; (B-ionone)

P".“.-"‘.‘?P.-QP'?!

- x '

catalyst:
trans-RuCl,[(S)-xylbinap][(S)-daipen] + K,CO3; (S,S)-42A
trans-RuCl,[(S)-xylbinap][(S,S)-dpen] + K,CO3; (S,SS)-42B

Fig. 32.42 Hydrogenation of a,f-unsaturated ketones.

32.3 Simple Ketones

Substrate Catalyst SCR? H, Yield ee Config. TON TOF
[atm]  [%]  [%] (]
a (S,5)-42A 100000 80 100 97 R 100000 2500
a (S,5)-42A 10000 10 100 96 R 10000 667
a (R,55)-31K 3000 55 >99 97 R >2970 2970
a (S,RR)-31M 5000 50 100 96 S 5000 1667
b (S,5)-42A 2000 8 100 86 R 2000 100
c (S)-31C 2050 5 100 97 S 2050 410
d (RR)-42A 5000 8 100 91 S 5000 714
e (S,5)-31D 2000 8 98 97 R 1960 131
e (S,55)-31G 4000 8 95 99 R 3800 238
o (R)-31C 2040 8 99.6 989 R 2032 406
g (R,R)-42A 2000 10 100 90 S 2000 54
h (S,55)-42B 10000 8 100 93 R 10000 625
i (S,5)-31D 10000 10 99 100 R 9900 619
j (S,5)-31D 2000 8 999 99 R 1998 285
k (S,5)-31D 13000 10 100 99 R 13000 867
1 (S,5)-42A 10000 8 99 94 R 9900 450

a) SCR=substrate: catalyst molar ratio.
b) A 5:1 E/Z mixture.
c) Data of the E alcohol.
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o OH
chiral Ru catalyst
(CH3),CHOH

° + Hy
8-10 atm

>99.5% yield
Rucatalyst S/IC  temp,°C %ee  confign TON TOF, h™'

(R.SS)-31B 500 0 9% S 500 83

(RSS)-31B 10,000 28 94 S 10,000 208

(SR-34B 10,000 25 9% R 9,950 1421
o OH

[I(OCHa)(cod)]o—(S,S)-DIOP :
° oM tol 100 °C O
20 atm oluene,

62% yield, 25% ee

ketone:Ir:DIOP = 500:1:5 TON: 310, TOF: 5 h-'

Fig. 32.43 Hydrogenation of 2-cyclohexenones.

Hydrogenation of 2,4,4-trimethyl-2-cyclohexenone, a cyclic enone, with (R)-
TolBINAP/(S,S)-DPEN-Ru [(R,SS)-31B] (not (R,RR)-31B) in basic 2-propanol af-
fords the S allylic alcohol in 96% ee (Fig. 32.43) [135, 136]. (R,RR)- or (S,SS)-
31B gives lower reactivity and enantioselectivity. The (S)-TolBINAP/(R)-IPHAN-
Ru complex and (CH3);COK [(S,R)-34B] is also an excellent catalyst for hydroge-
nation of the cyclic enone [111]. The allylic alcohol product is a useful inter-
mediate for the synthesis of carotenoid-derived odorants and other bioactive ter-
penes. Hydrogenation of 2-cyclohexenone in the presence of the (S,S)-DIOP-Ir
catalyst gives (R)-2-cyclohexenol in 25% ee (Fig. 32.43) [137].

Enantioselective hydrogenation of simple ketones catalyzed by BINAP/chiral
diamine-Ru complexes is applied to the synthesis of biologically active com-
pounds and a chiral phosphine ligand. Some examples are shown in Figure
32.44 [85a, 87, 102, 128, 130, 135].

32.3.7
Kinetic Resolution and Dynamic Kinetic Resolution

Hydrogenation of racemic 2-isopropylcyclohexanone with trans-RuH (;'-BH,)[(S)-
xylbinap][(R,R)-dpen] [(S,RR)-31G] in 2-propanol selectively consumes the R ke-
tone, resulting in the S substrate in 91% ee and (1R,2R)-2-isopropylcyclohexanol
in 85% ee (cis:trans=100:0) at 53% conversion (Fig. 32.45) [102]. The kegt/ksiow
reaches 28. Similarly, racemic 2-methoxycyclohexanone is hydrogenated with
(S,SS5)-31G to give the unreacted R ketone in 94% ee and the 1R,2S alcohol in
91% ee (cis:trans=100:0) at 53% conversion [102]. The keg/ksiow 1S 38.
Enantiomers of 2-monosubstituted cycloalkanones equilibrate in base-contain-
ing alcoholic media. When one of the two isomers is preferably hydrogenated
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OCOCH; 0
©/\ 0 OH
\ :
fruity perfume N OCHLO OH O

