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Dynamic kinetic resolution (DKR) is an attractive process for
the transformation of racemic mixtures into optically active
compounds. For successful DKR, efficient racemization is re-
quired while the kinetic resolution is proceeding. This Micro-
review mainly summarizes the recent developments in the
DKR of alcohols and amines, based on metal-catalyzed race-
mization and enzymatic acylation in a single reaction vessel.

Related reactions involving precursors of alcohols and
amines such as ketones, enol acetates, and ketoximes are
also described. Reaction conditions are arranged according
to racemization catalysts, and substrates employed in the
DKR are tabulated. Suggested mechanisms for metal-cata-
lyzed racemizations are also summarized.

1. Introduction

Synthetic methods for optically active compounds are
important for the preparation of pharmaceuticals, agricul-
tural chemicals, and specialty materials for electronics and
optics.!1 Of the conventional methods, enzymatic kinetic
resolution (KR) of racemic mixtures is still the most practi-
cal for the preparation of desired enantiomers.[”) However,
the critical drawback of KR is the maximum theoretical
yield, which is limited to 50%. An attractive strategy for
overcoming this limitation is the combination of kinetic res-
olution and the racemization of the slowly reacting enantio-
mer in a one-pot system, known as dynamic kinetic resolu-
tion (DKR).B3!

If the kinetic resolution is selective and the racemization
fast enough, DKR can dramatically improve the synthetic
efficiency for the desired enantiomer. If, for example, k., is
much faster than kg, and kg /kgow = 100, the optical pu-
rity of the product of DKR will be 98 % ee in 100% conver-
sion yield, whereas that of KR will be 94% ee in 50% con-
version yield (Scheme 1). This Microreview covers the
chemoenzymatic DKR (consisting of enzymatic KR and
metal-catalyzed racemization) of alcohols and amines. The
key factor in chemoenzymatic DKR is compatibility be-
tween the enzyme and the metal catalyst. The first chemo-
enzymatic DKR was accomplished with 1-phenylethanol,
with use of a lipase for the acyl-transfer reaction and a rho-
dium complex for the racemization (Scheme 2).* Aceto-
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Scheme 1. Kinetic resolution and dynamic kinetic resolution.
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100% conversion, 98% ee

phenone was employed as a hydrogen mediator for the race-
mization through hydrogen-transfer reactions, and the race-
mization of (S)-1-phenylethanol in the presence of the Rh
catalyst (3 mol-%), potassium hydroxide, and o-phenanth-
roline was complete in 72 h. However, under conditions in-
volving PFL (Pseudomonas fluorescens lipase) and vinyl
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acetate in the absence of potassium hydroxide, only 60 % of
the substrate had been converted even after 72 h and the
product was formed with 98% ee (Scheme 2).

oH Rhz(OAC)4 (2 mol-%)
PFL (25 mg/mmol)
o-phenanthroline (6 mol-%)
ED/k acetophenone (1 equiv.)
vinyl acetate/cyclohexane (2:1)
20°C,72h

60%, 98% ee

Scheme 2. DKR of alcohols with the aid of Rh(OAc), and PFL.

In 1997, Biackvall and coworkers reported a notable cata-
lyst system for DKR of 1-phenylethanol and indan-1-ol to
give the corresponding (R)-acetates in more than 90%
yields and with almost perfect optical purities (Scheme 3).5!
The success is based on the combination of Shvo’s complex
as a racemization catalyst and CALB (Candida antarctica
lipase B immobilized on polyacrylamide; trade name Novo-
zym 435™) as a transacylation catalyst. Shvo’s complex
showed a reasonable activity over 70 °C, so the thermo-
stable CALB was a suitable counterpart for the racemiza-
tion catalyst. Another essential factor for the success was
the use of p-chlorophenyl acetate (PCPA) as an acylating
reagent. The p-chlorophenol formed in the acylation step
did not interfere in the DKR, whereas use of vinyl acetate
(or isopropenyl acetate), from which acetaldehyde (or ace-
tone) was formed in the acylation step, led to the oxidation
of the substrate alcohol in significant amount. Although

