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1. Introduction

This review updates the principal methods used to obtain
dynamic kinetic resolution (DKR) by either enzymatic or
non-enzymatic methods, covering the literature from 2003 to
2007. This fast-moving field was most recently reviewed in
2003." Prior to that, this area has been the subject of several
excellent review articles.” The aim of this review is to high-
light examples of DKR, which have not previously been cov-
ered by the preceding articles, and demonstrate that some most
important achievements, such as organocatalysed DKRs, and
enzymatic or non-enzymatic transition metal-catalysed
DKRs have considerably expanded the synthetic scope of
the process. Moreover, a great number of novel enzymatic
DKRs have been developed.

The preparation of chiral compounds is an important and
challenging area of contemporary synthetic organic chemis-
try.” The broad utility of synthetic chiral molecules as sin-
gle-enantiomer pharmaceuticals,’ in electronic and optical
devices, as components in polymers with novel properties,
and as probes of biological function, has made asymmetric ca-
talysis a prominent area of investigation.’ In particular, life de-
pends on molecular chirality, in that many biological functions
are inherently dissymmetric. The search for new and efficient
methods for the synthesis of optically pure compounds has
been an active area of research in organic synthesis.® While
tremendous advances have been made in asymmetric synthe-
sis, either substrate driven or catalytically induced resolution
of racemates is still the most important industrial approach
to the synthesis of enantiomerically pure compounds. A ki-
netic resolution is defined as a process where the two enantio-
mers of a racemate are transformed into products at different
rates.” If the kinetic resolution is efficient, one of the enantio-
mers of the racemic mixture is transformed into the desired
product while the other is recovered unchanged (Fig. 1).

However, this procedure suffers from being limited to
a maximum theoretical yield of 50%. Many efforts have
been devoted to overcome this limitation and to afford com-
pounds with the same high enantiomeric purity, but with
much improved yields. It is a combination of these twin goals
that has led to the evolution of classical kinetic resolution into
DKR. In such a process, one can in principle obtain a quantita-
tive yield of one of the enantiomers. Effectively, DKR com-
bines the resolution step of kinetic resolution with an in situ
equilibration or racemisation of the chirally labile substrate
(Fig. 2). In DKR, the enantiomers of a racemic substrate are
induced to equilibrate at a rate that is faster than that of the
slow-reacting enantiomer in reaction with the chiral reagent
(Curtin—Hammett kinetics). If the enantioselectivity is suffi-
cient, then isolation of a highly enriched non-racemic product

Sg ﬂ» Pr Sg. Sg = substrate enantiomers

Ka
Ss ﬂ, Ps Pg, Ps = product enantiomers
ks

Figure 1. Classical kinetic resolution.
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Pr, Pg = product enantiomers

Figure 2. Dynamic kinetic resolution.

is possible with a theoretical yield of 100% based on the race-
mic substrate. Clearly, certain requirements have to be fulfilled
in order to gain the complete set of advantages of DKR, such
as the irreversibility of the resolution step, and the fact that no
product racemisation should occur under the reaction condi-
tions. In order to obtain products with high optical purity,
the selectivity (ka/kg) of the resolution step should be at least
20. Furthermore, the rate constant for the racemisation process
(kiny) should be faster than the rate constant of the resolution
step (ka), otherwise a very high selectivity has to be ensured.

Indeed, in this way, all of the substrate can be converted
into a single product isomer with a 100% theoretical yield.
Racemisation of the substrate can be performed by a chemoca-
talyst, a biocatalyst or can occur spontaneously. The utility of
the DKR is not limited to a selective synthesis of an enantio-
mer; when the reaction occurs along with the creation of a new
stereogenic centre, an enantioselective synthesis of a diastereo-
isomer is also possible, as outlined in Figure 3.

This review highlights and updates the principal methods
employed to obtain DKR by either enzymatic or non-enzy-
matic methods, illustrating the diversity of useful products
that can be obtained through this concept.

fast

Sk ——— Pgrr+Pgrs Sk, Sg=substrate
enantiomers
inversion
slow
s — Psp+Pss  Pg Pg=product

diastereoisomers

Figure 3. Enantioselective synthesis of a diastereoisomer via DKR.

2. Non-enzymatic methods
2.1. Chiral auxiliaries

There are certainly numerous ways of obtaining resolutions
of chiral compounds by chemical means. The combination of
these chemical kinetic resolutions with racemisation is, how-
ever, less obvious. Nevertheless, DKR processes can be ex-
ploited just as successfully for non-enzymatic reactions.
Typically, chiral auxiliaries or chiral organometallic com-
plexes are employed to achieve the desired resolution. Hence,
besides metal complexes bearing chiral ligands, such as ruthe-
nium catalysts together with a chiral ligand such as BINAP,
there is also the possibility of using chiral auxiliaries for the
asymmetric induction through a dynamic kinetic process.

2.1.1. Configurationally labile alkyl halides
Nucleophilic substitution on configurationally labile ha-
lides has been involved in compounds with a bromo or iodo
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atom in the a-position with respect to a carboxylic acid deriv-
ative, in which the Sy?2 reaction is governed by a chiral auxil-
iary placed in the carboxylic moiety.® Racemisation takes
place by consecutive inversions at the labile centre induced
by additives such as polar solvents, bases or halide salts

(Scheme 1).
o)
»%2/\)_()]\ R* slow %M

ﬂ epimerisation
O
/\‘)k Nu
* —
‘zaé R fast
X

Scheme 1. SN2 reactions on configurationally labile halides bearing a carbox-
ylated function.

(e}
‘122/\)1\ R*

Nu major

Extensive studies have been carried out on nucleophilic
substitution of a-halocarboxylic acid derivatives containing
a chiral auxiliary in the carboxylic moiety. The racemisation
of the labile chiral centre in the a-position to the carbonyl, in-
duced by additives such as polar solvents, bases or halide salts,
allows a high asymmetric induction through a DKR process to
be obtained. This methodology has been recently recognised
as a powerful synthetic method for asymmetric syntheses of
a-heteroatom-substituted carboxylic acid derivatives. As an
example, Bettoni et al. have applied this methodology to
a-bromo esters containing lactamides as chiral auxiliaries,
allowing the synthesis of chiral analogues of antilipidemic
clofibrate.’ Hence, the displacement of the bromine with
4-chlorophenoxide was found to proceed with good-to-high
diastereoselectivities to give the corresponding 4-(chloro-
phenoxy)butanoyl esters (Scheme 2). After hydrolysis, the
(R)-enantiomer of antilipidemic 2-(4-chlorophenoxy)butanoic
acid was obtained. In 2006, the same group improved the
stereoselectivity up to 98% de by using other chiral auxiliaries
such as piperidine-, morpholine-, pyrrolidine- and 4-methyl-
piperazine-derived lactamides (Scheme 2).'°

This methodology was extended by Cardillo et al. to the
synthesis of chiral o-benzylamino-f,y-unsaturated acids,

ONa
Qr 9
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Et
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% cl

OR™ (n-Hex),N*I"
Br TEA/THF/0 °C ©!
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(0]

LiOH /©/O\‘)J\OH
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27 a
RM* = , R? = Bz: 89% de = 60%
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o

n =0, X = CH,: 99% de = 96%

. /"\_  n=1,X=CH, 90% de = 96%

R™= N X" n=1 X=NMe: 87% de = 98%
o “th n=1,X=0:99% de = 92%

Scheme 2. DKR of a-bromo esters containing lactamides.

starting from a-bromo-a.,B-unsaturated chlorides.'’ The treat-
ment of these latter compounds with (R)-pantolactone in
the presence of TEA allowed the in situ formation of the
deconjugated ketenes and their direct transformation into the
corresponding chiral esters. The substitution of bromine
with benzylamine, followed by acid hydrolysis, produced
enantiomerically enriched o-benzylamino-f,y-unsaturated
acids (Scheme 3). The displacement of the bromine with other
nitrogen nucleophiles, such as p-MeO-benzylamine and
allylamine, also occurred with good yield with complete
diastereoselectivity.

RZ O e R4NH2
’
R\~ o'\ TEATHF
R® B 20 °C
RZ O e R O
1 [ o HCIeEM Rt
R \%\Hkowv 2R WJ\OH
3 4 reflux 3 4
R’ NHR 0 R NHR
major 63-80%

R'=Me, R?=R®=H, R* = Bn: 90% de = 24%
R'=R?=H, R®= Et, R* = Bn: 64% de = 56%
R'=Me, R?=H, R® = n-Pr, R* = Bn: 80% de = 44%
R'=Me, R?=R®=H, R* = PMB: 70% de = 62%
R'=Me, RZ2=R?=H, R* = allyl: 70% de = 60%

Scheme 3. Synthesis of a-alkylamino-p,y-unsaturated acids.

In 2004, Ben et al. reported the first example of a DKR us-
ing immobilised amine nucleophiles.'> This novel approach
used a nucleophilic amine attached to a solid-phase resin via
an organic spacer, giving optical purities of the N-substituted
a-amino ester products superior to the solution-phase DKR
process with des ranging from 84% to 90% and yields between
66% and 98% (Scheme 4).

The incorporation of unnatural amino acids into peptides to
enhance their metabolic stability and activity is an area of ma-
jor interest in peptidomimetic chemistry. In order to accom-
plish this goal, Park et al. have developed nucleophilic
substitutions of a-bromo amides derived from L-amino acids
in the presence of amine nucleophiles on the basis of DKR
processes.'> Whereas moderate stereoselectivities were ob-
tained when using benzylamine as the nucleophile, the

TBAI, 20 °C
H&m HzNﬂ)L TBAL20°C_
N~® DIPEADMF

®: insoluble resin

support
O HH O o]
N
LLETR Vi P \E)J\o o
R +
major =
R=Me,n=n'=1:66% de = 86%
R=Ph,n=n"=1:91% de = 90%
R=Me,n=n"'=3:89% de = 84%
R =Ph,n=n'=3:84% de = 88%
R =Me, n=10,n'=3: >95% de = 82%
R =Ph,n=10,n'=3:>95% de = 88%

Scheme 4. DKR using immobilised amine nucleophiles.
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nucleophilic substitution reactions of various a-bromo amides
with the more sterically demanding secondary amine nucleo-
phile, dibenzylamine, allowed the stereoselectivity of the reac-
tions to be increased remarkably. This methodology provided,
in the presence of TBAI and TEA, the corresponding dipeptide
analogues in up to 98% yield and 98% de (Scheme 5).

o
_X BnaNH/CH,Cl, ph\)J\A/x

o
Ph
%A TBAI, TEA :
’ NBI’]Z

L-Leu, X = OMe: 83% de = 78%
L-Leu, X = Ot-Bu: 63% de = 86%
L-Leu, X = Ot-Bu: 68% de = 92%
L-Leu, X = OBn: 95% de = 88%
L-Pro, X = OMe: 93% de > 98%
L-Pro, X = Ot-Bu: 91% de > 98%
L-Ala, X = OMe: 96% de = 80%
L-Val, X = OMe: 81% de = 90%
L-lle, X = OMe: 95% de = 86%
L-Tyr, X = OMe: 77% de = 80%

Br
A=
A=
A=
A=
A=
A=
Az
A=
A=
A=
A = L-Lys(N-Cbz), X = OMe: 91% de = 80%

Scheme 5. Synthesis of dipeptides.

As an extension of the preceding methodology, Park et al.
reported the stereoselective syntheses of tri- and tetrapeptide
analogues starting from o-chloro as well as o-bromo amides
(Scheme 6)."* Mechanistic investigations suggested that
a-iodo acetamides were real intermediates for the nucleophilic
substitutions of both a-chloro and a-bromo amides in the pres-
ence of TBAIL The methodology was also successful for the
N-terminal functionalisation of peptides, affording a general-
ised and practical method for the asymmetric syntheses of
N-carboxyalkyl, N-aminoalkyl and N-hydroxyalkyl peptide
analogues.

In 2006, the same group reported the synthesis of other chi-
ral N-aminoethyl prolinol derivatives on the basis of a DKR of
N-(a-bromo-a-phenylacetyl)proline methyl ester in asymmet-
ric nucleophilic substitution and subsequent reduction
(Scheme 7).'> These peptide-derived prolinols were tested as

o)
Ph\g)kA v BnaNH/CH,Cly ph\)l\
“TBAI, DIPEA

X NBn,

As = L-Pro-Gly, X = Br, Y = OMe: 91% de = 90%

As = L-Pro-Gly, X = Cl, Y = OMe: 84% de = 90%

As = L-Pro-L-Leu, X = Br, Y = OMe: 85% de > 98%

As = L-Pro-L-Leu, X = Cl, Y = OMe: 82% de > 98%

As = L-Pro-D-Leu, X = Cl, Y = OMe: 77% de = 92%

As = L-Pro-L-Leu-L-Ala, X = Cl, Y = OMe: 71% de = 62%
As = L-Pro-L-Leu-D-Ala, X = Cl, Y = OMe: 68% de = 52%

o-amino ester

Ph i OB A-OMe) A i oB

_OBN —————= o0~ n
\;)J\A TBAI, DIPEA MeO ﬁ)\A’

Br CHCl, Ph

A= L-Leu, A' = D-Ala: 83% de = 82%

A= L-Leu, A' = D-Leu: 63% de = 86%

A= L-Leu, A' = D-Phe: 49% de = 84%

A= L-Pro, A' = L-Leu: 44% de = 86%

Scheme 6. Synthesis of tri- and tetrapeptides.

chiral ligands in the asymmetric addition of a Reformatsky
reagent to aromatic aldehydes, providing up to 98% ee.

NHR1R2/CHZCI2
Br#HfN TTBAIL DIPEA | RIRZN K”/
O CoMe CO,Me

R'=R? = Bn: 93% de = 98%

R' = Bn, R% = (CH,),0OH: 69% de = 90%

R' = H, RZ = CH(Ph),: 60% de = 88%

BH4/THF KW
R'R2N"
R'=R? = Bn: 64% de > 98%

R'= Bn, R2 = (CH,),OH: 53% de > 98%
R" = H, R? = CH(Ph),: 68% de > 98%

Scheme 7. Synthesis of dipeptide-derived prolinols.

Carbohydrates are readily available inexpensive natural
products in which numerous functional groups and stereogenic
centres are present in a molecule. A number of carbohydrate-
based templates have been used as chiral auxiliaries for vari-
ous strereoselective reactions. In 2005, Park et al. described
the first successful example of carbohydrate-mediated DKR
of a-halo esters in nucleophilic substitution for asymmetric
syntheses of o-amino acid derivatives.'® Hence, the use of
diacetone-p-glucose as a chiral auxiliary allowed the substitu-
tion products to be obtained in up to 99% yield and 94% de.
The procedure was generalised to various amine nucleophiles,
as depicted in Scheme 8. In addition, the application of this
mild and simple method to highly stereoselective preparations
of 1,I’-iminodicarboxylic acid derivatives was also demon-
strated on the basis of substitution with various amino ester
nucleophiles (Scheme 8).l7

Chiral imidazolidinones have been widely employed as
chiral auxiliaries for more than 20 years due to their low
ﬂexibility.18 In 2005, Caddick et al. demonstrated that diaster-
eoselective substitution reactions of a-bromoacyl-imidazolidi-
nones with nitrogen nucleophiles could be promoted with
either retention or inversion of configuration by carrying out
reactions under epimerising or non-epimerising conditions."
Hence, an alternative general strategy was sought in which
the substitution of the (2'R)-bromide, depicted in Scheme 9,
with a nucleophile under epimerising conditions led to the
corresponding (2'R)-product with overall retention of configu-
ration via DKR, in which the (2'S )-isomer was the most reac-
tive. This process was complemented by classical inversion,
providing access to the (2'S)-product under non-epimerising
conditions and in the presence of tetramethylguanidinium
azide (TMGA). Substitution of the diastereomerically pure
bromides with benzylamine under DKR conditions was shown
to proceed with a high level of stereocontrol and with retention
of configuration (Scheme 9). This was consistent with a reac-
tion involving the initial conversion of the (2'R)-bromide into
a mixture of (2'S)/(2'R)-halides and then selective reaction of
the (2'S)-product with inversion of configuration.
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Scheme 8. DKRs of a-halo esters using diacetone-D-glucose as chiral
auxiliary.

