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Asymmetric catalysts, either chemical or biological, effect the reactions of enantiomeric substrates at
unequal rates, allowing for the kinetic resolution of racemates. The asymmetric reaction of chirally labile
compounds capable of undergoing in situ racemization can, in principle, afford a single stereoisomer in 100%
ee and in 100% yield. The second-order reaction provides a powerful tool for the stereoselective synthesis
of chiral compounds, as exemplified by, among others, the biochemical hydrolysis of hydantoins or oxazoli-
nones and microbial reductions or BINAP-Ru(II) catalyzed hydrogenation of certain a-substituted [-keto
esters. Such transformations are characterized by the presence of parallel reactions interrelated by the
stereoinversion of the enantiomeric substrates. The efficiency is decisively affected by the kinetic parameters,
particularly the relative rates of the stereoinversion and reaction as well as the intrinsic stereochemical
parameters of the catalyst and substrate. Such stereoselective reactions via dynamic kinetic resolution are
expressed mathematically and the stereochemical profiles are displayed graphically. The validity of this basic

approach has been verified by the correlation to the experimental results.

Enantiomers react at different rates under asymmet-
ric circumstances. This principle allows the kinetic res-
olution of racemic compounds.! Figure 1 illustrates
a simple case. In the presence of a chiral catalyst
(reagent) or enzyme, an R substrate (Sg) and an S
enantiomer (Sg) react with unequal rate constants, kg
and kg, respectively, to give products Pr and Pg. In
practice, such a reaction is mainly utilized for the re-
covery of a slow-reacting substrate of high enantiomeric
purity, where the synthetic efficiency is directly corre-
lated to the kg/ks ratio. For example, if Sg reacts 25-
times faster than Sg, almost enantiomerically pure Sg
can be recovered at 60% conversion. In Fig. 1, Pg and
Pg are often chiral, though they could be an identical
achiral compound. The enantiomeric purity of Pg and
Pg is limited by the degrees of the enantiomer discrim-
ination and stereoselectivity of the reaction; however,
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Fig. 1. Kinetic resolution of a racemate.

when these are excellent, kinetic resolution can also be
useful for access to Pg or Pg.

The first example of kinetic resolution dates back
to 1858 when Pasteur discovered that the fermenta-
tion of an aqueous solution of racemic ammonium tar-
trate by a Penicillium glaucum mold resulted in a faster
metabolism of the dextrorotatory enantiomer than the
levorotatory one.? This finding stimulated a study of
kinetic resolution by enzymatic or microbial oxidation,
esterification, and hydrolysis; some of the thus-devel-
oped ones are feasible on the industrial scale.®) Now,
various natural and unnatural c-amino acids are be-
ing produced by the biochemical hydrolysis of racemic
N-acyl a-amino acids? and o-amino acid amides.”
In 1874 Le Bel showed the possibility of the chemi-
cal resolution of a racemic compound by the irradi-
ation of circularly polarized light.® The first repro-
ducible result by purely chemical means was presented
by Marckward and McKenzie in 1899, who reported
that partial esterification of racemic mandelic acid by
(—)-menthol left slow-reacting (R)-mandelic acid in
excess.” Although the efficiency of the chemical res-
olution had long remained low relative to the biolog-
ical means, Sharpless’ work in 1981 concerning res-
olution of allylic alcohols with chiral titanium cata-
lyst provided a true breakthrough in this area.® Since
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then, various efficient chemical methods have been re-
ported, which include transition metal-catalyzed hydro-
genation,? electrophilic allylation,'® hydroacylation,'?)
and olefin isomerization'? among others.'®

The kinetic resolution shown in Fig. 1 is thus be-
coming an attractive tool in organic synthesis. Such
ordinary Kkinetic resolution, however, suffers from an
inherent drawback in that the maximum yield of one
enantiomer is 50%. In addition, the enantiomeric purity
of the recovered substrate and product are profoundly
affected by the extent of conversion. This situation dra-
matically changes when racemic substrates have a chi-
rally labile stereogenic center, and, hence, are capable
of undergoing in situ racemization during reaction.!?
Figure 2 illustrates the simplest framework for such a
case. Now, the asymmetric process is unsuitable for the
recovery of an optically active substrate. Instead, this
dynamic kinetic resolution concentrates on the stereose-
lective synthesis of the enantiomeric product, Pg or Pg.
Thus, when the rate of the stereomutation of S is suf-
ficiently high with respect to the rate of the reaction,
viz., kinv > kg or kg, this second-order asymmetric re-
action can, in principle, produce enantiomerically pure
Pgr or Ps in 100% yield, rather than 50%, starting from
racemic S. The utility of the dynamic kinetic resolu-
tion is not limited to such a selective synthesis of an
enantiomer. When the reaction occurs along with the
creation of a new stereogenic center, an enantioselective
synthesis of a diastereomer is also possible, as outlined
in Fig. 3. Here, Sg is converted with a rate constant
of kg to diastereomers Prr and Prg, while Sg reacts
with constant kg to afford diastereomers Pgr and Pgg.
This asymmetric method can, under appropriate condi-
tions, convert a racemic compound to one stereoisomer
among four stereoisomers. The dynamic kinetic resolu-
tion is characterized by a pair of competitive reactions
which are closely interrelated by the stereoinversion of
the chiral substrates. The efficiency of such an asym-
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Fig. 2. Stereoselective synthesis of an enantiomer via
dynamic kinetic resolution.
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Fig. 3. Enantioselective synthesis of a diastereomer
via dynamic kinetic resolution.

Bull. Chem. Soc. Jpn., 68, No. 1 (1995) 37

metric synthesis is markedly influenced by the kinetic
parameters of the parallel reactions and racemization
in addition to the ordinary structural parameters of the
catalyst (enzyme) and substrate.

Certain second-order asymmetric syntheses via dy-
namic kinetic resolution provide a truly useful tool for
preparing important chiral compounds. * This paper
gives an overview of the utility of the biological and
chemical methods and describes the mathematical anal-
ysis of the selectivity profile. The quantitative method
coupled with the vast accumulated knowledge in syn-
thetic chemistry will permit useful predictions in de-
signing efficient asymmetric catalysis.

Stereoselective Synthesis

Stereoselective Synthesis of Enantiomers.
Stereoselective syntheses by the method given in Fig. 2
are exemplified in Table 1. This type of reaction can
be classified into several categories. The first is ki-
netic differentiation of substrate enantiomers, where the
stereogenic center is unaffected throughout the reac-
tion. This simple type of reaction is often used for
the asymmetric synthesis of amino acids.}®—839) Hy-
dantoins (imidazolidinediones) or oxazolinones formed
from racemic amino acids are efficiently resolved in the
presence of suitable enzymes to give single enantiomeric
amino acid derivatives in high yields and with high ee’s
(Entries 1 and 2).1%'® This method is used for the in-
dustrial synthesis of unnatural D-amino acids.?? Ke-
torolac acid, a strong anti-inflammatory agent, was ob-
tained by the hydrolysis of its ester with a protease
obtained from Streptomyces griseus (Entry 4).!® The
efficiency of these instances is ascribed to a rapid racem-
ization of the substrate achieved by adjusting the hy-
drogen-ion concentration in addition to the high chi-
ral recognition ability of the enzymes. A lipase pro-
motes enantiomer-selective esterification of a cyano-
hydrin with isopropenyl acetate with high selectivity
(Entry 5).29 The presence of an anion-exchange resin
facilitating the substrate racemization is important for
this stereoselective reaction. The reduction of racemic
2-formylpropanoate with bakers’ yeast?:?®) or Candida
humicola®® gives the corresponding alcohol in a moder-
ate to high ee (Entry 6).