this catalyst system for DKR of alcohols showed remark-
able potential, it has several problems: 1) the high reaction
temperature limits the option for enzymes, 2) addition of
a ketone as a hydrogen mediator is required for efficient
racemization, 3) anaerobic conditions are required during
the DKR to protect the ruthenium species, which is un-
stable toward oxygen, and 4) excess PCPA used in the DKR
causes difficulties in the purification step.
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CALB (25 mg/mmol)

p-chlorophenyl acetate (3 equiv.) 92%, >99.5% ee

acetophenone (1 equiv.)
tBuOH, 70 °C, 87 h, under Ar

Scheme 3. DKR of alcohols with Shvo’s complex.

Meanwhile, in 1996 Reetz and Schimossek had reported
the DKR of 1-phenylethylamine with palladium on carbon
as the racemization catalyst and CALB for KR
(Scheme 4).191 Although the optical purity of the product
amide was excellent, the yield was only 64% even after 8
days at 50-55 °C, due to side reactions. These early DKR
procedures suffered mainly from the poor performances of
the racemization catalysts and the very harsh reaction con-

and the chiral synthesis of drugs.
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ditions for the enzymes. Most studies since then have there-
fore focused on the development of more efficient racemiza-
tion catalysts.

NH»

o

Scheme 4. DKR of 1-phenylethylamine with palladium on carbon.

Pd/C (10 wt-%), CALB

EtOAc (4 equiv.)/EtsN

50-55°C, 8 days 64%, 99% ee

This Microreview summarizes the chemoenzymatic
DKR of alcohols and amines, with the focus on the features
of the racemization catalysts and on the substrate scope.
The racemization catalysts used in the DKR are summa-
rized in Figure 1 and Figure 2, below.

2. DKR of Alcohols

2.1. Racemization Catalysts and Reaction Conditions for
DKR of Alcohols

Although there are far more catalysts active for alcohol
racemization than those summarized in Figure 1,/ many
catalysts are not compatible with the conditions for enzy-
matic acylation. Strong bases cannot be employed for fast
racemization, because the activity and stability of the en-
zyme would be affected seriously. Spontaneous chemical
acylation, which lowers the optical purities of the product
acetates, is also a problem caused by bases. Acyl donors and
their products formed from the enzymatic acylation may
interfere with the activities of racemization catalysts. Reac-
tion temperature is another essential factor for the activities
of racemization catalysts and for the stabilities of enzymes.
In general, anaerobic conditions are needed during DKR
to protect metal species that are unstable toward air. Addi-
tives are often required to optimize the efficiency of DKR.
Reaction conditions according to racemization catalysts are
summarized in Table 1.

When the DKR with Shvo’s catalyst (1a) was performed
without addition of ketones, the yields of the product esters
were at most 80%, with formation of the corresponding
ketones as side products.’! Park and coworkers circum-
vented the “ketone” problem by employing ketones as the
precursors of alcohols in the presence of hydrogen donors
(Scheme 5).1%al Hydrogen gas in a rubber balloon was a suit-
able hydrogen source, and ethyl acetate was used as the acyl
donor and solvent. 2,6-Dimethylheptan-4-ol, which is not a
substrate of CALB, can also be used as a hydrogen do-
nor.[8v!

OAc
1a (2 mol-%) 1a (2 mol-%)
o CALB QAc _CALB
: +
R Hp (1 atm) RN Hp(1atm) OAG
EtOAc, 70 °C toluene, 70 °C R._2

Scheme 5. Asymmetric transformation of ketones and enol ace-
tates.
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Figure 1. Racemization catalysts for DKR of alcohols.