2.1.2. Miscellaneous reactions

In 2006, Amoroso et al. reported the asymmetric synthesis
of several biologically active arylpropionic acids, such as ibu-
profen, flurbiprofen and fenoprofen, by using lactamide chiral
auxiliaries, such as piperidine-, morpholine-, pyrrolidine-
and 4-methylpiperazine-derived lactamides.'® As shown in
Scheme 10, the diastereomeric mixtures of lactamic esters of
ibuprofen, flurbiprofen and fenoprofen were obtained with
good yields and high diastereoselectivities depending upon
the solvent and the auxiliary used for the esterification process.
As a general trend, the reactions performed in toluene were
faster and with higher des, compared to those in CH,Cl,.
These good stereochemical results could be attributed to the
sufficiently fast equilibration with respect to the esterification
rate of a pyridinium intermediate, showing that the pathway of
the asymmetric induction was a DKR process.

DKR-epimerising conditions

1] 2
BnNH,
>N NMPh EYE NJ\rﬁﬁPh
., Br M NHBn
s P TEA S pn
n=1:77% de = 80%
TMGA/CH,Cl, n = 2 98% de = 80%
occ n = 3: 93% de = 80%
DKR-non-epimerising n=4: 97% de = 86%
conditions n = 5:90% de = 81%
)CL 0
>N N)J\;/ﬁﬁPh
A
S “ 3
s "pn

94% de = 95%
192% de = 95%
1 93% de = 95%
191% de = 95%
1 89% de = 95%

353 335355
TR TRNTINT]
AR WN 2

Scheme 9. Complementary DKRs and substitution approach to a-azido/amino
carboxylic acid derivatives.

In 2003, Ishii et al. reported the first example of a DKR ac-
companied by an intramolecular transesterification.”® This
one-pot reaction allowed the synthesis of a chiral 4-hydroxy-
methyl-2-oxazolidinone with excellent diastereoselectivity
starting from a serinol derivative. It was demonstrated that

RZ
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R? R
1 R1
R o
o = +
+ - N
L T
NM
Z > NMe, ©2
1slow 1fast
R2 R?
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minor major  °
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R*=-—éﬁ _ R'=Ph, R2=F: 72% de = 94%
4 N " in CHyCly:
R'=Ph, RZ = F: 55% de = 84%
in toluene:
/\ . R'=iBu, R?=H:62% de = 36%
* = N N~ in CHyCly:
R* = ~ In 2L12:
o R"=Ph, R? = F: 63% de = 26%
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/—\  R'=iBu,R?=H:71% de = 70%
R* = N O* inCHyCly:
o — R'=Ph, R2=F: 77% de = 94%
. —% ~in CHoCly:
R*= d N " R'=Ph, R2 = F: 87% de = 80%

Scheme 10. DKR esterification of arylpropionic acids with various lactamides.
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the first reaction occurred with no selectivity between the ser-
inol derivative and 2-chloroethyl chloroformate, affording the
corresponding monocarbonates. After the addition of DBU,
the second reaction, consisting of an intramolecular transester-
ification of the monocarbonates, occurred rapidly and reached
equilibrium, providing the corresponding oxazolidinones.
Since the intermediate (25 )-monocarbonate was more reactive
than the corresponding (2R)-monocarbonate, the (45 )-oxazoli-
dinone was predominantly formed (Scheme 11).

HN">Ph

Ho._h._oH

DBU, py Cl\n/o\/\(]
CH,CI, o

HN HN" >Ph

Hod\/g:roj | ?/\/o\n/o\/'\/orl

@Ry O o (29

' slow 0 ' fast

A oA

N— LN
- /" Ph
l\&Of‘h 100%de=94% %, F

(4R) minor (4S) major

Scheme 11. Synthesis of an oxazolidinone via DKR and intramolecular
transesterification.

The development of general methods for the enantio-
selective synthesis of natural products has long constituted
a challenging goal for synthetic organic chemists. Since the
piperidine ring is a common moiety in many biologically active
natural products and therapeutic agents, considerable attention
has been focused on the development of general methods and
strategies for the enantioselective synthesis of piperidine deriv-
atives.”! The piperidine ring is found in simple diversely
substituted piperidine alkaloids, in bicyclic indolizidine, perhy-
droquinoline and quinolizidine alkaloids, as well as in many of
the most complex polycyclic alkaloids. These nitrogen deriva-
tives, which occur not only in plants, but also in insects and
amphibians, constitute important targets for pharmaceutical re-
search, with thousands mentioned as drug candidates in clinical
and preclinical studies. In this context, Bosch et al. have devel-
oped highly enantioselective DKR processes on the basis of
cyclocondensation reactions of chiral aminoalcohols with race-
mic or prochiral 3-oxoacid derivatives, providing, in a single
synthetic step, the corresponding chiral bicyclic polysubstituted
lactams, precursors of enantiopure piperidines.** The scope of
the reaction was extended to a wide variety of d-oxoacid deriv-
atives including simple racemic aldehydes and ketones, prochi-
ral aldehydo-diesters bearing enantiotopic ester groups and
racemic aldehydo-diesters bearing diastereotopic ester groups,
as shown in Scheme 12.

This methodology was successfully applied to the enantiose-
lective synthesis of several biologically active natural products
such as the alkaloids, (20S)- and (20R)-15,20-dihydrocleav-
amine, starting from (R)-phenylglycinol and a racemic vy-

Oy R’
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0s_N_© o]
-'uR1 +
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R3

major

R'=R3=H, R% = Et, R* = Me: 87% de = 6%

R! = Me, R? = Et, R® = R* = H: 74% de = 78%
R'=Me, R2 = Ph, R® = R* = H: 86% de = 86%
R'=R2=H, R® = CH,CO,Me, R* = Me: 78% de = 60%

0. _R! Ph,HCO,
R*0,C . Ph, 3 toluene
o - =
R2 HzN/ “OH reflux
R3
thHCO\ Ph,HCO,
Ph, & Ph, &
N\ \
Os_N_.0 Os_N_ O
7 YR? "R2
3 3
major minor

R'=R3=H, RZ = Et, R* = Me: 78% de = 80%

R'=Me, RZ=Et, R® = R* = H: 81% de = 34%
R'=R2=H, R® = CH,CO,Me, R* = Me: 86% de = 86%
R'=H, R? = Et, R® = CH,CO,Me, R* = Me: 77% de = 88%
R!=R3=H, RZ = (CH,),CO,Me, R* = Me: 77% de = 92%

Scheme 12. Cyclocondensation reactions.

substituted d-oxo-ester (100% yield and 40% de).”® The scope
of the methodology was extended to a biogenetically inspired
enantioselective approach to indolo[2,3-a]- and benzo[a]quino-
lizidine alkaloids from a synthetic equivalent of secologanin,
a biologically active secoiridoid glucoside.”* Hence, a racemic
oxo-diester underwent stereoselective cyclocondensation with
(S)-tryptophanol, (S )-(3,4-dimethoxyphenyl)alaninol, or the
corresponding amino acids, giving rise to the corresponding
lactams, which were further converted into the corresponding
indolo[2,3-a]- and benzo[a]quinolizidines through a subsequent
cyclisation with BF;-Et,O (Scheme 13).

In 2003, Toru et al. reported an asymmetric reduction of
a-(trimethylsilyl)methyl-B-ketosulfoxides with DIBAL under
basic conditions (Scheme 14). The stereoselective reaction
was demonstrated to proceed through a DKR pathway via a
six-membered cyclic transition state involving an Si—O
interaction.”

In 2005, Shair et al. reported DKR cascade reactions occur-
ring with racemic starting materials that contain all-carbon
quaternary stereocentres.’® Indeed, the treatment of a racemic
B-keto ester with a single enantiomer of a Grignard reagent de-
rived from a vinylstannane afforded the corresponding product
of the expected cascade reaction as a single diastereomer in
good yield, which was indicative of DKR (Scheme 15). These
novel cascade reactions were unique because they involved
DKRs that required the formation and cleavage of multiple
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Scheme 13. Synthesis of indolo[2,3-a]- and benzo[a]quinolizidines.

C—C bonds. Moreover, DKR processes are still rare for sub-
strates with chiral all-carbon quaternary centres. Furthermore,
the products generated in these reactions were among the most
complex prepared to date via DKR, suggesting that cascade re-
actions involving DKR may be useful for the stereoselective
synthesis of complex molecules.

Q‘s / 1. LDA
p-Tol” \L 2. RCO,Et
T™S
o0 ] T™S
” DIBAL :
S —_ ol,.-o
p-Tol” \_)J\R de > 98% Rﬁ's’/p-Tol
~ |
™S DIBAL ~°
1 LDA J
o/ 9
S
p-Tol” \ﬁJ\R O - OH
™S p-Tol” "R
STMS
R = Ph: 60%
R = Me: 30%
R = n-Pent: 52%
R = j-Pr: 55%

Scheme 14. Asymmetric reduction of a-(trimethylsilyl)methyl-B-ketosulfoxides.
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Scheme 15. Cascade reactions.

In 2005, Pearson and Wang developed a novel [6+2] ene
reaction, which consisted of an intramolecular coupling reac-
tion between a diene—Fe(CO); complex and a pendant alkene,
providing chiral spirolactams, starting from chiral amide sub-
strates.”” It was shown that the initial lactam product under-
went a rearrangement of the diene—Fe(CO); system via
a hydride shift to afford another lactam product under the re-
action conditions. Due to a significant difference in the rates of
cyclisation of the two formed lactam diastereomers, compared
with their rate of interconversion occurring via an iron-medi-
ated hydride transfer, a mixture of these two complexes could
afford a single product, as shown in Scheme 16.

In principle, DKR is possible if interconverting enantio-
meric atropisomers are treated with enantioselective reagents.*®
In 2004, Walsh et al. observed that dialkylzinc reagents reacted
rapidly with atropisomeric 2-formylarylamides relative to 2-
substituted benzaldehyde derivatives. It was proposed that
this large difference in reactivity was due to an internal activa-
tion of the organozinc reagent by the amide carbonyl. Addi-
tionally, with diethylzinc the products were formed with very
high yields and diastereoselectivities, affording the syn prod-
ucts with up to 96% de (Scheme 17).%°

CO,Et
OC)sF TEA
BnJ . ( ”j@@ CH,Cl,
83%
- NH HO,C
r COE CO,Et .
Bn | /Ee(CO)3 BnJ
'“Y@ PMB’”W@
PMB Fe(CO)s
L o 0 i
n-Bu20,CO
142°c | 7%%

1. MezNO/benzene
2. Hy/Pd-C

PMB
52% de = 100%

Scheme 16. [6+2] Ene-type reaction.
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Scheme 17. Addition of diethylzinc to 2-formylarylamides.

In 2006, Ravasio et al. reported a novel method of produc-
tion of (—)-menthol, based on the hydrogenation of (—)-men-
thone over a Cu/Al,O3 catalyst, proceeding via DKR under
very mild conditions (Scheme 18).%

Cu/Al,04
90 °C, H, (1 atm)
[0} 60% de = 71% i OH
/\ /\ major

(-)-menthol

Scheme 18. Hydrogenation of (—)-menthone.

Enantiopure (1Z,3E )-1-sulfinyl dienes bearing an o-dithia-
nylphenyl group have been prepared and complexed with (dba)-
Fe(CO); to afford the corresponding sulfinyl diene iron(0)
tricarbonyl complexes.”’ This diastereoselective complexation
introduced planar and axial chiralities simultaneously, with
a high degree of facial selectivity as well as atroposelectivity
(Scheme 19). The origin of the atroposelectivity was explained
by DKR. This explanation was supported by the discovery that
stirring of each of the chromatographically separated atro-
poisomers of the starting sulfinyl diene in toluene afforded
the same atropoisomeric mixture. Thus, the atropoisomeric sul-
finyl dienes were capable of equilibration under the conditions
of the complexation; the iron fragment apparently complexed
with one atropoisomer faster than the other, and the less reac-
tive could be equilibrated into the more reactive atropoisomer.

Equilibration of configuration at sulfinyl sulfur or phos-
phinyl phosphorus atoms can be used in DKR experiments.*?

OMe

>

S

TBDMSQO™ | Z )
MeO *S

(dba)Fe(CO),
* OMe

Fe(CO)s

MeO major

o— |
TBDMSO *g /B selectivity = 90/10

S 63% de = 80%

S* = (R)-p-tolyl
sulfoxide

1:1 mixture of
atropisomers

Scheme 19. Synthesis of sulfinyl iron diene complexes.

As an example, Kolodiazhnyi et al. have developed an asym-
metric synthesis of chiral N-(1-methylbenzyl)aminophos-
phines on the basis of a DKR process.” Indeed, the reaction
of a chlorophosphine with (S)-1-methylbenzylamine pro-
ceeded stereoselectively to give the corresponding N-(1-meth-
ylbenzyl)aminophosphine, which was isolated as a crystalline
borane complex with 100% diastereomeric purity. The BHj
group of the complex was removed by treatment with diethyl-
amine to furnish the initial aminophosphine in 100% stereo-
chemical purity (Scheme 20). This reaction has been
demonstrated to proceed in a stereospecific manner with reten-
tion of configuration.

Ph
R! :
RL Ph TEA SPANH—  BH,Et,0
PaCl+ HoN— 0, go- 3 ELO
R2” 2 N\ benzene < N\
(Rp,S) +(Sp,S)
R1f,,_ Ph R1,{ Ph
BHz=-P—-NH— Et,NH "P~NH—
2 _\ : /
R 75-80%  R?
(Ro.S) (Rp:S)
de = 100% de = 100%

R' = t-Bu, RZ = Ph: de = 80%
R' = t-Bu, RZ = j-Bu: de = 40%
R' = Ph, R? = Mes: de = 50%

Scheme 20. Synthesis of aminophosphines.

In the same context, a theoretical study on the pyramidal
inversion of chiral sulfur compounds has been carried out by
Maseras et al. by means of the density functional theory
(DFT) method.** The results have revealed that, in the case
of chiral sulfinyl chlorides, an organic tertiary amine such as
NMe; could catalyse the racemisation. The base-catalysed in-
version of sulfinyl chlorides was proposed as a feasible DKR
mechanism for the synthesis of chiral sulfoxides by the DAG
method, consisting of the reaction of a sulfinyl chloride race-
mate with chiral DAGOH (diacetone-p-glucose) in the pres-
ence of a nitrogenated base.

2.2. Chiral metal catalysts

Besides chiral auxiliaries, there is also the possibility of us-
ing metal complexes bearing chiral ligands for the asymmetric
induction. According to a recent survey, between 70% and
90% of all chemical processes on an industrial scale are per-
formed in a catalytic manner.”> The development of low-
molecular-weight chiral catalysts for asymmetric synthesis
has been one of the major breakthroughs in organic synthesis
over the last 35 years. Within this context, a significant num-
ber of enantioselective catalysts are now available that afford
excellent levels of stereocontrol that could previously be
achieved only using biocatalysts. Whilst the use of enzymes
for the DKR of racemic substrates to afford enantiopure com-
pounds in high ees and good yields has emerged as a popular
strategy in synthesis,*® it is only relatively recently that the
widespread application of non-enzymatic chiral catalysts for
DKR has gained popularity within the synthetic community.”
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2.2.1. Ruthenium-catalysed DKR

Ruthenium-catalysed hydrogenation has been widely used in
the DKR of B-keto esters.” One of the first examples of this im-
pressive technology, combining asymmetric hydrogenation with
DKR, was reported in 1989 by Noyori’s group, leading to im-
portant processes, such as that developed by Takasago for the
production of acetoxyazetidinone (150 tons/year), a key inter-
mediate in the synthesis of antibiotics.’” At the same time,
Genét et al. have shown that the degree of selectivity was highly
dependent upon the nature of the chiral ruthenium catalysts, the
reaction conditions and the substrates.*® In 2003, these latter
authors applied this methodology to the synthesis of diltiazem,
a potent calcium channel blocker used for the treatment of
hypertension. The key step of the synthesis was the hydroge-
nation of a racemic a-chloro-B-keto ester via DKR in the
presence of an (S)-MeO-BIPHEP—Ru complex, providing
the corresponding frans B-hydroxy ester with a high level of
both enantio- and diastereoselectivity (Scheme 21).

o O Ru(COD)(n3-methylallyl),
oMe (SyMeO-BIPHEP
& H,, CH,Cl,
MeO
OH O
c —
MeO
de =92%
ee = 95%

Ph,P O OMe
PhyP ‘ OMe

(S)-MeO-BIPHEP

Scheme 21. Synthesis of diltiazem.