The second type reactions given in Fig. 2 utilize
racemic substrates possessing a chemically reactive
stereogenic center. Now, a chirally labile center nor-
mally creates a new stereogenic center with a different
atomic composition. Their examples are seen in the
reaction of a chiral organometallic reagent and an elec-
trophile in the presence of a chiral compound. When
certain secondary alkoxyalkyllithium compounds are
reacted with carbon dioxide in the presence of (—)-
sparteine, highly optically pure carboxylic acids are ob-
tained (Entry 7).2¥ Trimethyltin chloride, trimethylsi-
lyl chloride, or methyl iodide also gives enantiomeric
product selectively (Entries 7 and 8).?%) Under the in-
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Table 1. Enantioselective Synthesis via Dynamic Kinetic Resolution

Entry Reaction® Method? Yield/%  ee/% Ref.
ROAP R._COOH R = CgHs Hydantoinase from 91 -9 15
* Alkalophilic bacillus
1 HNTNH * H0 HN__NH, sp 121[13
0 \g/ R = p-HOCgH, Hydantoinase from 82 9 15)
Pseudomonas striata
IFO 12996
R =NH,CONHCH, Hydantoinase from 69 >908 16)
Agrobacterium
radiobacter
C¢HsCH, O CeHsCH, _COOH Porcine pancreatic 1009 >99 17)
5 lipase
N O + HO —— HN\“/C6H5
C6H5 o)
COOH Pseudomonas 100 100 18)
— COOH thiazolinophilum
3 SUN  + HO HsY AJ 3854
\( NH,
NHz Protease from 92 85 19)
B COOC,H; B COOH Streptomyces griseus
4 CeHsCO™ "N + H0 CeHsCO™ "N
—Q /9 Lipase from 81 91 20)
0. O Pseudomonas
s 0OCOCH; sp M-12-33
OH 4 _-OCOCH;8 + amberlite IRA-904
CN CN
0 oH R =C,Hs Bakers' yeast 70-80 65 21)
COOR (_coor R=C,Hs Candida humicola >50 9% \22)
6 H R=(CH),CCH,  Bakers' yeast 78 9%  23)
o’\/’ OAF
N__O._Li N__O__E
\
7 TYT - o T NN
co, 75 >95 24)
CH3)3SnCl ' 76 >95
(CHy)s €)
(CHj3)5SiCl 67 —
o/+ 0/+
N__O__Li N__O._ _CHs \
s XY T fb moos

NBn, NBn,

CgHs__MgB Cels_ -~ Cells @
A SN (g WC“”Z 93 95 26)

Si(CHg); © Si(CHa)s 7 \p-PdCl,
(CgHs),
cH (CHs),
C MgCl 5
10 6H5T Ty — ™ 95 79 27
Hs__ZnCl CHs
T (P e N — ™ 1009 93 28)
P
(CgHs),
6 N(CHa)
Y Q Right circularly 85 —b 29)

)= polarized light

\ OQ +1

12

a) The starting material is racemic. b) Chiral method, catalyst, or additive. c) Not detailed. d) Conversion. e) [0]22—23
—22.5 (¢ 1.4—2.8, CH2Cly). f) [o]23 —7.6 £ 0.4 (¢ 1.29, CHCl3).
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Table 2. Enantioselective Synthesis of Diastereomers via Dynamic Kinetic Resolution

[o I 0} OH O
RlJ\HLOR3 R‘)s\’)j\ow
R? R?
Product
Substrate® ee/% (Abs confign)
Entry R! R?2 R3? Method Yield/% syn: ant: syn anti Ref.
1 CH; CH; CH;3 Ha/Raney Ni + ca. 95 78.4:21.6 56.7 (2S,3R) 64.4 (2R,3R) 36)
(R,R)-tartaric acid
2 CH; CH; C;Hs  Bakers’ yeast 65 75: 25 100 (2R,3S) 100 (25,3S) 37)
3 CHs CHs CoHs  Bakers’ yeast + 96> 96:4 —° — 38)
methyl vinyl ketone
4 CH; CH; C2Hs  Geotrichum candidum 80 4:96 —° 97 (25,35)  39)
5 CH; CH; C;Hs  Oxidoreductase from 93 <0.5:99.5 — 92 (28,35)  40)
Geotrichum candidum
6 CH; CH; C:Hs  H:/(R)-BINAP-Ru(Il) 1002 32:68 86 (2S,3R) 94 (2R,3R) 41)
in CH2CI2
7 CH;3 CHs CoHs  Ha/(R)-BINAP-Ru(Il) 100  51:49 97 (28,3R) 97 (2R,3R) 41)
in CoHsOH
8 CHs CHs n-CgHy7 Bakers’ yeast 82 95:5 >98(2R,35) —° 42)
9 CH; Allyl C2Hs Enzyme fraction 70 >99.9:1 >99.9 (2R,35) —° 43)
from bakers’ yeast
10 CH; CH,NHBz CHj3 H./(R)-BINAP-Ru(II) 100 94:6 99 (25,3R) 97 (2R,3R)  44,45)
in CHxCl
11 CH; CH,NHBz CHj3 H,/(R)-BINAP-Ru(Il)¥ 100 96:4 99 (25,3R) 98 (2R,3R) 45,46)
in CH2012
12 CHs CH,NHBz CH; H,/(R)-BINAP-Ru(I)® 55 99:1 99 (25,3R) —° 45,46)
in CH2Cl,—-CH30H . '
13 CHs CH;NHBz CHs Ha/(R)-BINAP-Ru(II) 1002  50:50 93 (2S,3R) 97 (2R,3R) 45)
in CH;OH
14 CH; CH;NHBz C2Hs  Rhodotorula 90® 92:8 100 (2R,3S) 100 (25,35) 47)
glutinis :
15 CH; NHAc CH; H./(R)-BINAP-Ru(II) 1002 99:1 98 (28,3R) >90 (2R,3R) 44)
in CH>Cl
16 CH; NHAc CH; Ha/(R)-BINAP-Ru(II) 100  71:29 90 (2S,3R) 96 (2R,3R) 44)
in CH;0H -
17 CH; NHAc CH; H2/(S,S)-CHIRAPHOS- 40 97:3  85(2R,3S) 99 (2R3R) 48)
Ru(ID)® in CH2Cly
18 CH; NHAc CH; H./(R,R)-DIPAMP- 50  94:6 39 (2R,3S) 28 (2R,3R) 48)
" Rh()® in THF
19 CH; NHBz — Ha/(R)-BINAP-Ru(II) — 98:2 90 (25,3R) —° 49)
in CHQCIQ
20 CHs OH C3Hs Bakers’ yeast 68 19: 81 90 (2R,3S) >99 (25,35) 50)
21 CH; OBz C:Hs  Bakers’ yeast 70 6:94 >95 (2R,3S) >95(25,35) 51)
22 CHj3 F CH; Bakers’ yeast 78 81:19 92 (—9) 44 (—9) 52)
23 CH; Cl — Ha/(R)-BINAP-Ru(II) — 90:10 95 (28,3R) —° 49)
in CH2Cly
24 CH; SCH3 CH3 Bakers’ yeast 72 72 : 28 >96 (2R,3S) >96 (25,3S) 53)
25 n-CeHi3 CHs K Bakers’ yeast. 68 <1:99 —° >98 (2R,3R) 54)
26 4-C3H;, CH;3 CH; Ha/(R)-BINAP-Ru(II) 94  83:12 58 (28,3R) —° 55)
in CH;0H
27  ArM NHAc CHs Hz/(R)-BINAP-Ru(II) 100 99:1 94 (2S,3R) —° 44)
in CH2Cl»
28 ArM NHCO,Bn CH; . Ha/(R)-BINAP-Ru(Il) 100 99:1 92 (28,3R) —° 44)
in CHzClz
29 Ar) NHBoc  CHs Hz/(R)-BINAP-Ru(II) 92 95:5 90 (25,3R) —° 56)