The use of enol acetates as substrates was introduced as
another way to circumvent the “ketone” problem. The enol
acetates serve not only as the precursors of ketones but also
as the acyl donors. Acetoxyaryl ketones have also been used
as substrates under the conditions for enol acetates. As an
example, 3'-acetoxyacetophenone was transformed into
(R)-1-(3-hydroxyphenyl)ethyl acetate in the presence of la
and a lipase under H, (1 atm) in 95% yield (Scheme 6).!
The overall reaction appears to be a simple asymmetric re-
ductive internal acyl migration. In fact, however, it is the
result of nine catalytic steps: two ruthenium-catalyzed re-
ductions, two ruthenium-catalyzed epimerizations, three li-
pase-catalyzed deacylations, and two lipase-catalyzed acyl-
ations. This process was applicable to a wide range of acyl-
oxyaryl ketones.

Racemization of alcohols in the presence of the indenyl
ruthenium complex 2 (Scheme 7) was fast in the absence of
ketones. However, a strong base was needed; the racemiza-
1001
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Table 1. Racemization catalysts and reaction conditions for DKR of 1-phenylethanol.

OH OAc
Entry (Cne::)e:l-z/(s’; Acyl donor™  Enzyme!™ Solvent At::r):_ (?71(1:1) : Additives T(11r11)1€ i,l,zl)d
15 1a (2) PCPA CALB toluene Ar 70 acetophenone (1 equiv.) 46 >99
2110 2(5) PCPA PCL CH,Cl, Ar 60 0, (1.5 mol-%), Et;N (1.0 equiv.) 43 96
3W - 3a(3) TFEA LPS-TN  [BMIm]PF, Ar 80 Et:N (1.0 equiv) 45 80
I I (30 mol-%)
4U16l 3a(3) PCPA CALB toluene Ar 80 acetophenone (50 mol-%) 45 80
581 4a (1.5) PCPA CALB toluene N, 70 TEMPO (4.5 mol-%) 48 91
6" 54 IPA CALB toluene Ar 25 KO#Bu (5 mol-%), Na,CO;s (1.0 equiv.) 30 97
711 6a (5) IPA CALB toluene Ar 25 KO#Bu (5 mol-%), Na,CO; (1.0 equiv.) 3 98
gl 6b (4) IPA CALB toluene Ar 25 KO#Bu (5 mol-%), Na,CO; (3.0 equiv.) 24 94
93l 74 IPA CALB toluene Ar 25 Ag0 (1.0 equiv.) 6 98
102 8(5 IPA CALB toluene Ar 25 K;PO; (1.0 equiv.), molecular sieves 10 97
1794 IPA CALB toluene air 25 KsPO; (1.0 equiv.) 20 99
122 10 (4) IPA CALB toluene air 25 K;PO, (1.0 equiv.) 20 99
132 11(0.1) BB CALB toluene Ar 20 K,COs5 (0.42 equiv), acetophenone (0.2 equiv.) 10 08
under reduced pressure (ca. 200 mbar)
14512 (10) PVA CALB toluene Ar 25 rac-Binol (10 mol-%) 3 96
1557 14 (62) VO CALB octane N, 80 35 93
165 15 OA CALB  water/octane air 60 22 78
Ac “
A Q 1a (4 mok%), PCL  HO 2 \.}{ 2,(2:mol-%)
e \©/\ Phap'RU
\©/\k H, (1 atm), toluene, 70 °C OH PhsP OAc

95%, 98% ee

Scheme 6. Asymmetric transformation of acyloxyaryl ketones.

tion of (S)-1-phenylethanol was complete within 20 min
even at room temperature in the presence of KOH (5 mol-
%) and 2 (1 mol-%).7 DKR of alcohols, however, was not
possible, because chemical acylation and enzyme degrada-
tion occurred with use of KOH. Later, Park and coworkers
found conditions, including the use of molecular oxygen,
that were suitable for DKR. A catalytic amount of O, acti-
vated 2 through oxidization and consequent detachment of
a phosphane ligand, and 1-phenylethanol was racemized in
the presence of triethylamine.['l The combination of an im-
mobilized PCL (immobilized Pseudomonas cepacia lipase;
Lipase PS-C™) and 2 at 60 °C in the presence of molecular
oxygen and triethylamine was effective for DKR of
alcohols.