In 2003, the same group described the synthesis of SYN-
PHOS, a new, atropoisomeric, chiral diphosphane ligand, and
its use in ruthenium-catalysed asymmetric hydrogenations, pro-
viding access to a wide range of optically active alcohols, with
ee values of up to 99%.% As an example, this latter ligand was
successfully used in the ruthenium-catalysed hydrogenation of
a-amino-B-keto esters as their hydrochloride salts, affording
the corresponding anti-o-amino-f-hydroxy esters under mild
conditions with high diastereo- and enantioselectivities via
DKR (Scheme 22).40 The same reactions were also developed
at the same time by Hamada et al. by using an (S )-BINAP—
Ru(Il) catalyst, which provided similar excellent results, as
shown in Scheme 22.*' These efficient and convenient methods
have complemented the well-known hydrogenation of o-amido-
B-keto esters, providing the syn isomers as major products.

As an extension of the work developed by Genét et al., a
total synthesis of sulfobacin A, a von Willebrand factor receptor
antagonist, was reported in 2004 by the same group.** The key
steps of this short route to sulfobacin A involved ruthenium-
catalysed asymmetric hydrogenation reactions of a fB-keto
ester and a racemic [-keto-o-amino ester hydrochloride to

1. Ru-catalyst
o o H,, CH,Cl, OH O
° 2 A
R1MOR2 50 °C, R2OH R OR?
NH,HCI 2 B220, TEA, CHyCl,
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with [RuCl,(S)-BINAP](DMF),:

R' = i-Pr, R? = Bn: 87% de > 98% ee = 96%

R' = n-Pent, R? = Bn: 85% de > 98% ee = 97%
R' = n-Pent, R? = Me: 92% de = 96% ee = 95%
R' = Et, R? = Bn: 89% de = 78% ee = 76%
R' = n-Pr, R? = Bn: 88% de = 88% ee = 74%
R' = t-Bu, R? = Bn: 67% de = 42% ee = 60%

O
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Scheme 22. DKR of a-amino-B-keto ester hydrochlorides.

afford, respectively, the corresponding enantiomerically pure
B-hydroxy ester and the enantioenriched anti-B-hydroxy-a-
amino ester hydrochloride through DKR (Scheme 23).

In addition, the natural (2R,3R)-Boc-dolaproine and its un-
natural (25,35 )-diastereoisomer were synthesised, involving
as the key transformation the ruthenium(II)-promoted hydro-
genation of the B-keto-a-methyl ester derived from (S)-N-
Boc-proline.** Interestingly, the asymmetric hydrogenation
of this B-keto ester, N-protected as an amine hydrochloride
salt, provided the corresponding anti-(2S,3R)- and (2R,3S)-
B-hydroxy-a-methyl esters with significant levels of selecti-
vities through DKR (Scheme 24). Hence, the protecting group

RuCl,;(R)-MeO-BIPHEP
[RuCl3(R)-Me 1 OH O

O O H,/MeOH, 80 °C
96% ee > 99%
W

NH,,HCI

[RuBr,(R)-SYNPHOS]
H,, CH,Cl,/MeOH, 50 °C

O

11
NH2 HC
100% de = 92% ee = 92%

SOzH
OH O
A 1
1 N
H OH
sulfobacin A

Scheme 23. Synthesis of sulfobacin A.
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of the proline moiety turned out to play a crucial role in the
stereochemical outcome of the asymmetric hydrogenation.
The (2R,3R)-hydroxy-o-methyl ester was further converted
into the expected natural anticancer agent, (2R,3R)-dolaproine.

OEt
%OE'{ M
H oH o

éoc OH O
(2S,3R) (2R3R)
de = 85% de = 34%

[Ru(p-cymene)Cl,),
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N N
O O

Hel Boc O O

[RuBr,(S)-MeO-BIPHEP]
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[RuBr,(R)-MeO-BIPHEP]
H,/EtOH, 50 °C

Moa Moa
N N7
H 6n o

[RUBr,(R)-MeO-BIPHEP]
H,/EtOH, 50 °C

Boc OH O
(2R,3S) (28.3S)
de = 42% de = 96%

Scheme 24. Ru-catalysed hydrogenations of B-keto-a-methyl esters derived
from L-proline.

The application of dynamic kinetic discrimination to the
ruthenium-catalysed hydrogenation of cyclic ketones, such
as 2-arylated cycloalkanones, was reported by Noyori et al.
in 2004.** Hence, the asymmetric hydrogenation of various
2-arylcycloalkanones with frans-RuCl,(BINAP)(1,2-diamine)
and +-BuOK in isopropanol selectively gave the corresponding
cis-2-arylcycloalkanols in excellent enantiomeric purity and
quantitative yield, as shown in Scheme 25.

Since the ketone enantiofaces are differentiated on the chiral
molecular surface of the saturated RuH, complex, a suitable
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Scheme 25. Ru-catalysed hydrogenation of 2-arylcycloalkanones.

combination of the catalyst and substrate is necessary for
high efficiency in this type of reactions. The enantioselectivity
and reaction rate are affected by subtle changes in the elec-
tronic and steric parameters of the Ru complexes and ketones.
No universal chiral catalysts exist because of the structural di-
versity of the ketonic substrates. Thus, as an example, the hy-
drogenation of 1-tetralones has remained very slow and poorly
enantioselective by using the same catalyst as that depicted in
Scheme 25, trans-RuCly(BINAP)(1,2-diamine). In 2004,
Noyori et al. reported, however, that the replacement of con-
ventional 1,2-diamine ligands by certain chiral 1,4-diamines
could solve this difficult problem. Hence, a chiral RuCl,-
(BINAP)(1,4-diamine)/--BuOK combined system promoted
the hydrogenation of various 1-tetralone derivatives, affording
the corresponding 1-tetralols in up to 99% ee and quantitative
yield (Scheme 26).* Very recently, the scope of this method-
ology was extended to the asymmetric hydrogenation of
a-amidopropiophenones catalysed by the closely related
RuCl,[(S )-TolBINAP][(R)-DMAPEN] (DMAPEN=2-dimethyl-
amino-1-phenylethylamine).*® Using these conditions, the
corresponding syn alcohols were obtained in up to 99% ee
and >98% de.

Another catalyst, such as an (§,S )-TsDPEN-based-ruthenium
complex, was involved in the DKR-hydrogenation process
of various ketones, providing the corresponding syn products
with up to 97% de and 98% ee, as shown in Scheme 2747

Very recently, List and Li reported the asymmetric
hydrogenation of a-arylaldehydes catalysed by [RuCl,(Xyl-

BINAP)(DPEN)], providing the corresponding primary
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Scheme 26. Ru-catalysed hydrogenations of 1-tetralones.

with Ru catalyst =
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Scheme 27. Ru-catalysed hydrogenations of ketones.

alcohols in excellent enantioselectivities and yields (Scheme
28).*® As an application of this reaction, the biologically active
(§)-enantiomer of the non-steroidal anti-inflammatory drug,
ibuprofen, could be synthesised via catalytic hydrogenation
of the corresponding aldehyde followed by oxidation with po-
tassium permanganate in 76% isolated yield and 92% ee.

A novel class of chiral spirodiphosphine (SDP) ligands has
been developed by Zhou et al.** A chiral SDP-based Ru cata-
lyst, such as [RuCl,(Xyl-SDP)(DPEN)], was demonstrated to
be a very effective catalyst for the highly enantioselective
hydrogenation of a-arylcyclohexanones, providing the corre-
sponding a-arylcycloalkanols in excellent cis/trans stereose-
lectivity (>98% de) and enantioselectivity (up to 100% ee),
as shown in Scheme 29. As an extension of this work, another
SDP-based Ru catalyst, [RuCl((S)-DMM-SDP)((R,R)-
DACH)], was successfully applied to the enantioselective
hydrogenation of a-arylaldehydes, providing an efficient syn-
thesis of optically active primary alcohols (Scheme 29).%
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Scheme 28. Ru-catalysed hydrogenation of a-arylaldehydes.
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Scheme 29. Ru-catalysed hydrogenations of ketones and aldehydes.

In 2006, Lassaletta et al. extended the scope of the preced-
ing methodology to a variety of cyclic a-haloketones, offering
an efficient tool for the synthesis of chiral halohydrins, includ-
ing bromo-, chloro- and even fluorohydrins in good-to-excel-
lent yields and stereoselectivities, using either HCO,H/TEA
or HCO,H/TBAB as the hydrogen source (Scheme 30).!

The highly enantioselective and quantitative hydrogenation
of a-phthalimidyl ketones was studied in 2004 by Zhang et al.,
using a ruthenium catalyst based on the TunePhos ligand.>
The substrate scope, summarised in Scheme 31, shows that
both electron-deficient and -rich aryl ketones could be reduced
with very high enantioselectivity. Moreover, the position of
the substituents was also widely compatible with the highly
enantioselective reduction. In addition, the compatibility of
functional groups such as fluoride, chloride and even the ver-
satile bromide was also checked.

In 2003, a highly enantioselective hydrogenation of a piper-
idone hydrochloride was used as the key step of an efficient
enantioselective synthesis of an NMDA 2B receptor antago-
nist, Ro 67-8867.%% The chiral diphosphine ligand belonged
to the MeOBIPHEP family, as depicted in Scheme 32.
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Scheme 30. Ru-catalysed hydrogenation of cyclic a-haloketones.
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Scheme 31. Ru-catalysed hydrogenation of a-phthalimidyl ketones.
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Scheme 32. Synthesis of Ro 67-8867.
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Scheme 33. Synthesis of the C14—C25 fragment of bafilomycin A;.

In the course of their study on the hydrogenation of 2-alkyl-
1,3-diketones, Cossy et al. have achieved the synthesis of the
C14—C25 fragment of biologically active natural bafilomycin
A; in 11 steps in a sequence involving two enantioselective
transfer-hydrogenation steps induced by chiral Ru com-
plexes.”® These reactions, catalysed by chiral ruthenium cata-
lysts, set the C15, C16, C21 and C22 stereogenic centres via
DKR, as depicted in Scheme 33.

The first example of an asymmetric reduction of C=N
bonds proceeding via DKR was reported in 2005 by Lassaletta
et al.>> Hence, the transfer-hydrogenation of 2-substituted bi-
cyclic and monocyclic ketimines could be accomplished via
DKR by using HCO,H/TEA as the hydrogen source and
a TsDPEN-based Ru(Il) catalyst, affording the corresponding
cis-cycloalkylamines with moderate-to-excellent levels of dia-
stereo- and enantioselectivity (Scheme 34).

On the other hand, a chiral ruthenium catalyst, prepared from
a chiral PN ligand derived from L-proline, was applied in 2005
to the asymmetric isomerisation of racemic allylic alcohols via
DKR.>® This new type of reaction was applicable to the asym-
metric synthesis of muscone, as shown in Scheme 35.

2.2.2. DKR catalysed by metals other than ruthenium

Chiral palladium complexes have also been used in the con-
text of DKR. As an example, Trost and Toste have developed
the palladium-catalysed DKR of <y-acyloxybutenolides and
applied this methodology to the first enantioselective total
synthesis of (—)-aflatoxins B,, and B; (Scheme 36).%7

Similar conditions were applied to a palladium-catalysed
asymmetric allylic alkylation, effecting a DKR transformation
of racemic isoprene monoepoxide and a surrogate for Naza-
rov’s reagent in which a quaternary centre was created with
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Scheme 34. DKR of cyclic ketimines.
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Scheme 35. Synthesis of muscone.

excellent ee (Scheme 37).°® The resulting product allowed easy
access to a substrate for ring-closing metathesis to form a cyclo-
pentenone and set the stage for an 11-step synthesis of the
cyclopentyl core of the antibiotic antitumour agent, virideno-
mycin. The scope of this methodology was extended to oxygen
nucleophiles, such as unsaturated alcohols, which led, by reac-
tion with racemic butadiene or isoprene monoepoxide, to the
formation of the corresponding 3-alkoxy-4-hydroxy-1-butene
or 3-alkoxy-4-hydroxy-3-methyl-1-butene, respectively, with
excellent regio- and enantioselectivity (up to 96% ee).”® These
chiral oxygen heterocycles were further converted into various
nucleosides, providing a further demonstration of the value of
this methodology.

In addition, the same group has studied the ability to use
aliphatic alcohols as competent nucleophiles in the palla-
dium-catalysed dynamic kinetic asymmetric transformation
of Baylis—Hillman adducts.®® The corresponding substituted
pyran products were obtained in high yields and enantioselec-
tivities, as shown in Scheme 38. The utility of this method was
further demonstrated in the context of a concise total synthesis
of the gastrulation inhibitor, (4)-hippospongic acid A.
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Scheme 36. Synthesis of aflatoxins B; and B.,.
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Scheme 37. Synthesis of cyclopentyl core of viridenomycin.

The ligand L*" shown in Scheme 38 was also involved by Gais
and Liissem in palladium-catalysed enantioselective allylic
alkylation®' of thiocarboxylate ions with racemic allylic esters.®*
This novel DKR has allowed access to highly enantioenriched
acyclic allylic thioesters in good-to-high yields (Scheme 39).

The same group has successfully applied similar conditions
to the palladium-catalysed asymmetric synthesis of allylic al-
cohols from unsymmetrical and symmetrical racemic allylic
carbonates and acetates (Scheme 40).%>

In 2006, Stephenson et al. reported the involvement of
a DKR process during an intramolecular asymmetric Heck
reaction carried out in the presence of a BINAP-based Pd cat-
alyst.®* It was shown that chiral helical conformations of the
starting 2-iodoanilide interconverted through internal bond
rotations, leading to the proposal of a DKR mechanism to ac-
count for the switch of enantioselectivity (Scheme 41).

In addition, Durand et al. have very recently used an axially
chiral monodentate phosphine, such as (R)-Ph-BINEPINE
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Scheme 38. DKRs of Baylis—Hillman adducts.

(Scheme 42), as a chiral resolving agent of a racemic palladium
complex prepared from a 2-ferrocenyl-1,10-phenanthroline li-
gand.® The reaction evolved through a DKR process, leading
after recrystallisation, to the isolation of only one of the two
possible diastereoisomers.

On the other hand, Hamada et al. have developed rhodium-
catalysed asymmetric hydrogenation of a-amino-B-ester hy-
drochlorides via DKR.®® The reaction proceeded with the

By
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Scheme 39. DKRs of allylic esters.
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Scheme 40. DKRs of allylic carbonates and acetates.
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Scheme 42. DKR of a palladium complex.

catalyst derived from an Rh complex and a chiral ferrocenyl-
phosphine under hydrogen in the presence of sodium acetate
in acetic acid to afford the corresponding anti-B-hydroxy-o.-
amino esters with 58—83% ee in a diastereomeric ratio of
92:8 to 97:3 (Scheme 43).
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Scheme 43. Rh-catalysed hydrogenations of a-amino-B-ester hydrochlorides.

The same reactions as those depicted in Scheme 43 were
previously carried out by Hamada et al. in 2004 in the pres-
ence of an Ir—MeOBIPHEP catalyst, providing excellent
yields and anti-diastereoselectivities (>98% de) with ee values
ranging from 75% to 95%.%” However, a high hydrogen pres-
sure (100 atm) and a tedious degasing operation by freeze—
thaw cycles in the preparation of the catalyst and the stage prior
to hydrogenation were essential for a smooth reaction and these
conditions made it difficult to run this hydrogenation in a prac-
tical sense. The same group has more recently reported similar
reactions under a low hydrogen pressure catalysed by an easily
handled cationic iridium complex with tetrakis[3,5-bis(trifluoro-
methyl)phenyl]borate (BARF) as a counterion.®® Scheme 44
summarises the utility of this new Ir catalyst in hydrogenation
via DKR under mild conditions, allowing high diastereo- and
enantioselectivities to be obtained.