in CH3 OH—CH2 012
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Table 2. (Continued)
Product
Substrate® ee/% (Abs confign)
Entry R! R? R3 Method Yield/% syn : anti . syn anti Ref.
30 CH;3 (CHs)2¥  Ha/(R)-BINAP-Ru(II) 100 98:2 94 (25,3R) 60 (2R,3R) 41)
in CHsOH
31 n-CisHs1  (CHz)y¥  Hy/(S)-BINAP-Ru(Il) 85 99:1 9 (2R,35)  —9 57)
in CH2Cly
32 (CHz)s® CH; Bakers’ yeast 52 >99.5:0.5 99 (2R,35)  —° 58,59)
33 (CHa)3® CHs Ha/(R)-BINAP-Ru(Il) 100 1:99 93 (25,3R) 92 (2R,3R) 41,45)
in CHzClz
34 (CH2)3® CHs H/(R)-BINAP-Ru(II) 100 14:86 99 (25,3R) 91 (2R,3R) 41,45)
in CH3OH
35 (CH2)4® C,Hs Bakers’ yeast 72—85 >99.5:0.5 99 (2R,35)  —° 58,59)
36 (CH,)4® C2Hs Ha/(R)-BINAP-Ru(II) 100® 5:95 45 (25,3R) 90 (2R,3R) 41)
in CH2Cly
37 (CH2)4¥ C2Hs Hz/(R)-BINAP-Ru(II) 100 49:51 94 (25,3R) 88 (2R,3R) 41)
in CszOH
38 (CH3)s® CHs Ha/(R)-BINAP-Ru(II) 100" 13:87—7:93 53 (25,3R) 93 (2R,3R) 41,45)
in CH2Cly
39 (CHa)5® CH3 H./(R)-BINAP-Ru(II) 100® 42:58 97 (25,3R) 95 (2R,3R) 45)
in CH3OH
40 CH2CO(CH3):®¥ CHs; H2/(S)-BINAP-Ru(Il) 81 — — 97 (25,35) 60)
in CHQClz
41 /@C“zc“z ) CyHs Ha/(R)-BINAP-Ru(I) 95 1.5:98.5 68 (25,35) 96 (2R,35) 61)
CH,0' in CH2Cl,
42 OC“2C“’ © C,Hs Ha/(R,R)-DIOP-Ru(II)® 100 3.5:96.5 79 (25,3S) 25 (2R,35) 61)
CH;0 in CH3OH
CH,CH, ‘ . o
43 C2Hs Rhizopus arrhizus 98 >99:1 >99 (25,35) — 62)
CH,0 ATCC 24563 ‘
44 @C“ﬁ“’ ¥)  C,Hs Ha/(S)-BINAP-Ru(II) 100 2:98 43 (2R3R) 88 (25,3R) 61)
OCH,8 in CH;OH
45 @CHZC“’ 9 C,Hs Sporotrichum exile 88 >99: 1 99 (25,38)  —9° 62)
OCH, QM1250
CH,
46 @C"’ ) C,Hs Bakers’ yeast 63—70 >99:1 67—73 (2R,35) —° 59)
OCH,
47 C“”‘j@") CHs Bakers’ yeast 67 >99:1 75 (2R,35)  —9 59)
CH,30O'
48 CH2CH,S®¥  CHs Bakers’ yeast 62 96:4 >95 (2R,38)  —° 63)
49 CH:CH.SCH:® CH; Bakers’ yeast 71 99:1 85 (2R,39) —) 64)
50 CH,CH:NBoc® CH; Dipodascus sp. 80 —) >99 (2R,3S) —) 65)

fluence of a chiral phosphine-Pd catalyst, a s-alkyl
Grignard reagent reacts with (E)-S-bromostyrene to af-
ford the coupling product in 93% yield and in 95% ee
(Entry 9).2® Since most asymmetric reactions catalyzed
by transition-metal complexes proceed via a multistep
mechanism, care must be taken in identifying the stereo-
determining step. Sometimes enantiomers of a racemic
compound are consumed at nearly the same rates (kg
& kg); nevertheless, the reaction forms a chiral product
of high enantiomeric purity. Notable examples include
the reaction of a racemic allyl acetate and a stabilized

carbanion®® and reduction of a racemic allyl acetate
with formic acid,®® both catalyzed by a chiral phos-
phine—Pd(0) complex. In these instances, the kinetic
bias is given in the diastereomeric 7-allyl-Pd(II) inter-
mediates reacting with a carbanion or a hydride source
at different rates.

Enantiomerization of substrates normally requires a
configurational inversion at the stereogenic center. The
third class of asymmetric reactions, however, involves
differentiation of equilibrating enantiomeric conform-
ers of achiral substances. Although many enantio-
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Table 2. (Continued)

(o) OH
RIJKI/X _— R2 LX
R? R?
Product
Substrate® ee/% (Abs confign)

Entry R! R? X Method Yield/% syn: anti syn anti Ref.
51 CHs; CHs; CSSCH; Bakers’ yeast 65  94:6 >96 (1R,28) >96 (15,25) 66)
52 CHs; CHsz COSCHs Bakers’ yeast 77 81:19 >96 (1R2S) — 66)
53 CHs Br  PO(OCHs): Ha/(S)-BINAP-Ru(Il) 91  90:10 98 (1R,25) 94 (15,28) 67)

in CHsOH
54 CHs Allyl SO,CeHs  Bakers yeast 65  20:71 86 (1R,25) 100 (15,28) 68)
Product
ee/% (Abs confign)

Entry Reaction Yield/% syn : anti syn anti Ref.

, bakers' yeast
55 CH00C CH00C"2 57 10:90 99 (1R,2R) 99 (1S,2R) 69)
56 c:a[,ooch/Cl bakers' yeast cn,ooc)\rq 56 90:10 >99 (1R:2S) >99 (15,25) 70)

i-CyHo i-CHy
Product
Entry Reaction Yield/% Diastereomer ratio Ref.
iCHy, O COOCH; 9 cooch,
H + A i-C, H
57 N O + “zNQ ' "H*/U\PO ) 90 : 10 71)
Y NHBz
Cells  p-CH,CaH,SO5”
S MgCl 0 c-CeHyy c-CgHyy
58 Y+ HCHOK :r _ ]’ 89 97: 3 72)
“c-CeHyy |/\r O ™c.CeHy,
(o]
CHsSe _Li
59 D HJ\E/\CA-IS CHlsSe ANt 93 56 : 44 73)
n-C4Hy NBny n-C4Hy NBn,
B (CeHssP, CO 0 (CeHaP, € )
60 1-C4Hg0 + NF% LCHO” Fv 29 40: 1 74)
OLi i
a) Racemate. b) Conversion. c¢) Not detailed. d) (R)-2,2’-Bis|bis(3,5-dimethylphenyl)phosphino]-1,1’-binaphthyl (3,5-

xylylBINAP) is used as ligand of the Ru catalyst.
as ligand of the Ru catalyst.
phosphinolethane. h) Ar = 3,4-methylenedioxyphenyl.
and R? are linked to make a cyclic substrate.
isopropylidene-2,3-dihydroxy-1,4-bis(diphenylphosphino)butane.
kinetic resolution is observed (personal communication from Dr.

i) Ar

face- and enantiotopos-differentiating reactions of flex-
ible molecules are actually accomplished by this mech-
anism, particularly noteworthy is the asymmetric cy-
clization of 1,2-diarylethylenes to helicenes by the irra-
diation of circularly polarized light (Entry 12).2® The
enzymatic hydrolysis of epoxycyclohexane also presents
a historically important example.?®) The asymmetric
bromination of cyclohexene catalyzed by Cinchona al-
kaloids might involve kinetic resolution of conforma-
tional isomers of the olefinic substrate or bromonium
ion intermediates.3

Enantioselective Synthesis of Diastereomers.

k) R! and R? are connected to make a cyclic structure.

e) 2,2'-Bis[bis(3,5-di-t-butylphenyl)phosphino]-1,1’-binaphthyl is used
f) CHIRAPHOS = 2,3-bis(diphenylphosphino)butane.

g) 1,2-Bis[(o-methoxyphenyl)phenyl-
= 4,4'-dibenzyloxy-3'-(1,3-dioxan-2-y1)-3-biphenylyl. j) R?
1) DIOP = 2,3-0O-

m) In a solution saturated with LiBr, a better dynamic
S. G. Davies of Oxford University).