O

m\ /
o)
f IJ\/\ HO NH,

adriamycin: X = OH

TF-505 daunorubicin: X =H
a-damascone
¥ OH
perfume:
a-tocopherol (vitamin E) a substitute of sandalwood oil

N%T F

E OCH,4 OH (\NJ\\N

HCI : N\)
OCHa /@/\/\/

(R)-denopamine hydrochloride BMS 181100

O/ o R o NCHak P(CeHs)2
: S Re!
NH(CH3)*HCI R2
(S)-orphenadrine: R! = CHj, R? = chiral ligand

ol R2=
(R)-fluoxetine hydrochloride (R)-neobenodine: R =H, R®= CH3

Fig. 32.44 Examples of biologically active compounds and a
chiral ligand obtainable through hydrogenation of simple ke-
tones catalyzed by BINAP/chiral diamine—Ru complexes.

over the other one with high diastereoselectivity, single isomeric alcohols among
four possible stereoisomers are obtained through dynamic kinetic resolution
(see Section 32.2.4). Indeed, hydrogenation of racemic 2-phenylcyclohexanone
() with trans-RuCl,[(R)-tolbinap][(R,R)-dpen] and (CHj3);COK [(R,RR)-31B]
([(CH3)3COK]=18 mM) in 2-propanol gives (1S,25)-2-phenylcyclohexanol (cis:
trans=100:0) in 99.6% ee and in 100% yield (Fig. 32.46) [138]. The electronic
property of aryl substituents has only a minimal effect on the stereoselectivity.
With the same catalyst, 1-naphthyl- and 2-naphthyl-substituted cyclohexanones
(f and g) are selectively converted to the 1S,2S alcohols. When (S)-BINAP/(R,R)-
DPEN-Ru catalyst ((KOH]=32 mM) is used for hydrogenation of 2-isopropylcyclo-
hexanone (b), the 1R,2R alcohol (cis: trans=99.8:0.2) with 93% ee is obtained [139].
Reaction of 2-methoxycyclohexanone (h) with (S)-XylBINAP/(S,S)-DPEN-Ru cata-
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o) OH
(SRR)316 k
#)» * H
"(CHz);CHOH
8 atm 25°C,2h
S/C = 2000 . S, 91% ee 1R.2R, 85% ee
53% convn 44% yield cis:trans = 100:0
Krast/Ksiow = 28 48% vyield
TON: 1060, TOF: 530 h™*
o]
OCHj (S.55)-31G ~OCHjz OCHs
(i)' + H2 ————————>
(CH3),CHOH
8atm  25°C,1h
SI/C = 2000 R, 94% ee 1R,2S, 91% ee
53% convn 42% yield cis:trans = 100:0

Krast/Ksiow = 38 50% yield
TON: 1060, TOF: 1060 h~"

Fig. 32.45 Kinetic resolution of racemic 2-substituted cyclo-

hexanones via hydrogenation with RuH (;'-BH,) (xylbinap) (d-

pen).

lyst in basic 2-propanol at 5°C gives the 1R,2S alcohol in 99% ee (cis:
trans=99.5:0.5) [140]. The chiral alcohol is a key intermediate for the synthesis
of the potent antibacterial sanfetrinem and its analogues (Fig. 32.47) [140]. In
the presence of (S)-XylBINAP/(R)-DAIPEN-Ru, 2-(tert-butoxycarbonylamino)cy-
clohexanone (i) is also converted to the 15,2R amino alcohol in 82% ee (cis:
trans=99:1) (Fig. 32.46) [87]. Hydrogenation of 2-phenylcyclopentanone (a), a low-
er homologue, catalyzed by (R)-XylBINAP/(R)-DAIPEN-Ru complex and
(CH3)3COK [(R,R)-31D] ([(CHj3);COK]=50 mM) affords (1S,2S)-2-phenylcyclopen-
tanol (cis:trans=100:0) in 98% ee [138]. Reaction of 2-phenylcycloheptanone (j)
with the (R)-TolBINAP/(S,S)-DPEN combined catalyst (R,SS)-31B gives (1S,25)-
2-phenylcycloheptanol (cis:trans=100:0) in 95% ee [138]. When (R,RR)-31B is
used for this reaction, the 1R,2S alcohol is obtained in only 84% ee (cis:
trans=100:0). The hydrogenation catalyzed by 31B is applicable to the azacyclohex-
anone derivatives, k and 1 (Fig. 32.46). Reaction of k with the R,RR catalyst gives the
25,358 product (cis: trans=96:4) in 96% ee. This chiral compound can be used for
the synthesis of hNK; antagonist L-733,060 (Fig. 32.47) [138]. The 3-methoxyphe-
nyl ketone 1 is reduced with the S,SS catalyst to yield the 3S,4R alcohol (cis:
trans=>99:1) in 97% ee. This product serves as a synthetic intermediate of (-)-pre-
cramol, a D,/Ds-auto and sigma receptor agonist (Fig. 32.47) [138].