In 2003, a chiral B-ketoiminato cobalt(Il) complex was used
by Yamada et al. to catalyse the enantioselective borohydride
reduction of 2-substituted 3-keto esters via DKR.® High
diastereo- and enantioselectivities for the produced anti-2-
substituted-3-hydroxy esters were achieved with the addition
of an alkali metal alkoxide such as MeONa (Scheme 45).
The reduction was accomplished by using premodified borohy-
dride arising from NaBH,, tetrahydrofurfuryl alcohol (THFA)
and ethanol.

In 2005, Kunz et al. developed new composite materials,
which ideally combined polymer functionalisation with good
mass-transfer properties of monolithic carriers.”” This unique
combination led to versatile materials for organic synthesis,
which could be used in a flow-through mode. Based on these
monolithic materials with different polymer functionalities,
a wide variety of reactions were conducted, such as the exam-
ple of DKR depicted in Scheme 46.
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Scheme 44. Ir-catalysed hydrogenations of a-amino-B-ester hydrochlorides.
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In 2006, Szollosi et al. reported the enantioselective hydro-
genation of ethyl 2-fluoroacetoacetate performed over a cin-
chona alkaloid-modified supported platinum catalyst.”' This
novel method for producing chiral a-fluoro-B-hydroxy esters
was the first example of DKR of a chirally labile racemic fluo-
rinated compound over a modified heterogeneous metal cata-
lyst carried out without using supplementary additives
(bases), except the chiral modifier (Scheme 47).

PYAIL,O3 OH O

‘ Hy, cinchona MOE

OE
4/’ F AcOH/THF F major

o O

de = 98%
ee = 82%

Scheme 47. DKR over cinchona-modified platinum catalyst.

On the other hand, the enantiomer-differentiating hydroge-
nation of methyl 3-cyclopropyl-2-methyl-3-oxopropanoate
was achieved by Sugimura et al. by using tartaric acid-modi-
fied nickel as the heterogeneous catalyst (Scheme 48).”*

o O Raney Ni, H, OH O
OMe (R,R)-tartaric acid V)\HJ\OMe
AcOH/THF .
major
93% de = 94%
ee =93%

Scheme 48. DKR with a heterogeneous modified nickel catalyst.

Highly regio- and enantioselective molybdenum-catalysed
allylic alkylations have become a powerful synthetic tool during
the past few years. The operating mechanism for these reactions
was studied by Belda and Moberg in 2004, and these workers
confirmed the occurrence of a DKR.” High yields combined
with an extremely high enantioselectivity were obtained in
the presence of a chiral bis(pyridylamide) ligand and a cheap
molybdenum catalyst, such as Mo(CO)g (Scheme 49). In con-
trast to the Pd-catalysed reaction, the Mo-catalysed reaction is
characterised by its high tendency to form the more substituted
products from unsymmetrical substrates. This methodology was
applied to the synthesis of several biologically active com-
pounds, such as a non-peptidic human immunodeficiency virus
(HIV) protease inhibitor, tipranavir, and (R)-baclofen.

In 2005, Buchwald et al. reported the first total synthesis of
eupomatilone-3, on the basis of a DKR of an o,B-unsaturated
butenolide, submitted to an asymmetric copper-catalysed con-
jugate reduction.”* This was the first example of a copper-cat-
alysed DKR of an unsaturated lactone, which was further
extended to several y-aryl-containing a,f-unsaturated buteno-
lides, as depicted in Scheme 50.

In 2006, Mikami et al. reported the asymmetric synthesis of
the antithrombotic agents, M58163 and M58169, involving
a DKR process in the amide-formation step leading to the
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Scheme 49. Mo-catalysed allylic alkylation.

tricyclic key intermediate.”” This step was catalysed by
a La-linked BINOL complex, providing the corresponding
chiral N,N-acetal, as depicted in Scheme 51.

A novel titanium(I'V)-catalysed substitution of a carbon—
oxygen bond by a carbon—carbon bond, which relied on
a DKR process and led to products resulting from a highly
enantioselective carbon allylation, was described in 2004 by
Braun and Kotter.”® By means of the chiral titanium complex
depicted in Scheme 52, the substitution of a hydroxy, silyloxy,
or alkoxy group by an allylic residue was possible, for the first
time, in a DKR transformation.

A high level of enantioselectivity was obtained by Coldham
et al. for the DKR of an N-Boc-2-lithiopyrrolidine in the
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— NaOt-Bu
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CuCly-2H,0 MeO
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eupomatilone-3

Scheme 50. DKRs of unsaturated lactones and synthesis of eupomatilone-3.
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Scheme 51. La-catalysed DKR and synthesis of M58163 and M58169.

presence of n-butyllithium, a chiral ligand, and TMSCI as
electrophile (Scheme 53).”’

2.3. Organocatalysed DKR

While the end of the last century has been dominated by the
use of metal catalysts,”® a change in perception occurred during
the last few years when several reports confirmed that relatively
simple organic molecules could be highly effective and

OR A~ TMS NS
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R=H,n=1:94% ee =81%
R =TMS, n=1:96% ee = 99%
R =TMS, n =2:96% ee = 93%

J
OTMS /\/TMS i
Ph o PR
Ti catalyst
62% ee = 90%
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Scheme 52. Ti(IV)-catalysed DKRs of alcohols, ethers and acetals.
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Scheme 53. DKR of an N-Boc-2-lithiopyrrolidine.

remarkably enantioselective catalysts of a variety of fundamen-
tally important transformations. This rediscovery has initiated
an explosive growth of research activities in organocatalysis,
both in industry and in academia. Organocatalysts have several
important advantages, since they are usually robust, inexpensive,
readily available and non-toxic.”** Enantioselective organoca-
talytic processes have reached maturity in recent years with an
impressive and steadily increasing number of publications, re-
garding the applications of this type of reactions, which paint
acomprehensive picture for their real possibilities in organic syn-
thesis. Even though transition metal-catalysed enantioselective
reactions will certainly continue to play a central role in synthetic
organic chemistry in the future, the last few years have, however,
seen an increasing trend towards the use of metal-free catalysts.
Hence, the application of chiral organocatalysts has permitted
the preparation of a number of very valuable chiral products
with the exclusion of any trace of hazardous metals and with sev-
eral advantages from an economical and environmental point of
view. In recent years, the first examples of organocatalysed DKR
processes have been described, such as those involving N-car-
boxyanhydrides bearing alkyl substituents under catalysis with
cinchona alkaloids.?' Indeed, modified cinchona alkaloids could
be applied as dual-function catalysts to catalyse both the

o o
R (DHQD),AQN R,
Et,0, 20 °C ‘ A
O —_—
Clec\mN% _~_OH CIzHCWNH
5 o o)

R =Bn: 81% ee = 66%

R = p-FCgH,CH,: 82% ee = 67%
R = p-CIC¢H,CH,: 82% ee = 67%
R = p-BrC¢H,CH,: 82% ee = 70%
R = 2-Thio-CH,: 87% ee = 75%
R =BnCH,: 77% ee = 59%

(DHQD),AQN

Scheme 54. Cinchona alkaloid-catalysed DKR of N-carboxyanhydrides.
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Scheme 55. Thiourea-catalysed DKR of azlactones.

racemisation and alcoholytic kinetic resolution of alkyl N-car-
boxyanhydrides bearing an electron-withdrawing N-protecting
group, leading to a DKR converting racemic N-carboxyanhy-
drides into the corresponding amino esters in good yields and
enantioselectivities (Scheme 54).

In 2005, Berkessel et al. reported the highly enantioselective
alcoholytic DKR of azlactones catalysed by a thiourea-based
bifunctional organocatalyst (Scheme 55).82 This novel method-
ology provided a direct access to a wide range of protected
natural and non-natural o-amino acids in high enantiomeric
excesses. The scope of this process was extended in 2006 by
the same group through the synthesis of a library of bifunctional
(thio)urea-based organocatalysts and their screening in the DKR
of azlactones, providing similar excellent results.®’

An enantioselective direct aldol reaction was reported in 2005
by Ward et al., who showed that proline-catalysed reactions of
tetrahydro-4H-thiapyranone with racemic 1,4-dioxa-8-thia-
spiro[4.5]decane-6-carboxaldehyde and with meso/dl 1,4-di-
oxa-8-thiaspiro[4.5]decane-6,10-dicarboxaldehyde proceeded
via DKR and gave single adducts with excellent enantioselectiv-
ities (Scheme 56).%* The high enantiotopic group selectivity re-
sulted from the high intrinsic diastereofacial selectivity of the
aldehydes. Since the first reaction, depicted in Scheme 56, was
complicated on a larger scale, it was carried out more recently
in the presence of a more soluble catalyst derived from L-proline,
such as 5-pyrrolidin-2-yltetrazole, giving rise to the same prod-
uct in 75% yield and >98% ee. This reaction was the key step
of an efficient synthesis of serricornin, a sex heromone.®’

0 o__0
OHC
s S

56% > 98% ee

L- prolme o) (O\ /O\
OHC
wet DMSO g~ S

68% ee = 92%

L-proline
wet DMSO

Scheme 56. L-Proline-catalysed DKRs of 1,4-dioxa-8-thia-spiro[4.5]decane-6-
carboxaldehyde and 1,4-dioxa-8-thiaspiro[4.5]decane-6,10-dicarboxaldehyde.

In 2004, Walsh et al. developed L-proline-catalysed aldol
reactions of atropisomeric amides such as benzamides and
naphthamides.®® The DKR process simultaneously established
the stereochemistry of the atropisomeric amide chiral axis

and a stereogenic centre, providing high enantioselectivities
(Scheme 57).

Very recently, Zhang et al. reported the DKR of 2-oxo-
3-aryl-succinates by L-proline-catalysed aldol addition of
acetone in acetonitrile at room temperature, providing the
corresponding products in good yield with up to 74% de and
high ee up to 99% (Scheme 58).*’

The development of the first highly enantioselective cyano-
carbonation of prochiral ketones promoted by a chiral base cat-
alyst, such as a cinchona alkaloid derivative, was reported by
Deng and Tian in 2006.%® Importantly, the reaction comple-
mented known enzyme- and transition metal-based methods in
substrate scope via its unique ability to promote highly enantio-
selective cyanocarbonation of sterically hindered simple dialkyl
ketones. Mechanistic studies provided experimental evidence to
shed significant light on the asymmetric induction step in which
the modified cinchona alkaloid acted as a chiral nucleophilic
catalyst. Moreover, experimental evidence supported the mech-
anistic proposal that the ee determination step in the cyanocar-
bonation was a DKR of the putative intermediates A and B via
asymmetric transfer of the alkoxycarbonyl group (Scheme 59).
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Scheme 57. L-Proline-catalysed DKRs of atropisomeric amides.
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Scheme 58. L-Proline-catalysed DKR of 2-oxo-3-aryl-succinates.
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Scheme 59. Cinchona alkaloid-catalysed cyanocarbonation of ketones.

Catalytic asymmetric reductive aminations of carbonyl
compounds are useful for the synthesis of chiral amines and
are also powerful C—N bond-forming fragment coupling reac-
tions.® Surprisingly few laboratory methods are known for
enantioselective reductive amination. In 2006, List et al.
reported asymmetric organocatalytic reductive aminations of
aldehydes using a BINOL phosphoric acid catalyst and
Hantzsch esters.”’ Hence, an efficient enantioselective reduc-
tive amination of a-branched aldehydes with aromatic amines
was developed via DKR. This process was broad in scope,
since both aromatic and aliphatic aldehydes could be used,

although the enantiomeric ratios were typically lower with
simple aliphatic aldehydes, as shown in Scheme 60.

In 2004, Krische et al. demonstrated that exposure of Mor-
ita—Baylis—Hillman acetates to tertiary phosphine catalysts in
the presence of 4,5-dichlorophthalimide enabled regiospecific
allylic substitution through a tandem Sx2'—Sn2' mechanism.”!
Through the use of the chiral phosphine catalyst, (R)-Cl-MeO-
BIPHEP, the racemic Morita—Baylis—Hillman acetate de-
picted in Scheme 61 was converted into the corresponding
enantiomerically enriched allylic amination product, thus
establishing the feasibility of DKR.

Substance P is a naturally occurring undecapeptide belong-
ing to the tachykinin family of peptides. Substance P antagonists
are used to treat many ailments ranging from gastrointestinal
and central nervous system disorders to inflammatory diseases,
pain, and migraine. In 2006, Nugent and Seemayer developed an
efficient synthesis of a pivotal precursor to substance P antago-
nists, which have a core structure based on the quinuclidine skel-
eton.”” The key step of the synthesis was the DKR of benzhydryl
quinuclidinone achieved for the first time by using L-tartaric
acid, as shown in Scheme 62.

On the other hand, the first example of a catalytic enantio-
selective synthesis of sulfinate esters through DKR of racemic

R2
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1 2 , R
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R' = p-MeOCgH,, R? = Me, R® = PMP: 81% ee = 94%
R' = p-BrCgH,, R? = Me, R® = PMP: 92% ee = 94%
R' = 0-FCgH,, R? = Me, R® = PMP: 89% ee = 94%
R' = m-FCgH,, R? = Me, R® = PMP: 84% ee = 94%
R' = 1-Naph, R% = Me, R® = PMP: 85% ee = 98%
R' = 2-Naph, R% = Me, R® = PMP: 96% ee = 96%
R' = Ph, R? = Et, R® = PMP: 92% ee = 98%
R'=R3 = Ph, R? = Me: 78% ee = 94%
R' = t-Bu, R? = Me, R® = PMP: 77% ee = 80%
R' = CF3, R? = Me, R® = PMP: 40% ee = 80%

Scheme 60. Reductive amination of aldehydes catalysed by a BINOL-derived
phosphoric acid.
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Scheme 61. DKR of Morita—Baylis—Hillman acetate catalysed by (R)-CI-
MeO-BIPHEP.
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Scheme 62. DKR of benzhydryl quinuclidinone catalysed by L-tartaric acid.

tert-butanesulfinyl chloride was reported in 2004 by Ellman
et al.”? The higher enantioselectivities for the organocatalytic
enantioselective sulfinyl transfer were obtained by using an N-
methyl imidazole-containing octapeptide as the organocatalyst
(Scheme 63). In 2005, a similar reaction was performed by
Toru et al. in the presence of a cinchona alkaloid as the orga-
nocatalyst.”* The results obtained for the sulfinylation of
t-BuOH by a combination of various arenesulfinyl chlorides
in the presence of quinidine acetate as the organocatalyst are
summarised in Scheme 63.

In addition, Hayakawa et al. have revealed the first example
of the asymmetric synthesis of a P-chiral trialkyl phosphate
via a trialkyl phosphite, in which the keystone was DKR in
the condensation of a dialkyl phosphorochloridite and an alco-
hol by the catalytic assistance of a chiral amine, such as a cin-
chona alkaloid (Scheme 64).”

In the same context, Daran et al. have described the DKR of
a chlorophosphine accomplished by treatment with a chiral disul-
fide in the presence of Et;N"Cl ™, leading to the corresponding
(—)-(8)-phosphinoyl chloride in 70% ee, as shown in Scheme 65 %
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Scheme 63. Organocatalysed DKRs of sulfinyl chlorides.
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Scheme 65. DKR of a chlorophosphine catalysed by a disulfide.