Appropriate use of dynamic kinetic resolution provides
an opportunity for the enantioselective synthesis of a
diastereomer, according to Fig. 3. The reduction of a-
substituted (8-keto esters is among the most typical reac-
tion. The chiral substrates that undergo ready racem-
ization via the enol form are converted to a series of
important S-hydroxy esters. Although four stereoiso-
meric products are possible in this reaction, the selec-
tion of suitable conditions may result in a single product
with high stereoselectivity. Table 2 lists examples ac-
complished by biological or chemical means. Although
various microorganisms and enzymes effect this trans-
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formation, the bakers’ yeast reduction is probably the
most convenient biological method. The treatment of 2-
substituted 3-oxobutanoates with a mixture of bakers’
yeast and sucrose in water produces the (35)-hydroxy-
butanoates, as observed in enantioselective reduction
of parent ethyl 3-oxobutanoate.” The sense of dia-
stereoselection is highly affected by the nature of the
C(2) substituents. Methyl, allyl, halogeno, and meth-
ylthio substituents tend to afford 2,3-syn products pre-
dominantly, while the anti isomers are favored with the
oxygen functionalities (Entries 20 and 21). The chiral
efficiency can be improved by structural modifications
of the substrates. For example, the extent of the 2,3-syn
selectivity is increased from 75:25 to 95:5 by changing
the methyl ester to octyl ester (Entries 2 and 8). O-Ben-
zoylation of the 2-hydroxy compound also enhances the
anti selectivity (Entries 20 and 21). The reaction of the
potassium salt of 2-methyl-3-oxononanoic acid shows an
excellent anti diastereoselection (Entry 25). This reac-
tion can be extended to related thio esters (Entries 51
and 52). Since micro-organisms normally contain var-
ious enzymes having different reactivities and stereo-
selectivities, the selectivity of the reduction is sensitive
to the reaction conditions, including the addition of se-
lective enzyme inhibitors. The addition of methy! vinyl
ketone, for instance, gives a syn selectivity as high as
96:4 (Entry 3). The use of pure enzymes sometimes
increases the selectivity (Entries 4, 5, and 9).
Catalytic hydrogenation provides an operational sim-
plicity in this transformation. Unfortunately, hetero-
geneous hydrogenation with Raney nickel modified by
(R,R)-tartaric acid showed only moderate enantio- and
diastereoselectivity in the reaction of methyl 2-methyl-

OH O
_ R' OR?
(R R, >98% ee
(o] (¢}
+ H
R'/u\/u\ORZ 2
(-1 OH O~
R' /\/u\onz
S, >98% ee
O QU0
P P,
N\
JRuXel, JRuXal.,
P P
0% U Jx
(R)-1 (S)-1
Fig. 4. Enantioselective hydrogena.tion of B-keto es-

ters catalyzed by BINAP-Ru(II) complexes. X =
anionic ligand; L = neutral ligand. In most cases,
Ar = phenyl.
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3-oxobutanoate (Entry 1).

Homogeneous hydrogenation of prochial g-keto es-
ters catalyzed by BINAP-Ru(II) complexes 1 (BINAP
= 2,2'-bis(diarylphosphino)-1,1’-binaphthyl) proceeds
with a high degree of enantioselection, as shown in
Fig. 4.7 The hydrogenation finds a very wide gen-
erality and high chiral flexibility; a reaction using the
(R)-BINAP catalyst, (R)-1, produces the R hydroxy
ester in >98% ee, while the use of the S catalyst, (5)-1,
affords the S hydroxy ester.””® The asymmetric hydro-
genation can be performed in organic media, normally
alcohols, with up to 50% substrate concentration under
4—100 atm™ of hydrogen at room temperature with
a substrate/catalyst mole ratio of up to 10000 on any
scale using <100 mg to >100 kg of the substrate.” The
products are easily isolated from the reaction mixtures.
The reaction is applicable to the synthesis of biologically
significant compounds, such as carnitine,””® y-amino-
B-hydroxybutyric acid (GABOB),”” statine series,®”
compactin,””®V FK-506,7*8) and theonellamido F.8V

The reaction probably proceeds via Ru monohydride
species formed from 1 and hydrogen.®? The ester func-
tion in the substrate accelerates the hydrogenation and
at the same time directs the stereochemical outcome
through an interaction with the Ru center. The high
chiral efficiency obviously relies on the unique chiral en-

side view

$

O = coordination site in the P'~Ru~P? plane
W = coordination site out of the P'~-Ru—P? plane
Fig. 5. Chiral environment of an (R)-BINAP-Ru(II)
complex. The naphthalene rings are omitted in the
side view. '
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vironment of the BINAP-Ru(II) complex.®® Figure 5
illustrates the Cy chiral template created by the (R)-
BINAP and Ru(Il) element.”®®% The chirality origi-
nally generated by the binaphthyl skeleton is transmit-
ted spatially through the P-phenyl rings to the in-plane
and out-of-plane coordination sites, indicated by O and
M. The stereo-determining step would be the reaction
of the Ru-H element and the coordinated (-keto ester
that takes place in such a way as to minimize the non-
bonded repulsion between the P-phenyls and substrate
substituents. Particularly, the “equatorial” P-phenyl
rings exert a profound steric influence on the ligand
in the P1~Ru-P? in-plane sites, . Figure 6 explains
the origin of the high degree of R selection by compar-
ing the diastereomeric transition structures leading to
the enantiomeric hydroxy products.®® It is clear that
the S-generating structure, 2g, is highly unlikely be-
cause, in the fourth quadrant, the R! substituent suf-
fers a serious nonbonded interaction with the equato-
rial P-phenyl ring in the (R)-BINAP ligand; such an
unfavorable interaction is absent in the R-generating
transition state, 2z. The OR? moiety present approxi-
mately in the P!1~Ru-P? plane is far from the P-phenyl
substituents, and, hence, unimportant for producing a
stereochemical bias.

This asymmetric hydrogenation can now be utilized
for chirally labile a-substituted B-keto esters, leading to
the syn and anti diastereomers (Fig. 7). Table 2 gives
some examples. The general sense of the catalyst-to-
product chirality relationship, R to R and S to 5,77 is
not violated. Thus, the absolute configuration of the
hydroxyl-bearing 3 position is determined by the chi-
rality of the BINAP ligand, and the stereoselectivity
is generally high. On the other hand, the configura-
tion of the a stereogenic center is highly affected by
the structures of the keto substrates as well as the re-
action conditions. Some synthetically notable features
are described below.

2p (side view) G

favored

25 (side view)
unfavored

OH O o OH

R‘J\/u\on2 nzo/u\/ls\ R

R
Fig. 6.  Stereo-determining step in the (R)- BI-
NAP-Ru(Il) catalyzed hydrogenation of B-keto es-
ters. Hydrogen on Ru moves to the carbonyl carbon.
The sterically demanding “equatorial” P-phenyl rings
are shaded. X = halogen, Hs, solvent, etc.
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As shown in Fig. 8, the hydrogenation of racemic 2-
acetyl-4-butanolide (3) with (R)-BINAP-Ru catalyst
proceeds with a 98 : 2 syn selection to give the (R)-1-hy-

O O
RZ

o o0
R Jj\:)j\oa3

éa

(R) BINAP——R () H o oH 0
U
M LU S -
B2 R2
racemic syn anti

Fig. 7. Stereoselective hydrogenation of a-substituted
B-keto esters.