Hydrogenation of racemic 2-phenylpropiophenone, an acyclic chiral ketone,
with the (S)-XylBINAP/(S)-DAIPEN-Ru complex and (CHj3);COK [(S,S)-31D]
([(CH3)3COK]=2 mM) in 2-propanol gives the 1R,2R alcohol (syn:anti=99:1) in
96% ee (Fig. 32.48) [85a].



O
X chiral Ru catalyst
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R (CH3),CHOH
4-8atm 25 2g°C

0 Q0

: R=CHy; X = CgHs
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: R = (CHy)y; X = 4-CH30CgH,
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e
R

g: R =(CH,),; X = 2-naphthyl
h: R=(CHjy)y; X =CH3;0
it R=(CHjy)y; X =(CH3);COCONH
j: R=(CHy)3; X = CgHs
k: R =CH,N(CH,CgHs); X = CgHs
I: R =N(n-C3H7)CH,; X = 3-CH30CgH,

Fig. 32.46 Hydrogenation of racemic 2-substituted cyclohexa-
nones through dynamic kinetic resolution catalyzed by
BINAP/chiral diamine—Ru complexes with base.

32.3 Simple Ketones

Ketone Catalyst Base Yield dr9 cis alcohol TON  TOF
M]?  (scr)® mM] %] h
ee [%] Config.
a (0.5) (R,R)-31D (2000) 50 100 100:0 98 18,28 2000 21
b (0.8) RuCl,[(S)-binap](dmf),— 32 100 99.8:0.2 93 1R,2R 500 45
(R,R)-DPEN + KOH (500)
¢ (0.5) (R,RR)-31B (100000) 18 100 100:0 99.6 15,25 100000 2083
d (0.5) (R,RR)-31B (2000) 5 100 100:0 99.5 1S§,28 2000 500
e (0.5) (R,RR)-31B (2000) 6 999  99.9:0.1 98  1S2S 1998 500
f (0.5) (R,RR)-31B (2000) 9 >99 98:2 93 15,2S  >1980 >124
g (0.5) (R,RR)-31B (2000) 10 >99  >99:1 >99 1525 >1980 >495
h (-9) [NH,(C,Hs),][{RuCl[(S)- -9 5999 995:05 99 1R2S  >999 50
xylbinap],(1-Cl)3}~(S.S)-
DPEN + KOH (1000)°
i (0.2) trans-RuCly[(S)-xylbinap]- 133 98 99:1 82 1S,2R 294 59
[(R)-daipen] + KOH (300)
j (0.5) (R,SS)-31B (2000) 25 100 100:0 95 15,28 2000 83
k (R,RR)-31B (500) 19 100 96:4 96  253S 500 25
(0.125)
1 (S,SS)-31B (500) 25 100 >99:1 97 3S,4R 500 21
(0.125)
a) Concentration of substrate.
b) SCR=substrate: catalyst molar ratio.
c) Cis:trans diastereomeric ratio.
d) Not reported.

€)

Under 50 atm H, at 5°C.
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CF3
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K OH
R = Na (sanfetrinem) or (Nj N
TO\H/O H @ n-C3H7
[ ] —)-precramol
© L-733,060 ¢

potent antibacterial agents

Fig. 32.47 Biologically active compounds achievable by BI-
NAP/1,2-diamine—Ru-catalyzed hydrogenation of 2-substituted
cyclohexanones through dynamic kinetic resolution.

0 OH
S,S)-31D X
(1)- + H, L_______» Y
(CH3),CHOH :
‘ 4 atm 28 °C @

02M 96% yield
S/C = 1000 1R,2R, 96% ee
[(CH3)3;COK] =2 mM syn:anti = 99:1

TON: 960, TOF: 480 h~!

Fig. 32.48 Hydrogenation of racemic 2-phenylpropiophenone
through dynamic kinetic resolution.