2.4. Atroposelective reactions

Among the few established methods for the atroposelective
construction of biaryl systems, the ‘lactone concept’, introduced
by Bringmann et al., holds a unique position, since it separates
the biaryl bond-formation step from the actual introduction of
stereo-information. The fundamental concept is summarised
in Scheme 66. A bromoarene carboxylic acid reacts with a phe-
nol to give the corresponding ester. This array permits the biaryl
coupling to occur intramolecularly, even against strong steric
hindrance, providing the corresponding lactones which are con-
figurationally unstable. These lactones are the key intermediates
in the concept, since they can be ring opened with chiral nucle-
ophiles according to the principle of DKR, yielding the now
configurationally stable biaryls.”” The cleavage of the bridge
can be achieved highly atropo-enantio- or -diastereoselectively
by using a variety of possible chiral nucleophiles (O-, N-, or H-
nucleophiles), establishing the axial configuration at the result-
ing, now configurationally stable (as it is open chained), final
biaryl product. The lactone method is compatible with a variety
of functional groups, proceeds under mild conditions and per-
mits flexible and reliable access to a broad spectrum of structur-
ally diverse biaryl species with any desired configuration at the
axis. The carboxy- and phenol-derived ortho functions resulting
from the ring opening do not necessarily have to be part of the
product, as they can easily be transformed or removed. The
key six-membered biaryl lactone intermediates are C{-symmet-
ric and thus require the availability of two different building
blocks (the phenolic moiety and the acid component). Hence,
the advantages of the method over other procedures are of par-
ticular significance for constitutionally unsymmetrical target
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Scheme 66. Lactone concept.

molecules, whereas for simple C,-symmetric products other
procedures such as homocoupling (with subsequent racemate
resolution) may be competing alternatives.

The potential and practicability of the lactone method have
been demonstrated by its application in the atroposelective
synthesis of several useful catalysts,”® and more than 30 natu-
ral products, such as (+)-isoschizandrin, displaying antiulcer
activity in rats.”” The key step of the synthesis was the
atropo-enantioselective reduction of a seven-membered
lactone using a chiral oxazaborolidine, (R)-2-methyl-CBS-

H OMe
OMe %Ph MeO.
MeO. Lo
e Ph O
MeO /B’ MeO o}
e o) MeO
MeO BHy THF
20 °C 0
o MeO
MeO o OMe
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Scheme 67. Atropo-enantioselective reductions of lactones with a chiral oxa-
zaborolidine and synthesis of (+)-isoschizandrin.

oxazaborolidine, providing the corresponding chiral lactone
after recycling (Scheme 67). Similar conditions were also ap-
plied to the corresponding six-membered lactone, which led to
the formation of the corresponding chiral diol in excellent
yield and enantioselectivity (Scheme 67).

A similar methodology was applied by Harayama et al. in
2004 to the synthesis of another natural product, (—)-stega-
none, having antileukaemic properties.'® Hence, the key
step of the synthesis was the enantioselective lactone-opening
reaction, performed with a combination of (§)-2-methyl-CBS-
oxazaborolidine and BH;3-THF, providing the corresponding
lactone-opened product in an enantioselective manner
(Scheme 68).

The stereoselective cleavage of the bridge can also be
achieved with a chiral N-nucleophile such as p-valinol. This
methodology was developed by Suzuki et al. and successfully
applied to the first total synthesis of the antibiotic, benanomi-
cin B (Scheme 69).'%!

/0 H ph /9
o ~1. O
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O o 8° OH

/
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3
L HE )
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OMe OMe

R = MOM: 59% ee = 86%
R = TBDMS: 97% ee = 83%

OMe (-)-steganone

Scheme 68. Atropo-enantioselective reduction of lactones with a chiral oxaza-
borolidine and synthesis of (—)-steganone.

In the same context, Bringmann et al. have more recently
developed atropodiastereoselective cleavage of biaryl lactones
with amino acid esters as inexpensive and efficient chiral N-
nucleophiles.'®> By using a broad variety of amino acid esters,
the corresponding configuratively stable axially chiral biaryl
amides were formed in good yields and excellent diastereose-
lectivities, as shown in Scheme 70.

Within the lactone concept, Uemura et al. have shown that
the element of planar chirality was excellently suited for trans-
ferring chiral information to the axis.'®® Treatment of the con-
figurationally unstable lactone depicted in Scheme 71, which
bears an R-configured 1-hydroxyethyl substituent ortho to
the biaryl axis, with [CpRu(MeCN);]PF¢ delivered the cen-
tro-, axial- and planar-chiral complex regio- and diastereose-
lectively, owing to the directing effect of the hydroxyl
function. Indeed, although the 8-lactone-bridged biphenyl ex-
isted as an inseparable equilibrated atropoisomeric mixture,
the corresponding ruthenium complex was obtained as a single
compound with differentiated arene face complexation and
fixation of the central bond. Cleavage of the lactone bridge
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Scheme 69. Atropodiastereoselective ring-opening reaction with p-valinol and

synthesis of benanomicin B.
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Scheme 70. Atropodiastereoselective ring-opening reaction with amino acid
esters.

with sodium methoxide and subsequent decomplexation gave
the corresponding axially chiral biaryl compound as a single
diastereomer.

In addition, Hayashi et al. reported in 2004 an example in
which a shorter bridge (five-membered ring) was cleaved
atropo-enantioselectively.'® Hence, the asymmetric nickel-
catalysed cross-coupling of dibenzothiophenes with Grignard
reagents in the presence of chiral phosphines delivered the cor-
responding biarylthiophenols (Scheme 72). In some cases,
both the chemical and optical yields were excellent, but the
success of this intriguing reaction varied both with the size
of the Grignard reagent employed and the nature of the origi-
nal ortho substituents. It was believed that the nickel catalyst
first inserted into the C—S bond, with the stereochemically
determining step being the transmetallation of the Grignard
reagent or the following reaction.
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Scheme 71. Atropodiastereoselective biaryl lactone formation with subsequent
ring cleavage and conversion into the metal-free biaryl product.
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Scheme 72. Atropo-enantioselective ring-cleaving biaryl synthesis by Ni-
catalysed C-alkylation or -arylation with chiral phosphines.

3. Enzymatic methods

In recent years, the use of biocatalysts for organic transfor-
mations has become an increasingly attractive alternative to
conventional chemical methods.*®'* The use of an enzyme,
rather than a transition-metal catalyst, represents an attractive
option for DKRs, in view of the likely mild conditions associ-
ated with enzyme-catalysed racemisation processes. In recent
years, impressive examples using new enzymes and major
progress in DKR have taken place, demonstrating that bioca-
talysis is rapidly developing and is still a growing field.

3.1. Enzymatic hydrolysis and esterification reactions

The enzymatic DKR of N-acylhemiaminals by various li-
pases, namely lipase PS (Pseudomonas cepacia) and lipase
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Scheme 73. DKR of N-acylhemiaminals.

AK (Pseudomonas fluorescens), was investigated by Kaga
et al. in 2003.'°° These authors have shown that the acetyla-
tion of racemic N-acylhemiaminals with lipases exclusively
produces the (R)-enantiomers in enantiomerically pure form
in quantitative yields via DKR (Scheme 73).

In 2003, Kanerva et al. reported the preparation of novel
(R)-furylbenzothiazole-based cyanohydrin acetates from the
corresponding furancarbaldehydes and acetone cyanohydrin
through effective lipase-catalysed DKR of cyanohydrins with
vinyl acetate in the presence of a basic resin.'”” This useful
method exploited the reversible nature of the base-catalysed
cyanohydrin formation from the corresponding aldehydes
and hydrogen cyanide and the base-catalysed cyanohydrin de-
composition to the aldehyde and hydrogen cyanide, leading to
the effective racemisation of the cyanohydrins at the same
time as the (R)-enantiomer was selectively acylated in the
CAL-A-catalysed acylation (CAL-A=Candida antarctica
lipase A). The method exploited acetone cyanohydrin as an
in situ source of hydrogen cyanide. Everything took place in
one pot, allowing at least 99% of the original aldehyde to be
transformed into the corresponding cyanohydrin ester with
high ee (Scheme 74). Moreover, the possibility of avoiding
the separate preparation and purification of the relatively labile
cyanohydrins and the handling of hydrogen cyanide constitute
the great advantages of this methodology.

A similar methodology was applied by the same authors to
the preparation of novel phenylfuran-based cyanohydrin esters
by using P. cepacia lipase and vinyl butanoate as the acylating
agent.'”® The results are summarised in Scheme 75.

In addition, DKR was used for the preparation of a series of
novel (+)-10-alkyl-phenothiazin-3-ylcyanomethyl acetates on
the basis of a similar methodology to that used in Scheme
75.'9 The use of C. antarctica lipase A allowed excellent
enantioselectivities to be obtained, as depicted in Scheme 76.

When the preceding conditions for the enantioselective
synthesis of cyanohydrin acetates via DKR were applied to
aliphatic substrates, only a kinetic resolution was observed.
However, Hanefeld et al. have shown that, by exchanging
the base (amberlite) against NaCN, quantitative conversions
and good enantioselectivities were obtained in the presence
of C. antarctica lipase B (Scheme 77).''” In addition, by using
NaCN, the reaction also became less sensitive towards water
that was present in the reaction mixture. However, the ees of
the products were lower than expected, most likely due to
a small degree of base-catalysed chemical acylation.

Q -
>_(1 amberlite OH"

CHO

R2
/©:N\ J | lipase CAL-A
R’ S>_(OtR/CN = ohc
OH

amberlite OH" |

@wlr

R1 R? = H: 91% ee = 96%

= Cl, R? = H: 92% ee = 84%
R1 Me, R? = H: 93% ee = 95%
R'=H, R?=Cl: 92% ee = 96%

Scheme 74. DKR of furylbenzothiazole-based cyanohydrins.

In the context of these studies, the same authors have dem-
onstrated that the synthesis of cyanohydrin esters via DKR
was highly dependent upon the carrier of the enzyme. The car-
rier influences the amount of water available in the reaction
mixture, suppressing or enhancing the undesired hydrolysis
of the acyl donor and the final product.''! Indeed, the DKR
proved to be prone to residual water. However, when the lipase
was immobilised on Celite as a carrier, the Celite absorbed the

R1
I\ <~>OH
O CHO CN

R? amberlite OH
R
I\
/©/©\/CN lipase PS
R? OH = ocon-pr

amberlite OH" |

R
'\ on

R2 © é *

/©/QO(COn-Pr

"= H, R? = CO,Et: 72% ee = 80%

=CI,R2=H:94% ee = 96%
R'=H, R?=Br: 93% ee = 95%
R'=H, R? = NO,: 92% ee = 91%
R'! = Me, R? = NO,: 93% ee = 96%

Scheme 75. DKR of phenylfuran-based cyanohydrins.
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Scheme 76. DKR of phenothiazine-based cyanohydrins.
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R = 2-Fu: 92% ee = 89%

Scheme 77. DKR of aliphatic cyanohydrins.

water and suppressed the water-induced side reactions.
Thereby, the enantioselectivity and the reaction times (3—10
days without Celite) for this DKR were improved, enabling
a nearly enantiospecific and high-yielding synthesis of mande-
lonitrile acetate (Scheme 78).

OH lipase
CN _<OH CAL-Bcel OAc
——— pp — :
PhCHO  ;periite CN Y Ph O CN
OoH’ AcO

97% ee = 98%

Scheme 78. Synthesis of mandelonitrile acetate with Celite-immobilised CAL-B.

Although lipases have been used to catalyse the enantiose-
lective esterification of different atropoisomeric binaphthyls,
little attention has been paid to biphenyls. In 2005, however,
Delogu et al. reported the synthesis of both atropoisomers of
a racemic thiobiphenyl, 2,2’,6,6'-tetramethoxybiphenyl-3,3'-
diyl)dimethanethiol, by using lipase-catalysed procedures.''
The esterification reaction of the racemic thiobiphenyl in the
presence of vinyl acetate and P. cepacia (PS-D) gave, in

O SH
MeO OMe
MeO OMe
O SH
lipase PS-D

ZoAc

OAc OH

o
MeO OMe
MeO OMe O
‘ MeO OMe
S\‘/ MeO l OMe

30% OAc

+
OAc MeOH

Cr
MeO OMe O SH
MeO OMe MeO OMe
O MeO. i OMe

S

32% OAc SH

ee = 96%

Scheme 79. DKR of 2,2',6,6'-tetramethoxybiphenyl-3,3’-diyl)dimethanethiol.

a one-pot reaction, the two corresponding enantiopure atro-
poisomers via a lipase-assisted DKR of epimerising hemi-
thioacetal intermediates (Scheme 79).

In 2005, Bornscheuer et al. studied the DKR of acyloins,
which constitute important building blocks in organic synthesis,
e.g., for the total synthesis of epothilones.'’® No combination
of base and solvent was found that could selectively racemise
the acyloins or the corresponding esters under the conditions
needed for a DKR. In contrast to bases, an acidic resin, such
as Amberlyst 15, was found to racemise the acyloins selectively
in n-hexane and in water. Unfortunately, the acidic resin deac-
tivated the lipase (CAL-B), preventing a one-pot DKR. How-
ever, an efficient DKR was made possible by the spatial
separation of lipase and ion exchanger, with enzymatic transes-
terification and resin-catalysed racemisation taking place simul-
taneously in two compartments connected by a pump loop. In
these conditions, the conversion and selectivity were approach-
ing excellent, as was the enantiomeric purity of the product
(8)-acyloin butyrate ester, as depicted in Scheme 80.

o two-compartment o
DKR )K‘/\Ph
Ph  lipase CAL-B 0 n-Pr
OH amberlyst 15 \ﬂ/
\/O\n/n-Pr o
o >90% ee > 91%

Scheme 80. Two-compartment DKR of an acyloin.
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In 2005, Cong et al. developed a new method for the resolu-
tion of 2-octanol by combining a DKR with a double kinetic res-
olution.''* Indeed, the method was based on the feasibility of
using the residue of one double kinetic resolution as the substrate
of the next double kinetic resolution, etc., and recycling them to
DKR. In these conditions, an 80% racemic substrate could be
converted to enantiopure products as depicted in Scheme 81.

OH

\/\/\)Oi pase ™ \/\/\)\

= OAc
>61% ee > 98%

ee > 8%
+ OAc
+ OAc :
H NN
NN
ee >61%
ee > 95% NaOH
\ OH NaOH
NN
lipase PS ee > 95%
= OAc
> 58%
o QH
NN
ee>61%

Scheme 81. DKR of 2-octanol.

In 2005, Limanto et al. reported an efficient approach to
(8)-y-fluoroleucine ethyl ester, which involved, as the key
step, a lipase-catalysed dynamic ring opening of a 2-(3-bute-
nyl)azlactone with EtOH to give the corresponding amide es-
ter in high ee.''> The use of an immobilised lipase, Novozym
435, in organic media allowed this transformation, providing
the corresponding N-pentenamide ester in good yield and
enantioselectivity (Scheme 82).

F
Novozym 435 ~ O
EtOH, TEA
(/L _MTBE

N “CO,Et
78-80% ee = 84%
Scheme 82. Ring opening of a 2-(3-butenyl)azlactone.

In 2005, Jacobs et al. investigated the potential value of acid
zeolites as heterogeneous alcohol-racemisation catalysts for the
racemisation of benzylic alcohols.' ' In this context, H-beta ze-
olites were applied in DKR of various benzylic alcohols in the
presence of carboxylic acids as acylating agents and Novozym

OH Novozym 435
RD)\ n-HeptCO,H Rl
3
R? R

H-Beta zeolite

CP814E-22

n-octane/water
R'=R2=R3=H: 78% ee = 98%
R'=R3=H, RZ= OMe: 13% ee = 79%
R'=R3=H, RZ = Me: 84% ee > 99%
R'=CF3, R2=R3 = H: 39% ee > 99%
R'=R3=H, R?=Br: 74% ee = 98%
R'=R2=H, R®= Me: 79% ee = 97%

Scheme 83. DKR of benzylic alcohols with zeolites.