0 O " OH O
2
(R)-BINAP-Ru(ll)
i - —_— e - R
® | o' CH,OH H“| ?
3 ' syn
4
o o H OH O
2
(R)-BINAP-Ru(ll) ”\
@®- OCHg CH,Cl, OCHs
R R
anti
5, R = (CHyp)3 » R=(CHo)s
6, R = (CHy), 9, R = (CHy)2
7,R=CH, 10, R = CH,
X X
-O— O _O— OCH3
[(R)-binap]Ru~ = [(R)-binap]Ru-O||F u
| o, .
H CHy H :
b b~
11 12
X = halogen, H,, solvent, etc.
O OH
n—C15H31R IR IPC15H31
n-C14H29 O n~C14H29

13, treharose dlcorynomycolate

HO 1y P(CgHs)2
E A COOH RS
OH » P(CeHs)2

0 14, 1233A cis and trans
15

OH OH OH OH OH

16, roxaticin

Fig. 8. Stereoselective hydrogenation of racemic keto
esteres catalyzed by BINAP-Ru(II) complexes.
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droxyethyl compound 4 in 94% ee (Entry 30).4" In con-
trast, 2-(alkoxycarbonyl)cycloalkanones, 5—7, are hy-
drogenated to give the corresponding trans or anti prod-
ucts, 8—10, with high diastereo- and enantioselectivity
(Entries 33, 36, 38, 41, and 44).41455) The nature of
the solvent strongly affects the extent of the diastereo-
selectivity. A high anti selectivity is obtained in dichlo-
romethane instead of ordinary alcoholic solvents. As the
ring size increases from five to seven, the diastereoselec-
tivity is lowered to some extent. An aromatic ring can
also be incorporated in the cyclic substrates (Entries
41, 42, and 44). The anti selection is contrasted to
the syn selectivity observed in the bakers’ yeast reduc-
tion of cyclic keto esters (Entries 32, 35, and 46—49).
These stereoselectivities accomplished with the (R)-BI-
NAP-Ru catalyst are easily understood by consider-
ing the stereo-determining transition structures, 11 and
12,89 where the stereochemical argument of the BINAP
complex in Fig. 6 and characteristics of the cyclic sub-
strates are taken into account. As expected, the hy-
drogenation of a simple 2-methylated 3-oxobutanoate
occurs with high enantioselectivity, particularly in eth-
anol, but with low syn/anti diastereoselectivity (Entry
7). These reactions have been utilized for the synthe-
sis of treharose dicorynomycolate (13),57%¢) HMG-CoA
synthase inhibitor 1233 A (14),%%9 chiral diphosphine
15%%7 and roxaticin (16).5589)

A relevant dynamic kinetic resolution has been seen
with chirally labile diastereomeric substrates (Fig. 9).
When the racemic bicyclic ketone 17, possessing one
chirally labile and two stable stereogenic centers, is
hydrogenated with an (R)-BINAP-Ru complex in di-
chloromethane, the alcoholic product 18, a synthetic
intermediate of carbacyclins 22,39 is formed in 86%
ee and in 32% yield.*") The hydrogenation takes place
selectively from the convex face of the bicyclo[3.3.0]-
octane skeleton via a transition state like 12 among
eight possible stereoisomers. In a similar manner, an
(S)-BINAP-Ru catalyzed reaction of racemic cyclo-
petanone 19 with an all-trans geometry affords 20 with
84% ee and 21 in 90% ee in nearly equal amounts,
respectively.®® In this instance, both (3R,45)- and (35,
4 R)-diarylcyclopentanones are consumed by asymmet-
ric hydrogenation. This reaction is useful for synthesis
of the chiral diphosphine 23.%9)

Open-chain (-keto esters with an a-amido or -(alk-
oxycarbonyl)amino substituent are hydrogenated with
excellent syn selectivity, as exemplified by the reaction
2425 in Fig. 10 (Entries 15—19 and 27—29).%4:48.56)
Both natural and unnatural threonine 26 as well as re-
lated compounds can be produced in high ee’s by se-
lecting the chirality of BINAP. This hydrogenation is
applicable to the synthesis of anti-Perkinsonian L-threo-
3-(3,4-dihydroxyphenyl)serine (L-DOPS) (27)*% as well
as a key intermediate for the synthesis of bipheno-
mycin A (28).568¢) The syn diastereoselectivity is inter-
preted primarily in terms of the Felkin—Anh transition
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o o
" ~OCH;3 Ha :
(#)-* * (A)-BINAP-Ru(ll) H...)
CHoCl,
o o
-/
17
o o OH O OH O
. Hy H H u\
@) OCH; (SBINAP-Ru(l) OCH; . OCH;
A CHoCl—CHy0H / \
Ar Ar Ar A Ar  Ar
19 20 21
Ar=m—CICsH4

22, carbacyclins

Fig. 9.  Stereoselective hydrogenation of diastereo-
meric keto esters catalyzed by BINAP-Ru(II) com-
plexes.

H, OH O
) u , (R)-BINAP—Ru(lIl) 1 ,
+)-

®-R OR ChaCh R OR

NHCOR? NHCOR?
24 25
R2 = CHj, CgHs, or OBn
OH O OH O
PG U o
NH> HO NH»
26, L-threonine 27, L-DOPS

X
O onRd

T 8
[(A) maleluM"S NHCOR?
H
i oo

i 0H
o . \[OH
NHz 29, X = halogen, Hy, solvent, etc.
28, biphenomycin A

Fig. 10.
compounds by BINAP-Ru catalyzed hydrogenation.

Stereoselective synthesis of threonine-type

state 29,8589 where the electronegative o substituent
is anti to the incoming hydrogen. The syn transition
state may be further stabilized by possible NH/OR3
hydrogen-bond formation. This view is consistent with
the difference in the syn: anti diastereoselectivity, 99:1
vs. 71:29, seen with dichloromethane and methanol as
solvent.* Even more important is the hydrogenation of
the racemic benzamidomethyl substrate 30 of Fig. 11
(Entries 10—12).447%6) The controlled reaction in di-
chloromethane containing the (R)-BINAP-Ru(1I) cata-
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O H, OH
(R)-BINAP-Ru(ll) /I\/\
#- NHCOCsHs ™ Crich, Y “NHCOCgHs
COOCH; COOCH;3
30 31
FC4Hy(CH)2SI0
°© COOH
32 33, carbapenems
Fig. 11. Stereoselective synthesis of carbapenem an-
tibiotics.

lyst gives the hydrogenation product 31 in 99% ee and
with 94:6 to 99:1 erythro/threo®® diastereoselectivity.
This reaction after extensive technical refinements is
now used for the industrial preparation of the azetidi-
none 32 (120 ton/year),’” a common intermediate for
the synthesis of carbapenem antibiotics 33.

The BINAP-Ru catalyzed hydrogenation utilizing
dynamic kinetic resolution has been extended to the
stereoselective synthesis of certain a-substituted S3-hy-
droxy phosphonates.’” Thus, as illustrated in Fig. 12,
in the presence of the (S)-BINAP-Ru catalyst, racemic
dimethyl 1-bromo-2-oxopropylphosphonate (34) is hy-
drogenated with a 90:10 syn/anti selectivity to give di-
methyl (1R,25)-1-bromo-2-hydroxypropylphosphonate
(35) in 98% ee (Entry 53). The Felkin—Anh transition
structure 37 in the hydrogen transfer step rationalizes
the preferred formation of 35 among the four possibil-
ities. This asymmetric reaction opens a practical way
to fosfomycin (36), a clinically used antibiotic.®?

As listed in Entries 55 and 56 in Table 2, certain
a-keto esters with a labile stereogenic center at the
position can be reduced by bakers’ yeast in an enantio-
and diastereoselective fashion.

The reaction of racemic leucine oxazolinone and pro-
line methyl ester gives the R amide in a 90:10 di-
astereoselectivity (Entry 57). In a similar manner,
enantiomers of chirally labile organometallics react with

H
o (Il) (S)—BINAE’—RU(II) ?H |C|)
(®)- /[S/P(OCHs)z ~ohon /\:/P(OCHS)Z

Br Br
34 35

o]
_OH CH30 X

CH P\OH 3\ 0

— CH30-P=ll:0~Ry[(S)-binap]

H H
(0] Br
N H

36, fosfomycin H CHs
37, X = halogen, H,, solvent, etc.

Fig. 12. Stereoselective synthesis of fosfomycin.
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enantiomerically pure electrophiles at different rates to
give diastereomeric adducts in unequal amounts. The
donor—acceptor relationship of the chiral substances
may be reversed. At the end of the table (Entries 57—
60), some examples are given.