The cymene ruthenium complex 3a (Figure 1) was also
active for racemization of alcohols at 40 °C in the presence
of triethylamine. However, ketone was produced in twice
the molar ratio of 3a during the racemization. At the initial
stage, the hydride-bridged complex 3b, which can be ob-
tained in quantitative yield from a 1:1 mixture of 3a and
1-phenylethanol, was produced. When 3b was used as the
racemization catalyst, the amount of ketones formed during
the racemization was half that obtained in the racemization
1002
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PCL (Pseudomonas cepacia lipase) 3
0, (5 mol-%), EtsN (3 equiv.) @A
p-chlorophenyl acetate (3 equiv.)

0
CH,Cly, 60°C, 43 h 85%, 96% ee

Scheme 7. DKR in the absence of hydrogen mediators.

with 3a. Both 3a and 3b were effective for DKR both of
aliphatic alcohols and of benzylic ones without addition of
ketones. A noticeable feature of 3a and 3b was their high
activities toward allylic alcohols; DKR was possible even at
room temperature.''! Kita and coworkers used the analo-
gous mesitylene ruthenium complex 3¢ (Scheme 8) for the
interesting domino transformation consisting of DKR of 3-
vinylcyclohex-2-en-1-ol and the Diels—Alder reaction of the
resulting ester in one-pot fashion.[!?]

Another feature of 3a and 3b was their good activities for
racemization of alcohols in ionic liquids such as [EMIm]-
BF, and [BMIm]PF¢ ([EMIm] = 1-ethyl-3-methylimid-
azolium, [BMIm] = 1-butyl-3-methylimidazolium). DKR in
the ionic liquids was possible at room temperature, and the
ruthenium catalysts and the enzyme in the ionic liquid layer
were reusable after extraction of the products with ether.[!3]
Chiral ruthenium complexes formed from 3a and chiral bi-
dentate nitrogen ligands have been extensively studied as
catalysts for the asymmetric transfer hydrogenation of pro-
chiral ketones.['¥ Sheldon and coworkers prepared the achi-
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Scheme 8. One-pot domino reaction consisting of DKR and a
Diels—Alder reaction.

ral analogue 4a (Figure 1) and tested it for DKR of
alcohols. TEMPO was required as a co-catalyst.['>) (R)-1-
Phenylethyl acetate (>99 % ee) was obtained from 1-phenyl-
ethanol in 76% yield after 48 h with formation of aceto-
phenone (15%). Trauthwein and coworkers tested the ru-
thenium catalyst 4b generated from 3a and propane-1,3-di-
amine, which was active without base, for racemization of
alcohols. However, DKR with this catalyst system required
a high reaction temperature (80 °C).l'¢]

Recently, Mijer and coworkers used 4¢, prepared from
3a and 2-phenyl-2-aminopropionamide in the presence of
K,COs;, in an iterative DKR to produce enantioenriched
oligoesters (Scheme 9).I'71 The enzymatic ring-opening of 6-
methyl-e-caprolactone was combined with the ruthenium-
catalyzed racemization of the resulting alcohol to produce
optically active oligomers of 6-methyl-g-caprolactone. 2,4-
Dimethylpentan-3-ol, a sterically hindered hydrogen donor
that will not initiate enzymatic ring-opening nor take part
in chemical transesterification, was used as an additive. Tri-
ethylamine was also added as a base to neutralize any hy-
droxyacid formed by ester hydrolysis. The same catalyst sys-
tem was also applied to the condensation of racemic a,0'-
dimethylbenzene-1,4-dimethanol and dimethyl adipate. Op-

tically active polyesters (M, = 3400 gmol!; M, =
2100 gmol ') were obtained.['®]
—o—
Ru CALB

HN
&/‘ 4—% 4c (1 mol-%)
[0} Ph
(8) OH o
Ph)\ W

(9 mol-%) (5 equiv.)

EtzN (2 equiv.), toluene, 70 °C 192 h

(0]
Ph@OM0MOH
: (R)
= 0 i

Scheme 9. Iterative DKR producing enantioenriched oligoesters.