435, which were conducted by means of a two-phase approach,
providing the corresponding esters in yields well above 50%
with excellent enantioselectivities, as shown in Scheme 83.
Very recently, Jaenicke et al. have also applied zeolites to pro-
mote the DKR of secondary alcohols in the presence of Novo-
zym 435 and vinyl octanoate as the acyl donor."'” In this case,
a single non-aqueous liquid phase (toluene) was employed in
the presence of the two heterogeneous catalysts, providing the
corresponding octanoyl ester in 72% yield and 98% ee, when
1-phenylethanol was involved as the starting material in the
presence of zeolite beta Al-150. In addition, zeolite Zr-beta
was found to be a good racemisation catalyst of 1-phenylethanol
in the presence of 2',2’,2'-trifluoroethanol 1H,1H,2H,2H-per-
fluoundecanoate as the acyl donor. In order to facilitate the sep-
aration of the product, a fluorous phase-switching technique
coupled with fluorous extraction was employed, allowing 95%
conversion and 75% ee to be obtained.''®

In 2006, Vaultier et al. reported the first continuous DKR of
1-phenylethanol in ionic liquids and ionic liquid/supercritical
carbon dioxide systems, using a combination of the immobi-
lised lipase, Novozym 435, and an acid chromatographic sup-
port (silica modified with benzenesulfonic acid groups; SCX)
as catalysts.''” The simultaneous action of both chemical and
enzymatic catalysts was demonstrated by providing yields of
(R)-1-phenylethyl propionate of up to 70% with 98% ee in
the presence of vinyl propionate as the acylating agent. On
the other hand, Kamaruddin et al. have developed a currently
economical technology in the production of biologically active
(S )-ketoprofen, based on a combination of lipase and mem-
brane technology in an enzymatic membrane reactor.'*’

Although the enzymatic DKR methodology has been ex-
haustively applied to different secondary alcohols through
enzymatic hydrolysis or transesterification, relatively few ex-
amples are known in the case of amines, probably because
this type of DKR implies the formation of imino compounds
as intermediates, which are less stable than carbonyl com-
pounds.121 However, in the last few years, some examples of
DKR of amines have appeared in the literature. As an exam-
ple, Kanerva et al. reported in 2004 the DKR of the methyl es-
ters of proline and pipecolic acid on the basis of the acylation
of the secondary amino group of the amino esters with vinyl
butanoate by C. antarctica lipase A.'** Acetaldehyde, used
as a racemising agent, was released in situ from vinyl buta-
noate in the presence of triethylamine, allowing proline and pi-
pecolic acid methyl esters to be acylated in the form of highly
enantiopure butanamides (Scheme 84).

Very recently, Crawford et al. observed a spontaneous enzy-
matically mediated DKR of 8-amino-5,6,7,8-tetrahydroquinoline
in the presence of C. antarctica lipase B, in which a >60% yield
of the expected enantiopure (R)-acetamide was isolated from the
racemic amine.' > The spontaneous formation of 5,6,7,8-tetrahy-
droquinolin-8-one as a side product, followed by a condensation/
hydrolysis sequence with the remaining (S )-8-amino-5,6,7,8-tet-
rahydroquinoline, via the corresponding enamine, provided the
necessary racemisation pathway (Scheme 85).

Very recently, the performance of a DKR process associating
a lipase-catalysed enzymatic resolution and an in situ
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Scheme 84. DKR of proline and pipecolic acid methyl esters.
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Scheme 85. DKR of 8-amino-5,6,7,8-tetrahydroquinoline.

racemisation involving a thiyl radical-mediated process was
developed by Bertrand et al. for the first time.'** This process,
compatible with remote functionalities, has led to various (R)-
amides with high enantioselectivities, as depicted in Scheme 86.

(0]

Et,N
NHz &SH NHCOR?
R’ lipase CAL-B R!
R2CO,R®

AIBN, heptane
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BnCHz, R? C11H23, R3= = Et: 70% ee = 99%

=BnCHy, RZ = Cy1Hys, R® = H: 71% ee > 99%
R1 = n-Hex, R2 = Cq4Hap3, R® = Et: 81% ee > 99%
R" = Cy, RZ = Cq4Ha3, R® = Et: 81% ee > 99%
R' = -BUOCOCH,, R? = Cq4Hg3, R® = Et: 47% ee = 92%
R' = (Me),C=CH(CHy),, R? = C44H.3, R® = Et: 68% ee = 94%
R' = Et, R? = Cy4Hg3, R® = H: 57% ee = 86%

Scheme 86. DKR of amines.

On the other hand, various biocatalytic hydrolysis methods
have been developed in the last few years on the basis of DKR.
As an example, Griengl et al. reported in 2003 the hydrolysis
of cyanohydrins by treatment with bacterial cells of Rhodococ-
cus erythropolis NCIMB 11540, which have a highly active
nitrile hydratase/amidase enzyme system.'> In this manner,
(R)-2-chloromandelic acid and (R)-2-hydroxy-4-phenylbutyric
acid, two important pharmaceutical intermediates, could be

R. erythropolis NCIMB 11540

nitrile
OH .
OH hydratase Rﬁ/ amidase = OH
< NH —<
CN I COH

R = 0-CICgH4: 98% ee > 99%
R = BnCH,: 98% ee = 98%

Scheme 87. DKR of cyanohydrins.

prepared in high optical and chemical yields after short reac-
tion times (3 h and 1.5 h, respectively) (Scheme 87).

In 2006, Kragl et al. developed the DKR of a-amino acid
esters, such as phenylalanine ethyl ester, in a water/acetonitrile
mixture, leading to the corresponding optically active a-amino
acids in good yields and optical purity (Scheme 88).'?° The
alcalase-catalysed hydrolysis of the ester was combined with an
in situ racemisation catalysed by 3,5-dinitrosalicylaldehyde.
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0] H,O/MeCN
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A,
Ph OEt CHO Ph OH
NH, OH NH,
80% ee = 96%
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Scheme 88. DKR of phenylalanine ethyl ester.

An enantioselective synthesis of (S )-2-amino-4-phenylbu-
tanoic acid by the hydantoinase method was developed in
2003 by Hsu et al.'”” This methodology was based on the
use of a combination of Bacillus caldolyticus hydantoinase
and Bacillus kaustophilus 1-N-carbamoylase, using racemic
5-(2-phenylethyl)-imidazolidine-2,4-dione as a substrate. In
spite of giving total enantioselectivity, the yield was quite
low, as shown in Scheme 89.
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Scheme 89. DKR of 5-(2-phenylethyl)-imidazolidine-2,4-dione.
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In addition, Asano and Yamaguchi have reported the DKR
of amino acid amides catalysed by a combination of two
enzymes, D-aminopeptidase and o-amino-g-caprolactam race-
mase, yielding the corresponding p-amino acids.'*®

A lipase-catalysed hydrolysis has constituted the key step
of a total synthesis of roxifiban, a potent antagonist of the
platelet glycoprotein ITb/IlIa receptor.'?’ The DKR of an iso-
butyl ester to form the corresponding acid in high yield and ee
is depicted in Scheme 90.
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Scheme 90. Synthesis of roxifiban.

In 2006, another lipase-catalysed hydrolysis process under
in situ racemisation of the remaining (R)-ibuprofen ester sub-
strate with sodium hydroxide as the catalyst was developed by
Kamaruddin et al. for the production of (§)-ibuprofen from ra-
cemic ibuprofen ester in isooctane.'*® Through this method,
enantiopure (S )-ibuprofen could be obtained in 86% yield
and >99% ee. In the same context, Tsai et al. have recently
developed the dynamic kinetic hydrolytic resolution of
2,2,2-trifluoroethyl o-chlorophenylacetate in water-saturated
isooctane containing lipase MY (I), producing (R)-o-chloro-
phenylacetic acid in 93% yield and 90% ee, in the presence
of trioctylamine acting as the racemisation catalyst and en-
zyme activator.'>’ These authors have also reported the DKR
of naproxen 2,2,2-trifluoroethyl ester via lipase-catalysed
hydrolysis in micro-aqueous isooctane.'** In this method,
Candida rugosa lipase was immobilised on polypropylene
powder, and an organic base, such as 1,5,7-triazabicyclo[4,4,0]-
dec-5-ene bound to polystyrene crosslinked with 2% divinyl-
benzene, was added as an in situ racemisation catalyst. In
these conditions, a 96% yield of the desired (S )-naproxen
was obtained with a disappointing ee of 58%. Better
results were, however, obtained by the same group for the
DKR of suprofen 2,2,2-trifluoroethyl thioester using a hol-
low-fibre membrane.'** Similar conditions to those described
above were applied, but, in this case, a hollow-fibre membrane
was also integrated with the DKR process, in order to con-
tinuously extract the desired (S )-suprofen into an aqueous
solution containing NaOH. In this context, 86% ee could be
obtained.

3.2. Miscellaneous enzymatic reactions

In 2005, Kambourakis et al. reported the biocatalytic re-
duction of a-alkyl-1,3-diketones and a-alkyl-B-keto esters,
employing isolated NADPH-dependent ketoreductases
(KREDs)."** The corresponding optically pure single keto al-
cohols and hydroxy esters were obtained in quantitative yields
(Scheme 91). The same authors have previously reported the
total synthesis of a new class of triterpene derivatives with
anti-HIV activity, statine and statine analogues, based on a dia-
stereoselective reduction of a 2-alkyl-substituted 3-ketogluta-
rate by a KRED."*® The results are summarised in Scheme 91.
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R ﬁ =Y ¢ R
R3 H H'RB
NADPH  NADP+

gluconic acid glucose
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R!=R2 = Me, R® = Et: 100% ee > 99%
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R'=R2=Me, R® = allyl: 100% ee > 99%
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R =Bn: 97% de > 99%
R = j-Bu: 95% de = 90%

Scheme 91. Reduction of a-alkyl-1,3-diketones and a-alkyl-B-keto esters by
KRED enzymes.

In 2006, Kosjek et al. reported a similar methodology for
the biocatalytic reduction of o,-unsaturated ketones, provid-
ing the corresponding chiral allylic alcohols in both high enan-
tio- and diastereoselectivities, as depicted in Scheme 92.'%°
The method employed the enzyme KRED 108 including an
NADPH cofactor recycling system using KRED 104/2-
propanol.

o) OH
KRED 108 O\

CO,R /\ Y CO,R
COR N ApPH naDp+  CO=R

A

R =Me: 97% de = 98% ee = 95%
R = Et: 97% de = 98% ee = 60%

KRED 104

Scheme 92. Reduction of o,B-unsaturated ketones by KRED enzymes.

Using a recombinant Escherichia coli (E. coli) strain over-
expressing yeast reductase Aralp, Kayser et al. have reduced
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a racemic 3-oxo-4-phenyl-p-lactam to the corresponding enan-
tiomerically pure 3-hydroxy-B-lactam (Scheme 93)."*” The
DKR occurred over the course of fermentation at pH 7. Unfor-
tunately, other lactams, such as 3-oxo-4-(2-thiophenyl)-p-lac-
tam and 3-oxo-4-(2-furyl)-B-lactam, could not be resolved
under the same conditions.

HO
o) “, ___«Ph
Ph E. colilAralp
N N,
o PMP (e} PMP

100% de = 100%
ee > 98%

Scheme 93. Reduction of a 3-oxo-4-phenyl-B-lactam by E. coli/Aralp.

In 2006, Blanchard et al. demonstrated that intact cells from
the cut portions of plants, such as Daucus carota, could medi-
ate the bioreduction of 2-hydroxycyclohexanone.'*® In these
conditions, the (S )-enantiomer was converted faster than the
(R)-enantiomer, leading to a 67:33 ratio of C,-symmetric:-
meso-cyclohexan-1,2 diols with 23% ee and >95% ee, respec-
tively. In addition, Howdle et al. have reported the
simultaneous DKR of a secondary alcohol in combination
with lipase-catalysed ring-opening polymerisation of g-capro-
lactone."*® 1-Phenylethanol was used as a model secondary al-
cohol and incorporated into poly(e-caprolactone) under DKR
conditions. A total of 75% of 1-phenylethanol was incorpo-
rated as (R)-1-phenylethanol-poly(e-caprolactone) with >99%
ee. This methodology could provide a simple one-step ap-
proach to prepare enantiopure sustained release polymeric for-
mulations of chiral species such as drugs or drug precursors
bearing a secondary hydroxyl group.

On the other hand, Alphand et al. have developed an enan-
tioconvergent microbial Baeyer—Villiger oxidation, achieved
by combining a whole cell-based kinetic resolution and an
anion exchange resin-catalysed in situ racemisation.'*® The
choice of a suitable resin, Lewatit MP62, was the key point
of this work. When the process was applied to racemic 2-benz-
yloxymethylcyclopentanone, a nearly enantiopure lactone,
(R)-6-benzyloxymethyltetrahydro-2-pyrone, was obtained in
excellent yield (Scheme 94).

% E. coli TOP10[pQR239]

Lewatit MP62
OBn

Scheme 94. Microbial Baeyer—Villiger oxidation.
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Another type of enzymatic reaction, proceeding via
DKR of epihalohydrins, was described by Janssen et al. in
2004."*! The haloalcohol dehalogenase from Agrobacterium
radiobacter AD1 was shown to catalyse the reversible ring
closure of vicinal haloalcohols to produce epoxides and
halides. In the ring of epoxides, non-halide nucleophiles
such as N3 are accepted. The enantioselective irreversible
ring opening of an epihalohydrin by N3, combined with

racemisation caused by a reversible ring opening by a halide,
resulted in an enzymatic DKR, yielding the optically active
(8 )-1-azido-3-halo-2-propanol. With an epibromohydrin as
the substrate, the racemisation rate was higher than the rate
of ring opening, resulting in an efficient DKR (Scheme 95).

haloalcohol
dehalogenase
o HheC OH

I>\/Br NaBr, NaN N3\/'\/Br
84% ee = 94%

Scheme 95. DKR of an epibromohydrin.

The stereoselectivity of the hydroxynitrile lyase(HNL)-cat-
alysed cyanohydrin formation of monosubstituted cyclic ke-
tones is of general interest for the synthesis of biologically
active compounds. In the course of a systematic investigation
of the stereoselectivity of hydroxynitrile lyase-catalysed addi-
tion of HCN to a variety of monosubstituted cyclopentanones,
Effenberger and Kobler observed a DKR for the addition of
HCN to alkyl 2-oxocyclopentanecarboxylates catalysed by
(S)-MeHNL from cassava (Manihot esculenta).'** Continuous
equilibration via keto—enol tautomerism and the preferred
enzymatic conversion of the (R)-enantiomers of the ketones
resulted in the preferred formation of the cis-(1R,2S)-dia-
stereomers (Scheme 96).
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Scheme 96. (S)-MeHNL-catalysed addition of HCN to 2-substituted cyclo-
pentanones.

4. Chemoenzymatic methods

The use of transition metal—enzyme combinations to effect
tandem in situ racemisation and resolution, highlighted in
1997 by Stiirmer,'” has widely extended the scope of
DKRs.'* Since the demonstration of the compatibility of en-
zymes with metal complexes in one pot,>*'*>1%6 this powerful
concept has recently attracted much attention. In this ap-
proach, the enzyme acts as an enantioselective resolving cata-
lyst and the metal serves as a racemising catalyst for the
efficient DKR. Three major types of enzyme—metal combina-
tions, lipase—ruthenium, subtilisin—ruthenium and lipase
combined with a metal other than ruthenium, have been devel-
oped primarily as the catalysts not only for the DKRs of var-
ious secondary alcohols but also for diols, amines and esters.
Meanwhile, the lipase—ruthenium combination has been the
most used method up to the present time. As an example,
Béckvall et al. have demonstrated that pentaphenylcyclopenta-
dienylruthenium complexes and lipases in tandem were highly
performing for the DKR of a wide variety of functionalised
secondary alcohols including heteroaromatic alcohols,
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leading, for many of the latter, to the corresponding enantio-
pure acetates prepared for the first time via DKR (Scheme
97)."*” The reaction took place in very short times, and iso-
prenyl acetate was employed as the acyl donor, which made
the purification of the products very easy. A study of the rac-
emisation of (S )-1-phenylethanol indicated that the racemisa-
tion took place within the coordination sphere of the
ruthenium catalyst.