Quantitative Expression

Mathematical Treatment. The mathemat-
ical expression of chemical reactions is not only a
fundamental subject which discerns the details of a
given molecular change, but also provides suitable in-
dications for improving the synthetic efficiency on de-
mand. The reaction via kinetic resolution is char-
acterized by the time dependence of the selectivity.
The theoretical treatment of the conventional resolu-
tion of Fig. 1 began with the Bredig-Fajans’ numer-
ical formulation in 1908,°®) which was followed by a
graphical expression by Kuhn®® and Mislow,”® and
reached the Kagan’s diagnostic system.%® Later, Sharp-
less and Sih extended this system to more general
equations:®°" kg /ks = In[(1 — convn)(1 — ees)]/In[(1
— convn)(1l + ees)] and kg/ks =1n[l — convn(l +
eep)]/In[1 — convn(l — eep)]. Here, the eeg and eep
are the ee values of the recovered substrate and prod-
uct, respectively. These are now used to calculate the
kr/ks value, an index of the efficiency of the resolu-
tion, facilitating the use of kinetic resolution as a tool
in organic synthesis. Although the concept of dynamic
kinetic resolution of Figs. 2 and 3 had already been
recognized as early as the 1960’s in connection with
the Curtin—-Hammett principle, the synthetic utility re-
mained unviable. Furthermore, the close interrelation
of competitive reactions, which is contrasted to the in-
dependence of the two pathways in Fig. 1, did not allow
its easy mathematical expression. The progress in mod-
ern computer techniques, including both hardware and
software, however, has changed this situation. Here, we
disclose a general mathematical system for assessing the
details of dynamic kinetic resolution.*>:°®) This formu-
lation would provide a rational framework for a deeper
understanding of the complex stereoselective reaction.

Dynamic Kinetic Resolution of Fig. 2.° Fig-
ure 2 is the simplest framework of dynamic kinetic reso-
lution, where Sg and Sg are stereospecifically converted
to P and Pg, respectively. For the analysis, four as-
sumptions are set: (1) reactions of Sg and Sg with rate
constants, kg and kg, and stereoinversion of the sub-
strate with kj,, proceed in first or pseudo-first order
in substrate concentrations;*® (2) Sg reacts faster than
Ss, and, hence, Py is the prevailing enantiomeric prod-
uct; (3) Sg and Sg racemize at the same rate; (4) the
reaction is irreversible, and Pr and Pg are stable un-
der the reaction conditions. Since Sg is consumed with
rate constants kr and ki, and supplied from Sg with
constant k., the velocities of the consumption of the
substrates are expressed as
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Fig. 13. Simulation of variations of enantiomeric purities of the product as a function of conversion with imaginary
kr/ks and kiny/kg parameters.

- Ei-[as—tli] = (kr + kinv)[SR] — kinv[Ss] (1)

and ) d[Ss]

dt

= (ks + kinv)[Ss] - kinv[SR] (2)

Since these are two-dimensional linear differential equa-
tions with respect to [Sg] and [Sg], their integration
through the known mathematical treatment gives Egs. 3
and 4, which state the substrate quantities as a function
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. . k
of time elapsed: R (1 11%(}%)
= 2 10
Si(t) = Cae™™ + o™ ® 2(% ") "
s

and . . . N

Ss(t) = Cae™ 4 Cue2t 4) Figure 13 graphically illustrates the relationship be-

Further integration of these equations affords Eqgs. 5 and
6, which describe the quantities of Pz and Pg at time
t:

R(t) = / krSr(t)dt = kg

S v+ 2 @t-n] )

and

A2

Since A1, A2, C1, Co, C3, and Cy in Egs. 3, 4, 5, and 6
are parameters correlating with the four coefficients of
EqS- 1 and 27 (kR + kinv)a “kinvy (kS + kinv), and _kinv’
the amounts of the four components in Fig. 2 (Sg(t),
Sr(?), Pr(?), and Pg(¢)) are now represented by the
parameters, kg, ks, and ki,v. Therefore, the selectivity
profiles, eeg(t) (ee of slow-reacting Sg), eep(t) (ee of
major product Pg), and convn(¢) (conversion), given
by Egs. 7, 8, and 9, are also expressed by these three
parameters:

s(t) = /ksss t)dt = ks [03( A1‘—1)+9(e*2t—1)] (6)

_ Ss(t) ~Sk()
"0 = 5e@ 4550 "
_ Pr(t) ~Ps(1)
cer(t) = 5 T Pa (D)’ ®
and
_ Pr(t)+Ps(t)
om(t) = 8,0 +55(0) ®

Accordingly, an experimental determination of the
kr/ks and ki, /ks ratios allows for a time-parametrical
graphic representation of the selectivity profile, such as
convn(t)/eeg(t) and convn(t)/eep(t).

Because the rate ratio (kgr/ks) is equivalent to the
product ratio when Sg and Sg are present in equal
amounts, this is nearly identical with the Pr/Pgs ratio
at an early stage of the reaction. The indexes, kgr/ks
and ee) (ee of major product at ¢ = 0), are indepen-
dent of time and the concentrations of the substrate and
catalyst or enzyme. These initial values are kept con-
stant throughout the reaction when the stereoinversion,
Sp=8g, is infinitely faster than the reaction (kiny >> kg
and kg) and the Curtin-Hammett principle safely ap-
plies; however, in reality, the final Pr/Pg ratio at 100%
conversion deviates from the initial values. The degree
of this deviation is correlated to the ki,y/ks ratio given
by Eq. 10, which uses experimentally available values,
kr/ks and eel or kp/ks and P}{)/OS (ratio of products
derived from S r and Sg).

-—ee
kinv ks P

ks kr ) (100 ( kr 100)
(ks 1 eep kS + eep

tween eep(¢) and convn(t) with some imaginary kgr/ks
and ki,y/ks ratios. This figure provides an overview of
the interrelationship between the enantiomeric purity
of the product and the various kinetic parameters.

Dynamic Kinetic Resolution of Fig. 3.  The
above theoretical treatment also holds for the reaction
given in Fig. 3, which is typified by the asymmetric re-
duction of a-substituted B-keto esters. The same defini-
tions and assumptions are set for the reaction of Fig. 14.
This reaction of an interchanging mixture of Sy and
Ss produces four stereoisomers: Prr, Prs, Psr, and
Pgs.1%9 Sg is again assumed to react faster than Sg,
and Pgrp is chosen to be the most abundant stereoiso-
mer. The quantities of the substrates, Sg(#) and Sg(¢),
are represented by Eqgs. 3 and 4, and the sum of the
products derived from Sk and Sg are given by simply re-
placing Pr(t) and P(%) in Egs. 5 and 6 with Pggr(t) +
Prs(t) and Pgr(t) + Pss(t), respectively. Since each
reaction of Fig. 14 affords two diastereomeric products,
four stereoisomers are produced in unequal amounts.
Thus, the quantities of these stereoisomers are written
by Egs. 11, 12, 13, and 14. Here, w, z, y, and z are
partition coefficients of the isomers (w + z+ y + 2z =
1), where Sr and Ss are assumed to be present in equal
amounts.

Pas(t) = -2 mkg[%l(e*lt—wrc? A2t 1)] (12)
Psa(t) = izks[f\j—f(e’\lt——l)—{-f—:(e’\zt—l)] (13)
Pos() = ks [ -1+ S -] ()

Now, the amounts of the enantiomeric substrates and
four stereoisomeric products at time ¢ are represented
by time-dependent functions using w, z, ¥, 2, kr/ks,
and ki, /ks as parameters. The ee of the unreacted

o o P OH ©O OH O
R H
R‘J\)J\OR3 fast R‘J\E)kon" + R'/\E)]\OR""
fe fe e
Sg P gr, major Pgrs
w X
A o
o o B OH O OH O
g :
R’J\(U\OR3 slow R1J\|/U\OR3 + R1/\|/U\OR3
R? R? R?
Ss Psr Pss
y z

Fig. 14. Hydrogenation of a-substituted S-keto esters.
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Fig. 15. Simulation of the selectivity profiles as a function of conversion of a racemic keto ester with imaginary w, z,
y, z (0.855, 0.005, 0.095, and 0.045, respectively), kgr/ks (6.14), and kiny/ks (1000, 100, 10, 1, and 0.1) parameters.
D = (Prr + Pss)/(Prr + Prs + Psr + Pss). SEL = Prp/(Prr + Prs + Psgr + Pss).

slow-reacting substrate [ees(?)] is given by Eq. 7, as  ucts [Pg/s(¢)], composition of the most abundant iso-
described earlier. The ee’s of the diastereomeric prod-  mer Pgp in the whole product [SEL(#)], and conversion
ucts, Prr and Psr [eerr(t) and eegr(t), respectively],  [convn({)] are given in Egs. 15, 16, 17, 18, 19, and 20:
diastereoselectivity [D(#)], ratio of the 2R and 25 prod-
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eern(t) = Prr(t) - PSS(t), (15) kr/ks, and kinv/ks. In order to accomplish a high chi-