CALB, a thermostable lipase, has extended the potential
of chemoenzymatic DKR by allowing the use of racemiza-
tion catalysts that are active at high temperatures. For the
use of normal enzymes in DKR, however, racemization cat-
alysts that are highly active under ambient conditions are
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desirable. Park and coworkers reported the synthesis of the
novel aminocyclopentadienyl ruthenium chloride complex
5 (Scheme 10) and success in generating an active catalyst
for the racemization of alcohols at room temperature by
treating 5 with potassium tert-butoxide.'”) DKR both of
aliphatic alcohols and of benzylic ones was possible with
isopropenyl acetate as the acyl donor. The use of iso-
propenyl acetate improved DKR of alcohols remarkably in
relation to PCPA; isopropenyl acetate is commercially avail-
able, easily separable from the product mixture, and more
active than PCPA. A stoichiometric amount of sodium car-
bonate was needed to neutralize acetic acid formed by the
hydrolysis of the acyl species. Use of molecular sieves in
place of Na,CO3; was also effective for DKR.

Ph T
Ph NH

Ph uPh
Ogcl ‘a5 (4 mol-%)

OH tBUOK (5 mol-%) B

: ,L isopropenyl acetate (1.5 equiv.)

Scheme 10. DKR of alcohols at room temperature.

CALB, Na,COs (1 equiv.)

toluene, 25°C, 30 h, Ar 97%, >99% ee

The complex 5 enabled the use of subtilisin, a protease
that is unstable at high temperature but shows S selectivity
for the acylation of alcohols. Kim and coworkers succeeded
in optimizing its activity and stability by treating commer-
cial subtilisin with a surfactant prior to use in DKR.[2¥
Trifluoroethyl butanoate proved to be an acylating agent
suitable for DKR of a wide range of benzylic and aliphatic
alcohols to give the corresponding (S)-esters (Scheme 11).

Ph 7—
PhﬁNH

|
Ph Ph 0

« Ru
oc' ™
oc‘ Cl 5 (4 mol-%) o’k/\

OH
tBUOK (5 mol-%) ©}\
¢ (3 equiv.)

/\)j\o/\m:3 95%, 92% ee

Subtilisin, Na,CO3 (1 equiv.)
THF, 25°C, 72 h, Ar

Scheme 11. S-Selective DKR with subtilisin.

Soon after the reports of 5, Bickvall and coworkers
found that the known ruthenium complex 6a (Scheme 12),
which does not have an amino group such as in 5, is also a
precursor to a catalyst that is active for racemization of
alcohols at room temperature.l’”?! The racemization of 1-
phenylethanol was complete within 10 min in the presence
of 6 (0.5mol-%) and potassium fert-butoxide. They suc-
ceeded in DKR of alcohols with 6a, CALB, and iso-
propenyl acetate at room temperature.”'! Under optimized
conditions, the DKR of benzylic alcohols was about one
order of magnitude faster than that achieved with 5. The
synthesis of (S)-esters was performed with a combination of
6a and subtilisin treated with surfactants.??) Bickvall and
coworkers have recently demonstrated a large-scale DKR.
1003
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Under optimized conditions, (R)-1-phenylethyl acetate
(159 g, 97%, >99% ee) was obtained from 1-phenylethanol
(122 g, 1.00 mol) in the presence of 6a (0.05 mol-%) and
sodium carbonate (20 mol-%) at 70 °C for 20 h.[3

A R
b ‘i
6a (320 mg, 0.05 Mol-%) OAc
tBUOK (0.075 mol-%)

@/ﬁ
CALB (0.5 g), Na;CO3 (20 mol-%)

122g,1.00 mol 70°C, 20 h, Ar
isopropeny! acetate (120 g, 1.2 mol)

dry toluene (150 mL)

159 g
97%, >99% ee

Scheme 12. Large-scale DKR of 1-phenylethanol.