OAc

£BUOK, Na,CO;3
j)\"' lipase CAL-B OAc

R2 catalyst

Ph
catalyst = Ph
Ph Ru-Cl

R' = Ph, RZ = Me: 98% ee > 99%

R' = 2-Naph, R? = Me: 93% ee > 99%

R' = p-PhCgHa, R? = Me: 96% ee > 99%
R' = Ph, RZ = Et: 92% ee > 99%

R' = p-MeOCgH,, R? = Me: 96% ee > 99%
R" = p-(n-Pr)CgHa, R2 = Me: 96% ee = 99%
R' = p-O,NCgH,, RZ = Me: 99% ee > 99%
R' = p-NCCgHj, R = Me: 98% ee > 99%
R' = p-CF3CgHy4, R? = Me: 98% ee > 99%
R' = C¢Fs, R? = Me: 98% ee > 99%

R' = Cy, R? = Me: 98% ee > 99%

R! = n-Hex, R2 = Me: 93% ee > 98%
R'=BnCH,, R? = Me: 91% ee = 96%
R'=Bn, RZ= Me: 99% ee = 91%

R' = PhOCH,, R? = Me: 98% ee > 92%

R' = 2-Fu, RZ = Me: 93% ee = 96%

R' = 2-Thio, R? = Me: 98% ee > 99%

R' = 4-py, R? = Me: 97% ee = 99%

R' = Ph, RZ = CH,CI: 83% ee > 99%

R' = Ph, RZ = CH,CN: 85% ee = 97%

R' = PhCH=CH, R? = Me: 89% ee > 99%
R' = (Bn),;NCH,, R2 = CH,Cl: 97% ee > 97%
R" = (Me),C=CH-(CHy),, R? = Me: 92% ee = 98%

R R2

Scheme 97. DKR of various alcohols in the presence of a ruthenium catalyst
and lipases.

In 2004, Park et al. obtained similar results in the presence
of novel aminocyclopentadienylruthenium complexes as race-
misation catalysts.'*® Not only simple alcohols, but also func-
tionalised alcohols, such as allylic alcohols, alkynyl alcohols,
diols, hydroxyl esters and chlorhydrins, were successfully
transformed into chiral acetates, as depicted in Scheme 98.

In the same context, another racemisation ruthenium cata-
lyst, bearing a benzyloxy function, was synthesised by the
same group and was successfully applied to similar reactions
to those described above, providing the DKR of a wide range
of functionalised alcohols in excellent yields and enantioselec-
tivities (>99% ee).'"* The corresponding polymer-supported
derivative was also synthesised and tested as a recyclable
catalyst for the aerobic DKR of alcohols (Scheme 99) and its
catalytic activity was found to be practically the same as
that of the non-polymeric catalyst.
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t-BuOK, N82003
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& ~NHi-Pr
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Ph

R' = Ph, RZ = Me: 95% ee > 99%

R! = p-CICgH4, R? = Me: 94% ee > 99%

R' = p-MeOCgH,, R% = Me: 90% ee > 99%

R' = Cy, R? = Me: 86% ee > 99%

R' = n-Hex, R? = Me: 89% ee = 91%

R' = PhCH=CH, R2 = Me: 93% ee = 98%

R' = Ph-Ph-CH=CH, R? = Me: 90% ee > 99%

R" = Cy, RZ = CH=CH,: 90% ee > 99%

R'=Ph, RZ = CH=CH,: 62% ee = 81%

R'! = PhOPh-CH=CH, R? = CH=CH,: 93% ee > 99%
R' = PhC=C, R? = CH=CHy: 95% ee > 99%

R' = PhaCOCHj, R? = Me: 97% ee = 99%

R" = Ph3CO(CH,), R? = Me: 94% ee > 99%

R! = m-(MeCHOH)CgHa, R? = Me: 95% ee > 99%
R' = p-(MeCHOH)CgHy4, R? = Me: 94% ee > 99%
R' = Ph, R? = CH,Cl: 75% ee = 95%

R = PhOCH,, R? = CH,CI: 62% ee = 87%

Scheme 98. DKR of various alcohols in the presence of a ruthenium catalyst
and lipases.
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O
Jeg:
catalyst = ph O é
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R' = Ph, RZ = Me: 99% ee > 99%

R' = p-Tol, R? = Me: 99% ee > 99%

R' = p-CICgH,4, R% = Me: 99% ee > 99%
R' = 2-Naph, R% = Me: 99% ee > 99%
R' = Cy, R% = Me: 95% ee > 99%

R' = n-Hex, R? = Me: 94% ee = 97%

R' = BnCH,, R% = Me: 86% ee = 92%

Scheme 99. DKR of various alcohols in the presence of a polymer-bound
ruthenium catalyst and lipases.

In 2005, Trauthwein et al. reported the synthesis of an
easy-to-handle and stable racemisation catalyst for secondary
alcohols by an in situ mixture of readily available [Ru( p-cym-
ene)Cl,], with chelating aliphatic amines.'° Optimisation of
the reaction revealed that N,N,N',N'-tetramethyl-1,3-propanedi-
amine as ligand racemised aromatic alcohols completely within
5 h. The combination of this catalyst with lipase showed a good
performance for the DKR of various alcohols in the presence of
p-chlorophenyl acetate as the acyl donor (Scheme 100).

In the same context, Livingston et al. have studied the
efficiency of ruthenium p-cymene catalyst combined with
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lipase CAL-B

p-CICgH4OAC
[Ru(p-cymene)Cl,],
Me,N-(CH,),-NMe,

C:)Ac

R1 RZ 1/-\R2

R' = Ph, RZ = Me: 80% ee = 98%

R'= p-MeOCgHy4, R? = Me: 66% ee = 97%
R', R? = 1-indane: 93% ee = 98%

R' = 2-Naph, R2 = Me: 64% ee = 96%

Scheme 100. DKR of various alcohols in the presence of a ruthenium catalyst
and lipases.

Novozym 435, in the presence of a number of different bases,
for the DKR of allylic alcohols.'' Using this method, the DKR
of methyl styryl carbinol, performed in the presence of a base,
such as TEA, or trioctylamine, and vinyl acetate as the acyl do-
nor, led to the corresponding chiral acetate in yields above 68%
and 80—97% ee. In 2006, Wolfson et al. reported the DKR of 1-
phenylethanol by hydrated ruthenium chloride in an aqueous
medium using Novozym 435 as the lipase.'>* This novel pro-
cess, involving phenyl acetate as the acyl donor, led to the for-
mation of the corresponding chiral acetate in 82% yield and
98% ee. Besides its low price and ideal environmental impact,
performing the reaction in an aqueous medium, allowed an easy
separation of the product. In 2005, Verzijl et al. demonstrated
that the continuous removal of the acyl donor residue during
the reaction allowed the use of simple alkyl esters as acyl do-
nors for the DKR of various secondary alcohols in the presence
of Novozym 435 and a dinuclear ruthenium catalyst, Shvo’s ru-
thenium catalyst,'>® as depicted in Scheme 101.">* The addition
of a ketone, such as 2.4-dimethyl-3-pentanone, sped up the

lipase

(e}
Novozym 435
OH n-PrCO,i-Pr OJ\

R

i-Pr

R i-PrCOI-Pr
Shvo's catalyst

R = Ph: 96% ee = 99%
R =Ph: 94% ee > 99%
R = p-CICgH4: 96% ee = 99%
R = p-MeOCgH4: 93% ee > 99%
R = m-CF3CgH4: 91% ee > 99%
R = p-FCgHy4: 98% ee = 99%
R = PhOCHy: 75% ee = 84%
R = 2-Fu: 87% ee = 95%
R = n-Hex: 90% ee = 95%
R = t-Bu: 75% ee = 97%
R = Cy: 97% ee > 99%

lipase o)
OH Novozym 435 )]\

)\ BnCO,Me ) Bn
R i-PrCOI-Pr RN

Shvo's catalyst
R =Ph: 93% ee > 99%
R = PhOCHy,: 88% ee > 99%
R = 2-Fu: 94% ee = 99%
R = n-Hex: 84% ee > 99%

Ph Ph
Ph
Ph oﬂ.o\‘
Ry "Ry Xpp,
Phbroc CocatOoPh
Shvo's catalyst

Scheme 101. DKR of various alcohols in the presence of Shvo’s ruthenium
catalyst and lipases.

racemisation process and allowed the amounts of enzyme and
ruthenium catalyst to be reduced. Hence, various benzylic
and aliphatic alcohols were reacted using isopropyl butyrate
or methyl phenyl acetate as the acyl donor and, in most cases,
the ester was isolated in >95% yield and 99% ee.

In addition, the activated hydride form of a cymene—ruthe-
nium complex was shown to be effective as a racemising cat-
alyst in ionic liquids, such as [EMIm]BF, and [BMIm]PFq
([EMIm]=1-ethyl-3-methylimidazolium and [BMIm]=1-
butyl-3-methylimidazolium).">® In these conditions, the DKR
of various secondary alcohols occurred in the ionic liquids at
room temperature, allowing the catalyst and enzyme in the
ionic liquid layer to be re-usable after extracting the products
with ether (Scheme 102).

lipase PS
[BMIm]PFg

OH  MeCOCH,CFs  oac
kit LR
TEA, 20 °C

R)\
catalyst

R = Et: 85% ee = 99%

R = n-Pr: 85% ee = 99%

R = p-Tol: 87% ee = 99%

R = m-Tol: 87% ee = 98%

R = p-MeOCgH,: 85% ee = 99%

R = p-CICgHg4: 87% ee = 99%

R = p-BrCgHy: 92% ee = 99%

R = p-(MeCHOH)CgHy4: 87% de = 99% ee = 99%
R = m-(MeCHOH)CgHy: 86% de = 97% ee = 99%

R

i-Pr
X Sl
catalyst = || /—Ru Rlu
Hel
i-Pr
Scheme 102. DKR of various alcohols in the presence of a ruthenium catalyst
and lipases in ionic liquids.

In 2006, Hulshof et al. reported the synthesis of a novel di-
nuclear ruthenium catalyst, bearing tetrafluorosuccinate and
racemic BINAP ligands.'>® This catalyst was applied to the
DKR of various secondary alcohols in the presence of iso-
propyl butyrate as the acyl donor and Novozym 435 as the en-
zyme (Scheme 103). Activation of the ruthenium catalyst with
K,CO; was necessary. When the reaction was performed in
the presence of the ketone corresponding to the substrate, it
was complete within 10 h with an excellent ee, whereas, with-
out this ketone, the complete reaction was achieved in 23 h,
also giving an excellent ee.

The combination of a lipase and a ruthenium catalyst has
also been applied to the deracemisation of a- and B-hydroxy-
phosphonates.'>” Hydroxyphosphonates are an important class
of substrates, with applications in medicinal chemistry (hap-
tens of catalytic antibodies, phosphonic acid-based anti-
biotics), biochemistry (enzyme inhibitors) and organic
synthesis. Under typical conditions, Béckvall and Pamies
have shown that the DKR of several dimethyl- and diethyl-
a-hydroxyphosphonates proceeded with excellent ees and
moderate-to-good yields (Scheme 104). This was attributed
to the coordination of the phosphonate moiety to the ruthe-
nium catalyst at a low alcohol concentration. This DKR
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lipase [e]
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R = 2-Fu: 98% ee = 79%

catalyst =

Scheme 103. DKR of various alcohols in the presence of a BINAP-based
ruthenium catalyst and lipases.

procedure was also applied to the deracemisation of diethyl -
hydroxyphosphonates. However, in contrast to the DKR re-
sults on the a-hydroxyphosphonates, the formation of large
amounts of the corresponding ketone was observed. To in-
crease the efficiency of the process by reducing the amount
of ketone, the authors completely suppressed the ketone for-
mation by adding 2,4-dimethyl-3-pentanol as a hydrogen
source after 24 h. Under these conditions, the DKR of -
hydroxyphosphonates proceeded with excellent ees and
moderate yields and without ketone formation.

lipase CAL-B
catalyst
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R'=R?=Me, n=1:62% ee > 99%
R'=Me, RZ=Et, n=1:69% ee > 99%
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Scheme 104. Ruthenium-catalysed DKR of dimethyl- and diethyl-o-hydroxy-
phosphonates.

A similar methodology was applied to the DKR of func-
tionalised y-hydroxy amides by using Shvo’s ruthenium cat-
alyst in combination with P. cepacia lipase (lipase PS).'*®
This enzyme tolerated both variations in the chain length
and different functionalities, giving good-to-high enantiose-
lectivities, as shown in Scheme 105. The synthetic utility
of this procedure was illustrated by the practical synthesis
of the versatile intermediate y-lactone, (R)-5-methyltetrahy-
drofuran-2-one.
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Scheme 105. DKR of functionalised y-hydroxy amides.

Other functionalised alcohols have been submitted to DKR
in similar conditions, such as aryl B-hydroxyalkyl sulfones,
which have been successfully transformed into the corre-
sponding optically active O-acetyl derivatives in high yields
and ees by using C. antarctica lipase B combined with Shvo’s

ruthenium catalyst (Scheme 106).159
lipase CAL-B
0 catalyst o
Ar—& R p-CIC4H,OAc Ar—b R
0 OH toluene, py 0 OAc

Ar = Ph, R =Me: 70% ee > 99%
Ar = p-Tol, R = Me: 79% ee > 99%
Ar = p-Tol, R = Et: 42% ee > 99%
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catalyst = <~ H.
Ph Ru Ru oh
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Scheme 106. DKR of B-hydroxyalkyl sulfones.

In 2006, Alcantara et al. reported the first DKR of different
benzoins using Pseudomonas stutzeri lipase (lipase TL) and
Shvo’s ruthenium catalyst in organic solvents, obtaining the
corresponding S-acylated products with yields of up to 87%
and ee values >99% (Scheme 107).]60 In all cases, the partic-
ular stereobias of the lipase towards the racemic substrates
allowed the production of the opposite enantiomer to that
prepared through a different enzymatic methodology.

lipase TL
OH Shvo's catalyst
Ar\H\Ar n-PrCO,CHCF3  Ar

0 THF

Ar = Ph: 87% ee > 99%
Ar = 2-Fu: 78% ee > 99%
Ar = 3-Thio: 76% ee > 99%

O
o

Ar

n-Pr

Scheme 107. DKR of benzoins.

In 2004, Kita et al. reported a combination of the domino
reaction concept and the DKR protocol,'®' comprising the first
lipase-catalysed domino process that combined the DKR of ra-
cemic alcohols by using 1-ethoxyvinyl esters and the Diels—
Alder reaction of the intermediates. The finding that ruthenium
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catalysts produced a rapid racemisation of the slow-reacting
(S )-enantiomers was the key to the success of this process,
which provided useful chiral intermediates for natural prod-
ucts, such as compactin and forskolin (Scheme 108).

OH O CO,R?
LA e,
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R! Cl
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R"=H, R? = Me: 83% ee = 93%
R'=R?=Me: 81% ee = 91%

R', R' = S(CH,),S, R? = Et: 69% ee = 93%

Scheme 108. Enzyme-triggered Diels—Alder reaction combined with DKR.

The lipase—ruthenium-catalysed DKR of other functional-
ised alcohols such as diols has been widely studied by Bickvall
et al. in recent years. These authors have developed a highly
efficient synthesis of enantiopure diacetates of the symmetric
diols, 2,4-pentanediol and 2,5-hexanediol, by combining a ru-
thenium catalyst with lipase CAL-B, in the presence of vinyl
acetate or isoprenyl acetate as the acyl donor, respectively.'®>
Excellent yields, and diastereo- and enantioselectivities were
obtained in both cases, as shown in Scheme 109. The scope
of the methodology was extended to 1,3-cyclohexanediol, pro-
viding the corresponding diacetate with high syn-diastereose-
lectivity and enantioselectivity (Scheme 109).'* Moreover,
the DKR of a series of 1,2-diols was achieved in similar con-
ditions, affording enantioenriched syn-diacetates as the main
diastereomers (Scheme 109).'®* This procedure provided a use-
ful alternative to the Sharpless asymmetric dihydroxylation,
since the costs of the ruthenium catalyst and the CAL-B lipase
are not very high. In addition, a similar methodology was ap-
plied to the synthesis of a cis-3,5-piperidine diacetate with ex-
cellent yield and diastereo- and enantioselectivities (Scheme
109).'%> This product was further converted into various inter-
esting 3,5-disubstituted piperidines.