Prr(t) +Pss(t) ral efficiency, the inherent stereochemical effects should

Psr(t) — Prs(t) be suitably coupled with the kinetic parameters. The

eesr(t) = 5 D T Pra(d)’ (16)  stereoselectivity is obviously time-dependent. Figure 15
Psr(t)+Prs(t) stereoselectivity is obviously time-dependent. Figure

Prr(t) + Pss(?) gives some computer-generated curves showing the eeg,

D(t) = Brrd) +P}:;(t) ¥ Pzi(t) TP @) (17)  eegr, eesr, D, and SEL as a function of the conversion

with some imaginary parameters. The enantiomeric

Prs(t) = Prr(t) + PRS(t), (18) and diastereomeric purity of the most abundant isomer

Psr(t) + Pss(t) P rr can not exceed the initial values, ee = (w — z)/(w

SEL(t) = Prr(t) 19 + 2) and D® = w + 2, respectively. In a similar man-

®= Prr(t) + Prs(t) + Psr(t) + Pss(t)’ (19) ner, SEL? is the maximal composition of Pgg, while

and SEL which is ultimately obtained is the minimal

value. Figure 16 illustrates the relationship of kv /ks,

convn(t) = Prr(t) + Prs(t) +Pselt) + Pss(t) (20)  kgr/ks, and SEL'% by a 3D graph. In this instance,

Sr(0) +Ss(0)

Thus, the dynamic aspects of Fig. 14 are clearly de-
scribed by the experimentally accessible parameters.
The expression is general. For the asymmetric reac-
tion, the distribution factors, w to 2, can be determined
by two experiments. First, the Prr/Prs and Pggr/Pgs
ratios, at any conversion, of a reaction performed with
an enantiomerically pure catalyst simply correspond to
the w/z and y/zratios, respectively. Because the Sgr/Sg
ratio normally deviates from unity as the reaction pro-
ceeds, this reaction is unable to determine the w/y or
w/ z ratio. However, the reaction using the racemic cat-
alyst occurs via mutual kinetic resolution, where the
concentration of Sg and Sg remains equal throughout
the reaction.!V Therefore, the observed diastereoselec-
tivity, (Prr + Pss)/(Psr + Prs), is expressed by (w
+ 2)/(y + z). It should be noted that to achieve the
desired mutual kinetic resolution the enantiomeric cata-
lysts must function independently and that they should
not interact with one another.’®® When a racemic cat-
alyst is not available, for example, with a biological
system, the w, z, y, and z values may be estimated
from the product distribution of the reaction with a
very low conversion by using a suitably accurate ana-
lytical method. Since w+ z+ y + 2= 1, these three
experimentally obtained values lead to the distribution
coefficients. The kg/ks ratio is equal to (w + 2)/(y +
2) and ki, /ks is defined by Eq. 10.

In the asymmetric reaction of a chiral substrate with
a chiral catalyst (or reagent), the stereoselectivity is
often presumed to be the combined effects of catalyst
control (Ccat, ability of the catalyst differentiating hy-
pothetical enantiofaces of the substrate) and substrate
control (Ceup, diastereoselectivity of reaction between
the chiral substrate and a hypothetical achiral cata-
lyst).1%®) The reaction of Fig. 14 affords Pggr as the
most abundant product and Pgg as the least abundant
isomer. Then Cear = (wy/22)'/? and Ceup, = (wz/zy)'/?
provide rough indexes of these three-dimensional effects,
while Ceat : Csup = y: 2. However, this is not valid when
T> yor 2z '

The profile of the stereoselective synthesis via the dy-
namic kinetic resolution is fully described by w, z, y, 2,

although the stereochemical factors, C.,y and Cgyp of
10, are sufficiently high the picuture indicates that the
stereoselective formation of Pgg further requires appro-

Fig. 16. 3D-graphic demonstration of relationship of
k‘inv/ks, kR/kS, and SEL'%° with Ceat = 10 and Ceup
= 10.
0 ? OH ﬁ\ OH ?k
(AR5 (R,R)-8, 82% yield (R.S)-8
kplks=9.8 | _0.884 x=0.0232
kinv’ l | | Kndks=4.4
o O OH O
6‘}\00H3 _ks @OCHS *
(8)-5 (S,A)-8 (5.9)-8
y=0.0598 z=0.0330

Fig. 17. Hydrogenation of 2-(methoxycarbonyl)cyclo-
heptanone (5) (2.7 moldm™3) catalyzed by (R)-BI- -
NAP-Ru(II) complex (2.6 mmoldm™2) in dichloro-
methane at 100 atm at 50 °C for 96 h.
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Table 3. Parameters of Stereoselective Hydrogenation of Chirally Labile Ketones Catalyzed by
BINAP-Ru Complexes

Parameters
Entry Substrate Solvent Ceat Csub  Ktast/ksiow Kinv/ksiow eep’ D° SEL® SEL!®
1 (£)-5% CH:Cl; 83 46 9.8 44 0928 0917 0.884 0.816
2 (x)-5¥ CH30H 47 1.8 5.9 0.24 0987 0.850 0.845 0.569
3 (F)-7>D CH;OH 86 24 12 3.0 0.964 0.938 0.921 0.821
4 (&)-30¥ CH.Cl; 104 9.0 15 92 0.990 0.943 0.938 0.934
5  (£)-30*9 CH:Cl, 130 24 26 94 0.988 0.968 0.962 0.957
6 (&)-30¥ CH30H 42 1.5 0.93 — 0.929 0.493 0.475 0.483
7 (£)-34>%9 CH;0H 67 4.3 13 11.5 0991 0.930 0.926 0.894
8  (£)-34>Y  CHs0H 60 4.5 13 2.8 0989 0930 0.925 0.818

a) Concentrations of the substrate and catalyst are given in the caption of Figs. 17, 19, and 20. Reaction
in methanol and dichloromethane is performed at 25 and 50 °C, respectively, under 100 atm of hydro-
gen. b) [sub] = 3.3 moldm™3. [cat] = 2.6 mmoldm~3. c¢) 3,5-XylylBINAP was used as ligand of
the Ru catalyst. d) [sub] = 0.34 moldm—3. [cat] = 0.18 mmoldm~3. e) At 4 atm. f) [sub] = 0.33
moldm~3. [cat] = 0.65 mmoldm™3.
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Fig. 18. Computer simulation and experimental results of hydrogenation of 2- (methoxycarbonyl)cyclohepta.none (5)
catalyzed by (R)-BINAP-Ru(II) complex. Line: simulation. Dot: observation.

priate kinetic conditions. The top corner denotes the  and kin,/ks = 0.01.

ideal situation (% SEL'%° = 98.0) obtained with kg /ks Correlation between Experiments and Com-
= 100 and kiny/ks = 1000, while the front corner is the  putation. The BINAP-Ru(II) catalyzed hydro-
worst case (% SEL!? = 49.5) resulted with kg/ks = 1  genation of certain a-substituted 3-keto esters (Fig. 14)
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appears to provide a powerful tool for stereoselective
organic synthesis, as described above. In the catalytic
cycle, the combination of the chiral Ru-H species and
substrate creates four possible diastereomeric transition
states in the stereo-determining step, where one of them
is selected by the stereochemical characteristics of both
counterparts. In all cases so far tested, the absolute con-
figuration of the hydroxyl-bearing stereogenic center is
controlled by the chirality of BINAP, while the anti/syn
or threo/erythro®® relative configuration is determined
by the structures of the substrates. The preference can
be reasonably understood by considering the sense of in-
termolecular asymmetric induction caused by the chiral
catalyst and that of intramolecular asymmetric induc-
tion based on the skeleton and functionality of the sub-
strate. This is a time-independent stereochemical issue
of the chemical system. However, crucially important
to secure the inherent stereoselectivity is the acquisition
of proper kinetic parameters which rely on the reac-
tion conditions. The general mathematical expressions
shed light on the dynamic aspects, thereby suggesting
a way to approach the ideal situation. Table 3 lists the
quantitative parameters of the stereoselectivities in the
BINAP-Ru catalyzed hydrogenation that act as useful
diagnostic indicators.