Leino and coworkers synthesized 6b, a benzyl analogue
of 6a. In racemization and DKR of alcohols, 6b showed a
catalyst performance comparable to that of 6a.’*1 The re-
sults imply that the phenyl substituents on the Cp ring of
6a are not essential for the catalytic activity. However, it is
known that the parent ruthenium complex — CpRuCl-
(CO), — is much less active for racemization of alcohols
under similar conditions.7°]

One of the two carbonyl ligands of 6a can easily be re-
placed with triphenylphosphane with the aid of trimeth-
ylamine N-oxide to give the complex 7 (Scheme 13). Inter-
estingly, 7 catalyzed the racemization of alcohols at room
temperature in the presence of a catalytic amount of silver
oxide. The catalytic species formed from 7 were stable in air
and reusable at least ten times for the racemization. DKR
of alcohols with 7 proceeded under ambient conditions, al-
though stoichiometric amounts of Ag,O were required.[*’]

Ph
PhﬁPh
Ph’ L “Ph

~Ru
PhaP" /701 7 (4 mol-%)
oC QAC

s

98%, >99% ee

Ag,0 (1 equiv.), CALB

g

Scheme 13. DKR of alcohols under ambient conditions.

isopropeny| acetate (2 equiv.)
toluene, 25°C, 6 h in air

The unexpected ruthenium complex 8 (Figure 1) was ob-
tained in 41 % yield on treatment of pentaphenylcyclopenta-
2,4-dien-1-ol with Rus(CO);,.*°! This complex showed an
activity comparable to that of 6a in DKR of alcohols in
the presence of K;PO,. Molecular sieves were required to
capture water molecules in the reaction mixture.

Park and coworkers synthesized the complex 9 (Figure 1)
through a one-step reaction between [Phy(n*-C,CO)]-
Ru(CO); and benzyl chloride. Unlike catalysts previously
used for racemization of alcohols, 9 was stable toward oxy-
gen during DKR,?’l so DKR of alcohols under ambient
conditions was possible with 9, which was also reusable.
The synthetic method for 9 was also applied to the prepara-
tion of a polymer-bound derivative (Scheme 14); hy-
droxymethyl polystyrene was treated with 4-(chloromethyl)-
benzoyl chloride to attach the chlorobenzyl group. Heating
of a mixture of the resulting polymer and [Phy(n*C4CO)]-
1004
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Ru(CO); gave the polymer-bound derivative, which showed
an activity almost the same as that of 9 and was recycled
five times for DKR.

ﬁf ﬁmpﬁv&o

;i
Ru
oc l \ 0c’l N

oC

)L l KsPO,

OAc OH
C?)AC Novozym 435 (?JH P —
P 259G, 20hinair  PhT > P

98%, >99% ee

Scheme 14. Air-stable and reusable racemization catalyst.

The synthetic method used for complex 10 (Scheme 15)
was similar to that employed for 9, but the efficiency was
much better. Complex 10 was obtained in 95% yield on
treatment of [Ph,(n*-C,CO)]Ru(CO); with benzoyl chloride
in toluene at 80 °C for 6 h,*®] whereas 9 was obtained only
in 65% yield under conditions requiring a higher reaction
temperature (110 °C) and a much longer reaction time
(120 h).>1 Kim and coworkers used 10 as the racemization
catalyst with PSL (Pseudomonas stutzeri lipase) for DKR
of various 1,2-diarylethanols.[?8!

- OYPh
=

Ph Ph
oc Y
oc ClI 10 (8 mol-%)
OH K,COj3 (1 equiv.), PSL OAc
Ar\/k Ar '
Ar' isopropenyl acetate (1.5 equiv.) Ar

toluene, 25 °C, 72 h in air 95-97%, 96-99% ee

Scheme 15. DKR of 1,2-diarylethanols.

Hulshof and coworkers applied the diruthenium complex
11 (Figure 1) for DKR of alcohols;!*®¥ it had also been used
as an catalyst for dehydrogenation of alcohols.*’®! DKRs
of alcohols were performed on large scales (9 mmol) in the
presence of 11 (0.1 mol-%), CALB, isopropyl butyrate as
the acyl donor, potassium carbonate, and the corresponding
ketones (about 20 mol-%) at 70 °C (Scheme 16). Propan-2-
ol produced by acyl transfer was removed at a reduced pres-
sure (200 mbar) during the DKR.