32.3.8
Enantioselective Activation and Deactivation

Although the hydrogenation of prochiral ketones with racemic catalysts gives ra-
cemic alcohols, the reactivity of two enantiomeric catalysts differs in a non-
racemic environment. Thus, the addition of an appropriate chiral activator to a
racemic metal complex can provide an enantioselective catalyst. A racemic
RuCl,(tolbinap)(dmf), is a poor catalyst for the hydrogenation of 2,4,4-trimethyl-
2-cyclohexenone. The addition of an equimolar amount of (S,S)-DPEN to the
Ru complex promotes the reaction in a 7:1 2-propanol: toluene mixture contain-
ing KOH to give (S)-2,4,4-trimethyl-2-cyclohexenol in 95% ee (Fig. 32.49) [136].
This high ee-value, close to 96%, is obtainable in the hydrogenation catalyzed
by an optically pure (R)-TolBINAP/(S,S)-DPEN-Ru complex under otherwise
identical conditions [135, 136]. On the other hand, the R,RR combination gives
the R alcohol in only 26% ee. The stereoselective outcome depends heavily on
the structures of the diphosphine, diamine, and ketonic substrates. The (+)-Tol-
BINAP/(S,S)-DPEN-Ru-catalyzed hydrogenation of 2'-methylacetophenone, an
acyclic aromatic ketone, gives the R alcohol in 90% ee (Fig. 32.49) [136].
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Q RuCl,(tolbinap)(dmf), OH
(S,8)-DPEN, KOH
° +  H,
7:1 (CH3),CHOH-toluene
8 atm 0°C
S/C =500 100% vyield
TON: 500, TOF: 83 h™"
TolBINAP % ee confign
+ 95 S
R 96 S
S 26 R
(0] RuCl,[(%)-tolbinap](dmf), OH
(S,S)-DPEN, (CH3);COK z
° + H, -
4 atm 7.2 (CH3),CHOH-toluene
0°C
S/C =500 100% yield

R, 90% ee
TON: 500, TOF: 50 h™*

Fig. 32.49 Hydrogenation of ketones catalyzed by racemic
BINAP—Ru complexes and (S,S)-DPEN: asymmetric activation.

O RuCl,(dm-biphep)(dmf),

. (S,S)-DPEN, KOH
O 2 (CHj3),CHOH, =35 °C
40 atm
S/C =250 >99% yield, 92% ee
TON: >248, TOF: >21 h~'
O PAI"2 - O PAr2
l PAr, —— l PAr,
(S)-DM-BIPHEP (R)-DM-BIPHEP

Ar= 3,5-(CH3)206H3

Fig. 32.50 Hydrogenation of 1-acetonaphthone with a DM-BI-
PHEP/(S,S)-DPEN-Ru catalyst.

DM-BIPHEP, a conformationally flexible diphosphine, exists as an equilib-
rium mixture of the R and S isomers (Fig. 32.50) [141]. Addition of an equimo-
lar amount of (S,S)-DPEN to RuCl,(dm-biphep)(dmf), forms a 3:1 mixture of
(S)-DM-BIPHEP/(S,S)-DPEN-RuCl, complex and the R,SS diastereoisomer. The
major S,SS complex gives a more active and enantioselective catalyst for the hydro-
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LS
G
8 atm

ketone:Ru:DM-DABN:DPEN = 250:1:0.55:0.5

RuCl,[(z)-xylbinap](dmf),,
(R)-DM-DABN
(S,S)-DPEN, KOH

(CH3),CHOH, rt

>99% vyield, 96% ee
TON: >248, TOF: >62 h™'

Fig. 32.51 Hydrogenation of 1-acetonaphthone with a (x)-Xyl-
BINAP/(R)-DM-DABN/(S,S)-DPEN-Ru catalyst.

genation of acyclic aromatic ketones. Hydrogenation of 1-acetonaphthone with the
DM-BIPHEP/(S,S)-DPEN-Ru complex and KOH in 2-propanol at —35 °C gives the
R alcohol in 92% ee.

(R)-DM-DABN, a chiral aromatic diamine, interacts preferentially with
RuCl[(R)-xylbinap](dmf),, over the S isomer affording the less-reactive
RuCl,[(R)-xylbinap][(R)-dm-dabn] for hydrogenation of aromatic ketones [142].
Combined use of the enantiomer-selective deactivation and the asymmetric acti-
vation described above (see Fig. 32.49) results in a highly enantioselective hydro-
genation of aromatic ketones using a racemic XylBINAP-RuCl, complex. 1'-
Acetonaphthone is hydrogenated with a catalyst consisting of RuCl,[(+)-xylbi-
nap|(dmf),, (R)-DM-DABN, (S,S)-DPEN, and KOH in a 1:0.55:0.5:2 ratio to
give the R alcohol in 96% ee.

Abbreviations
ee enantiomeric excess

TOF turnover frequency
TON turnover number
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