First, the reaction of the seven-membered ketone 5
giving (R,R)-8 as the most abundant product is chosen
as a model (Fig. 17). The hydrogenation was performed
in dichloromethane at 50 °C or in methanol at 25 °C
under 100 atm of hydrogen.*>"® Figure 18 illustrates
the changes in the ee’s of the major alcohol (R,R)-8
and the first minor alcohol (S,R)-8, anti diastereoselec-
tivity, and the composition of the major alcohol (R,R)-
8 in the whole product (SEL) as a function of the con-
version of 5. The computer-generated curves (lines)
based on the parameters of Fig. 17 and Entries 1 and 2
in Table 3 predict a decrease in the ee of (R,R)-8, and
an enhancement in the ee of (S5,R)-8, which are in good
agreement with the experimental observations (dots).
The change in the SEL value also fits well. In meth-
anol, a standard solvent for the hydrogenation, (R)-5
reacts ca. six-times faster than the S enantiomer, and
eerg is kept high throughout the reaction from 98.4 to
94.6%. Unfortunately, however, the ultimate diastere-
oselectivity, anti: syn, is 58 :42, and SEL% is only 57%
(Entry 2). This is due to the requisite stereoinversion
of (5)-5 being four-times slower relative to its hydro-
genation. By changing the solvent from methanol to
dichloromethane (Entry 1), this ratio is improved by
a factor of 18; now, the inversion is four-times faster
than the hydrogenation. As a consequence, the overall
efficiency is enhanced to lead to an anti: syn ratio of
87:13 and SEL!% of 82%. Although both the stereoin-
version and hydrogenation of 5 occurs more facilely in
methanol, a higher relative rate, kiny/ksiow, i8 secured
in dichloromethane.'%

The kinetic factors are sensitive to any structural
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variation of the substrate. The lower analogue, 2-
(methoxycarbonyl)cyclopentanone (7), behaves some-
what differently (Entry 3).*> Even in methanol, the
stereoinversion of the five-membered ketone occurs
three-times faster than the hydrogenation of the S enan-
tiomer. The enantiomers are differentiated by a factor
of 12. Consequently, the reaction gives an R,R prod-
uct with 92% initial and 82% final selectivity. The high
SELY is a result of the combined effect of the catalyst
and substrate control. The SEL% value of the reaction
in dichloromethane was 94.5%.

The hydrogenation of Fig. 11 also works better in di-
chloromethane than in methanol.*® The desired (S,R)-
31 is formed selectively by the hydrogenation of racemic
30 with (R)-BINAP-Ru catalyst in dichloromethane at
50 °C at 100 atm™ (Fig. 19). The stereoselectivity is
consistently high from the beginning (% SEL® = 93.8)
to the end of the reaction (% SEL? = 93.4) (Entry
4). The quantitative analysis indicates that (S5)-30 is
hydrogenated, giving (S,R)-31, 15-times faster than the
R enantiomer is, and that the slow-reacting (R)-30 also
forms the same product because it is inverted to the
S enantiomer 92-times faster than being hydrogenated.
When (R)-BINAP in the catalyst is replaced by bulkier
(R)-3,5-xylylBINAP,1%) the syn selectivity as well as
the keast/ksiow value are improved to some extent, re-
sulting in SEL® and SEL!% of up to 96% (Entry 5).
When the reaction is conducted in methanol, the di-
astereoselectivity is drastically reduced to result in a
1:1 mixture of (S,R)-31 in 93% ee and (R,R)-31 in
97% ee (Entry 6). SEL® and SEL%0 are equally low,
48%. This is due to the comparable reactivities of enan-
tiomeric 30 in this solvent, though the reason remains
unknown.

The hydrogenation of the racemic ketone 34 to the
desired (R,S)-35 (Fig. 20) is best effected in methanol
at 25 °C and at 4 atm;%""® the use of dichlorometh-
ane forms the debromination product in a considerable
amount. The reactivity and selectivity are little influ-

OH
/“\L)\OCH3 /I\l\)LOCH3 OCH;
NHCOCgHs NHCOCgHs NHCOCgHs
(9-30 (S,R)-31, 93% yield (5,931
kg/kg =15 w=10.938 x=0.00100
kinvr l ’an kinv/kR =92
o 0 K OH O OH ©
R H
/U\E)J\OCHg /I\E/U\OCH;, * /\E/U\OCHE,
“SNHCOCgHs “NHCOCgHs SNHCOCgHs
(R)-30 (R.R)-31 (R.5)-31
y=0.0560 z=0.00485

Fig. 19. Hydrogenation of methyl 2-(benzamidometh-
yl)-3-oxobutanoate (30) (0.2 moldm™%) catalyzed by
(R)-BINAP-Ru complex (1.3 mmol dm™3) in dichlo-
romethane at 100 atm at 50 °C for 40 h.
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I K OH 9 oH 9
A H
P(OCHj3), A~_-P(OCHz)> + g P(OCHg)2
éf ér él’
(R)-34 (R,S)-35,89%yield  (RR)-35
kel k/f = 1131 5| w=0926 x=0.0032
B H K, |Knvks=11.
o a oH o oH o
)J\rP(OCHa)z /E\rP(OCHa)Z ‘ /l\l/P(OCHa)g
Br Br Br
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y=0.0668 7= 0.0043

Fig. 20. Hydrogenation of dimethyl 1-bromo-2-oxopro-
pylphosphonate (34) (0.34 moldm™3) catalyzed by
(8)-BINAP-Ru complex (0.18 mmol dm™%) in meth-
anol at 4 atm at 25 °C for 100 h.

enced by the hydrogen pressure. The (S5)-BINAP-Ru
catalyst kinetically differentiates between (R)- and (S)-
34 by a factor of 13, where a satisfactory kiny/ksiow
value, up to 11.5, is obtainable by conducting the reac-
tion with rather low substrate (0.34 moldm~3) and cat-
alyst (0.18 mmoldm~3) concentrations (Entry 7). The
inherent selectivities, ee$ = 0.991 and D° = 0.930, are
well kept until the completion of the reaction, giving
an SEL'% of 89%. When the catalyst concentration is
increased four-fold, ki, /ksiow is reduced to 2.8 to afford
SEL!0 of 82% (Entry 8).

Thus, high intrinsic stereoselectivities, such as ee$
and DO, are prerequisites to accomplish a stereoselec-
tive synthesis utilizing in situ racemization of substrate
enantiomers (Figs. 2 and 3). These indexes are primar-
ily based on the structural features of the chemical or
biological reaction system. When the degree of stereo-
selection is substantially depressed during the late stage
of the reaction, one should search for proper kinetic
conditions in order to secure the original selectivities.
The efficacy is particularly sensitive to the kiny/Asiow
ratio. The overall selectivities could certainly be im-
proved by choosing a suitable solvent, temperature, con-
centrations and/or ratios of a substrate, reactant, and
catalyst.

Conclusion

The second-order stereoselective synthesis via the dy-
namic kinetic resolution of chirally unstable racemic
substances presents a viable strategy for access to chi-
ral compounds of high enantiomeric purity. The utility
is apparent from the examples given in Tables 1 and
2. Suitable three-dimensional elements of a chiral cat-
alyst and substrate are imperative issues to accomplish
an efficient asymmetric synthesis. In addition, as re-
peatedly stated earlier, a satisfactory overall chiral ef-
ficiency can be secured by appropriate kinetic factors,
particularly the relative ease of the racemization and
reaction. So far, the optimum situation giving satis-
factory selectivity has been sought by a trial-and-error
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approach. In this context, the present appraisal system
based on mathematical formulation and graphic display
is of great help in finding the ideal conditions for stereo-
selective synthesis. The validity of this approach has
been demonstrated by a correlation of the experimental
and simulated results, as illustrated graphically.

This work was aided by the Grant-in-Aid for Scien-
tific Research (Nos. 05234101 and 06226234) from the
Ministry of Education, Science and Culture.
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