In 2003, Béckvall et al. employed Shvo’s catalyst for the
lipase-catalysed acylation of unsymmetrical alkanediols.'®®
Hence, enantiomerically pure syn-1,3-diacetates, containing
one large and one small group, could be prepared, starting
from the corresponding racemic 1,3-diols (Scheme 110). Sur-
prisingly, when a similar methodology was extended to un-
symmetrical 1,4-diols, the authors observed the formation of
the corresponding enantiomerically enriched y-acetoxy ke-
tones (Scheme 110).167 The least hindered alcohol was acety-
lated, whereas oxidation of the second hydroxyl group took
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Scheme 109. DKRs of diols.
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Scheme 110. DKRs of unsymmetrical diols with Shvo’s catalyst and lipases.
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place under the reaction conditions. This procedure constituted
a new method for the synthesis of chiral y-hydroxy ketones,
which are precursors of versatile building blocks, such as tet-
rahydrofurans and dihydrofurans.

In 2006, Heise et al. reported a novel concept for the syn-
thesis of chiral polyesters based on a lipase-catalysed DKR
polymerisation of racemic diols.'®® As shown in Scheme 111,
a mixture of stereoisomers of a secondary diol was enzymati-
cally polymerised with a difunctional acyl donor (dicarboxylic
acid derivative) and, because of its enantioselectivity, the li-
pase converted only the hydroxyl groups at the R-configured
centres. In situ racemisation of the hydroxyl-substituted ster-
eocentres from the S to the R configuration allowed the poly-
merisation to proceed to high conversion. This combination of
a DKR with a polymerisation was performed in the presence
of lipase Novozym 435, a Noyori-type ruthenium catalyst,
and dimethyl adipate as the acyl donor, providing chiral poly-
esters from non-natural monomers.
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o O

92% (R,R)/(R,S) = 94/6
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Scheme 111. Synthesis of chiral polyesters via DKR polymerisation.

In order to obtain (S )-selective DKR of secondary alcohols,
an enzyme with a complementary (S )-stereoselectivity was
needed, since the lipase-catalysed DKR provides only (R)-
products. In this context, Park et al. reported in 2003 the use
of subtilisin instead of lipase, but the commercial form of sub-
tilisin was not applicable to DKR, due to its low enzymatic
activity and instability in non-aqueous medium.'®® However,
these authors succeeded in enhancing its activity and stability
by treating it with a surfactant before use. Hence, the combi-
nation of subtilisin with a ruthenium catalyst and trifluoroethyl
butanoate as the acylating agent allowed the (S )-products to be
obtained in good yields with high optical purities (Scheme
112). More recently, Bickvall et al. have optimised the DKR
of 1-phenylethanol by using a specially treated subtilisin, sub-
tilisin Carlsberg, which was activated by two surfactants, octyl
B-p-glycopyranoside and Brij 56."”° This latter enzyme was
about 4-to5-fold faster than the previously reported DKR, pro-
viding the corresponding chiral butanoate in 96% yield and
95% ee.

In addition, the ($)-selective DKR of alcohols with subtil-
isin was also possible in ionic liquids at room temperature.'>
In this case, a cymene—ruthenium complex was used as the
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Scheme 112. DKR of secondary alcohols by subtilisin—ruthenium com-
bination.

catalyst, and the optical purities of the final (S)-esters were
lower than those of the (R)-esters obtained by using lipases,
as shown in Scheme 102 (Scheme 113).

Metals other than ruthenium also have the potential to pro-
duce diverse DKR methods. However, although some rhodium,
iridium, ruthenium and aluminium complexes are known to ca-
talyse the racemisation of alcohols, only a few have proved to
be compatible with enzymatic reactions. In this context, Akai
et al. have recently developed a novel DKR process of allylic
alcohols promoted by the combined use of lipases with [VO(O-
SiPhs);].""" This complex catalysed the 1,3-transposition of the
starting allylic alcohol, resulting in a thermodynamic equilib-
rium of two regioisomers, which underwent highly enantio-
and chemoselective esterification under the action of the lipases
(Scheme 114). Because the [VO(OSiPhs);]-catalysed 1,3-trans-
position reactions were not sensitive to oxygen and moisture,
this DKR method offered the advantage of a facile experimen-
tal procedure without the need for special apparatus (anaerobic
conditions, as for ruthenium-catalysed reactions). Furthermore,

oy  N-PrCOCH.CFy, TEA

o J\RZ subtilisin-CLEC JO\ n-Pr
[BMIm]PF¢ RI”OR2
catalyst

R'=Ph, R? = Et: 89% ee = 97%

R' = Ph, R% = n-Pr: 90% ee = 97%

R" = m-Tol, R? = Me: 90% ee = 85%

R" = p-Tol, R? = Me: 90% ee = 85%

R' = p-MeOCgH,, R? = Me: 80% ee = 99%

R" = p-CICgH4, R% = Me: 92% ee = 87%

R' = p-BrCgHs, R? = Me: 91% ee = 82%

R" = p-(HOCH,CH,)CgHa, R% = Me: 78% ee = 86%
R! = m-(HOCH,CH,)CgH4, RZ = Me: 83% ee = 96%

i-Pr
X, Ple
catalyst = || JRa Ry
Hel
i-Pr

Scheme 113. DKR of secondary alcohols by subtilisin—ruthenium combina-
tion in ionic liquids.
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it featured a unique preparation of chiral esters of secondary
alcohols from the corresponding ketones via the readily avail-
able tertiary alcohols.

R5JL0)OJ\

R' 3 -
WR'% lipase CAL-B R! _ R3
R O IVO(OSiPhs)] RZ/\FR“
acetone OAc
R’I OH R3
WR“
RZ

R, R? = (CHg),-C(Me)2-(CHz)z, R3 = Me, R* = H,
R® = OEt: 88% ee = 97%

R, RZ = (CH2),-C(Me),~(CHz),, R® = Me,
R*=R®=H: 94% ee = 98%

R', R? = (CHp)g, R®=Me, R* = H,

R® = OEt: 88% ee = 97%

R', RZ=(CHp)s, R®=Me, R*=R5 = H:
80% ee = 98%

R'=R?=n-Pr,R®=Me, R*=H,

RS = OEt: 93% ee = 98%
R'=R?=n-Pr,R®=Me, R*=R® = H:
93% ee = 99%

o]
R’ RzJ\OJ\ R’

@OH lipase C.AL-B @""OAC
[VO(OSiPhs)s]
toluene
R! = Ph, R2 = OEt: 91% ee = 97%
R'!=Ph, RZ=H: 96% ee = 99%
R'=C=C-TMS, R? = OEt: 81% ee = 91%

Scheme 114. DKRs of allylic alcohols catalysed by a combination of lipases
and [VO(OSiPhs);].

In addition, Berkessel et al. have demonstrated that alumin-
ium could also be highly efficiently combined with lipases to
afford the DKR of various secondary alcohols.'”* The best re-
sults were obtained when the inexpensive aluminium species
was readily prepared by the reaction of AlMe; with a bidentate
ligand such as BINOL, as shown in Scheme 115.

R _R®

I
R OAc

OH Novozym 435 OAc
—_—

AlMe,/BINOL R17OR?
toluene

R'” "R2

R'=R3=Ph, RZ = Me, R* = R® = H: 96% ee = 96%
R'=R3=Cy, R2=Me, R* = R%=H: 98% ee = 99%

R' = n-Hex, R2 = R® = Me, R* = n-Pent, R® = H: 93% ee = 80%
R'=Ph,R2=Et,R®= R*=R5=H: 99% ee = 98%

R' = n-Pent, R? = Et, R¥= R*=R% = H: 95% ee = 95%

Scheme 115. DKR of secondary alcohols catalysed by a combination of
lipases and AlMe3;/BINOL.

Enantiomerically pure chiral amines are particularly impor-
tant to the pharmaceutical and agrochemical industries. Their
production via DKR is more challenging than that of alcohols,

since only a few practical procedures have been developed.
Generally, the occurrence of this type of DKR requires
a high temperature combined with a long reaction time.'”
In these harsh reaction conditions, most enzymes would be
denaturated, making them unsuitable for DKR. Recently,
milder conditions for amine racemisation have been developed
through the use of ruthenium-, palladium- and iridium-based
catalysts. As an example, Béckvall and Paetzold developed
in 2005 a highly efficient process for the DKR of a variety
of unfunctionalised primary amines, which used a combination
of a ruthenium catalyst and a lipase, leading to the correspond-
ing amides in high yields and ees (Scheme 116).'”*

catalyst
NH
2 lipase CAL-B NHAC
R'"SR?  NayC0s,90°C R R?

i-PrOAcl/toluene

R' = Ph, RZ = Me: 90% ee = 98%

R' = m-Tol, RZ = Me: 69% ee = 98%

R' = p-FCgHy4, R2 = Me: 83% ee = 99%

R' = p-BrCgH4, R? = Me: 78% ee = 99%
R' = p-MeOCgH,, R% = Me: 95% ee = 99%
R' = 2-Naph, R? = Me: 80% ee > 99%

R" = p-CF3CgHg4, R? = Me: 91% ee = 99%
R' = n-Hex, R2 = Me: 85% ee = 93%

R' = BnCHjy, R? = Me: 78% ee = 95%

R' = Ph, R? = Et: 85% ee = 99%

0~y-0
R R"R R
catalyst = < Ho
RS Ru Ru =
ROC coOCCO R

Scheme 116. DKR of primary amines catalysed by a combination of lipases
and a ruthenium catalyst.

Very recently, Kim et al. have reported another DKR of pri-
mary amines using a recyclable Pd nanocatalyst combined
with a lipase in the presence of ethyl acetate or ethyl methoxy-
acetate as the acyl donor.'” As shown in Scheme 117, a series
of primary amines and one amino acid amide have been effi-
ciently resolved with good yields and high ees. The catalyst,
Pd/AIO(OH), was prepared as palladium nanoparticules en-
trapped in aluminium hydroxide. Because this catalyst was
highly thermostable, the DKR reactions could be operated at
100 °C with multiple recycling of the catalyst.

In addition, Jacobs et al. have developed the DKR of ben-
zylic amines in the presence of a combination of palladium
supported on an alkaline earth-type support such as BaSO,
with a lipase.'’® Hence, this heterogeneous catalytic system
has allowed various benzylic amines to be transformed into
their corresponding enantiomerically pure amides with excel-
lent yields and ees, as shown in Scheme 118.

The use of ruthenium- and palladium-based catalysts has
significant limitations that restrict their industrial applicability
including high catalyst loading, limited substrate scope and
high substrate dilution. In this context, Page et al. reported
in 2007 an efficient process for the DKR of a secondary amine
using a novel iridium-based amine racemisation catalyst
under significantly milder conditions than those described
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Pd/AIO(OH)
Novozym 435
I AN

R3CO,Et R'” "R?

toluene, 70 °C
or 100 °C

NHCOR®

R"=R3=Me, R2=p-Tol: 91% ee = 97%

R' = Ph, RZ = p-Tol, R® = CH,OMe: 85% ee = 99%

R' = R3 = Me, RZ = p-MeOCgH,: 93% ee = 98%

R" = Me, RZ = p-MeOCgH,, R® = CH,OMe: 85% ee = 98%
R" = R3 = Me, R? = p-CF3CgH4: 95% ee = 98%

R' = Me, RZ = p-CF3CgHg4, R® = CH,OMe: 99% ee = 99%
R' = Et, R? = Ph, R® = Me: 90% ee = 98%

R' = Et, R? = Ph, R® = CH,OMe: 96% ee = 99%

R" = R® = Me, R2 = CH,Bn: 95% ee = 98%

R"=R3=Me, R?=Cy: 93% ee = 99%

R' = R3 = Me, R? = n-Hex: 92% ee = 98%

R" = Bn, R2 = CONHj, R? = Me: 96% ee = 98%

NH, Pd/AIO(OH) NHCOR
Novozym 435
(n RCO,Et "
X toluene, 70 °C X

X =CHy,n=0,R=Me: 88% ee = 99%

X =CHy,n=0,R =CHyOMe: 87% ee = 97%
X=CHy,n=1,R=Me: 86% ee = 97%

X =CHjy, n=1,R =CH,OMe: 84% ee = 99%
X=0,n=1,R=Me: 94% ee = 98%
X=0,n=1,R=CHyOMe: 92% ee = 99%

Scheme 117. DKRs of primary amines catalysed by a combination of lipases
and a palladium nanocatalyst.

Pd/BaS0O4

3
NH2  ioase CAL-B NHCOR
R'R?  RioAcH,  R',R?

toluene, 70 °C

R'=Ph, RZ = Me, R® = i-Pr: 91% ee > 99%

R' = p-MeOCgHa, R? = Me, R® = Et: 90% ee > 99%
R' = 2-Naph, R% = Me, R® = j-Pr: 89% ee = 99%

R' = 1-Naph, R% = Me, R® = j-Pr: 64% ee = 99%

R' = p-Tol, R? = Me, R® = Et: 73% ee > 99%

Scheme 118. DKRs of benzylic amines by a combination of Pd/BaSO, and
lipases.

previously.l77 Hence, the combination of [IrCpl,], with C. ru-
gosa lipase at 40 °C in toluene allowed the DKR of the race-
mic secondary amine, depicted in Scheme 119, in high yield
and ee. The reaction was performed in 23 h on a 3 g scale in
the presence of 3-methoxyphenylpropyl carbonate, providing
the corresponding chiral product carbonate.

MeO

O On-Pr
Candida rugosa
lipase j@@
[IrCpl,l, \n/o” -Pr

toluene, 40 °C

82% ee = 96%

Scheme 119. DKR of a secondary amine by a combination of [IrCpl,], and
lipases.

The scope of the combination catalysts has been extended
to the asymmetric transformations of various substrates. As
an example, Meijer et al. have recently developed a particularly
elegant example of DKR applied to the synthesis of chiral
polymers by iterative tandem catalysis.'”® Hence, these au-
thors have shown that racemic w-substituted caprolactones
could be completely converted into chiral polyesters of re-
markably high MW and high ee by combining lipase-catalysed
ring-opening polymerisation with Ru-catalysed racemisation.
Actually, Novozym 435 catalysed S-selectively the ring open-
ing of the w-substituted caprolactone, yielding an S-secondary
alcohol, which is the slower-reacting enantiomer in lipase-cat-
alysed reactions. The in situ Ru-catalysed racemisation of the
terminal secondary alcohol was, therefore, required for propa-
gation, and iterative operation of these two reactions enabled
polymerisation. Both 6-methyl- and 6-ethyl-g-caprolactones
were successfully converted into the chiral polymer by using
this methodology, as shown in Scheme 120.

o Novozym 435
BnOH ———

R = Me: 99% ee = 92%

[0} R = Et: 99% ee = 93%
° Novozym 435
catalyst
R ‘ n=n+1 y
OH

P
catalyst = ? Ph k

Penoc’y ¢o0C €O Ph

Scheme 120. Synthesis of chiral polymers.

5. Conclusions

This review updates the principle methods employed to
obtain DKR, reported in the literature since 2003, by either en-
zymatic or non-enzymatic methods and illustrates the diversity
of useful products that can be obtained through this powerful
concept. The last four years have witnessed significant devel-
opments in the efficiency and scope of the application of
DKRs. Indeed, impressive examples using new enzymes and
major progress in the DKRs of racemates have taken place
over the past few years. The powerful combination of enzyme
catalysis (for the resolution of a racemate) and metal catalysis
(for the racemisation of the slow-reacting enantiomer) has also
been the subject of spectacular development. In addition,
a new type of DKRs, involving organocatalysts, has appeared
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in the last few years, providing an impressive and steadily in-
creasing number of publications. Even though transition-metal
catalysis will certainly continue to play a central role in the
DKR concept in the future, the last few years have, however,
seen an increasing trend towards the use of metal-free cata-
lysts. The reasons for this trend are the often high costs of tran-
sition metals and the problems that their residues, mainly in
pharmaceutical products, can cause. Although asymmetric
catalysis has undergone development during the last two
decades, the most common process in industry today to obtain
enantiomerically pure compounds is still via resolution of
racemic mixtures, despite the major disadvantage that only
a maximum of 50% product yield can be obtained. It is there-
fore not surprising that DKR, which solves the problem of the
limitation in yield, has attracted an increasing amount of inter-
est from both the industrial and the academic perspectives over
the past few years.
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