0
11 (0.1 mok-%), K,CO5 (0.5 g)
OH  acetophenone (0.07 mmol) Q)KA
Ph 0 TN
(18 mmol)
9 mmol /\Ao)\

87%, >99% ee
CALB (0.2 g), toluene
70°C, 23 h in Ar (200 mbar)

Scheme 16. DKR of alcohols with a (tetrafluorosuccinato)ruthe-
nium complex.
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Trimethylaluminium (12) is a rare catalyst for racemiza-
tion of alcohols. Berkessel and coworkers envisioned that
AlMe; should be an alcohol racemization catalyst on the
basis of the known activity of aluminium alkoxides in the
Meerwein—Ponndorf-Verley-Oppenauer (MPVO) reac-
tion.B%  Aluminium complexes generated in situ from
AlMe; and bidentate ligands were active for racemization
of alcohols at room temperature. DKR of alcohols was per-
formed with AlMe; (10 mol-%), binol (or 2,2'-biphenol),
and CALB at room temperature (Scheme 17). Specific acyl
donors, the enol esters derived from the corresponding
ketones, were required for DKR with these systems.

OH  AlMe; (10 mol-%), binol (10 mol-%) OAc
Ph >
96%, 96% ee

Ph Phﬁc(tz equiv.)

CALB, toluene, 25°C, 3 h in Ar

Scheme 17. DKR of alcohols with aluminium catalyst.

VO(OSiPhs); (13) is a catalyst for racemization of allylic
alcohols,?'@ but its racemization mechanism is different
from those of the previous ruthenium catalysts. Its discov-
ery by Akai and coworkers was based on the known activity
of oxovanadium(V) complexes — VO(OR); — for the re-
arrangement of allylic alcohols through the formation of
allyl vanadate intermediates.?'?! DKR of allylic alcohols
was performed with 13 and an immobilized lipase (CALB,
AK, or PS-D) at room temperature. Noticeably, vinyl ace-
tate was the efficient acyl donor in this catalyst system
(Scheme 18).

[VO(OSiPhsz)3]

(10 mol-%)
OH
= S

OH

vinyl acetate (2 equiv.)
CALB, dry acetone
25°C, 48 h

QAc
A 98%, 94% ee

Scheme 18. DKR with vanadium catalyst.

Jacobs and coworkers surveyed vanadium salts to find
catalysts for racemization of alcohols. VOSO, (14) and
V,0, showed activities for the racemization of benzylic
alcohols®*? but were not active for aliphatic ones, because
their activities are based on their acidic properties for the
generation of carbenium intermediates. They were active in
the absence of additives such as bases and hydrogen media-
tors in n-octane, but at 80 °C. The DKR of 1-phenylethanol
was tested with 14, CALB, and vinyl octanoate, giving the
corresponding (R)-ester in 93% yield (99 % ee) under opti-
mized conditions. The formation of carbenium ion interme-
diates was suggested because of the results of '#O-labeling
experiments. Acid zeolites (15) were also tested for racemi-
zation of alcohols under biphasic conditions by Jacobs and
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coworkers.*3! Their scope, however, was also limited to ben-
zylic alcohols, and electron-rich benzylic alcohols were not
suitable substrates because of the formation of dimers. Un-
der optimized conditions with H-Beta zeolite, CALB, and
excess vinyl octanoate at 60 °C, (R)-1-phenylethyl octanoate
(>99% ee) was obtained in 90% yield from I-phenyl-
ethanol. Lozano and coworkers performed the DKR of 1-
phenylethanol in the presence of acidic zeolite catalysts in
IL/scCO, with a continuous reaction system.[4

Recently, de Vries and coworkers succeeded in the DKR
of B-halo alcohols to give the corresponding epoxides in
single-step fashion (Scheme 19). They used an iridium com-
plex (16) that was compatible with water as the racemiza-
tion catalyst and a mutant haloalcohol dehalogenase as the

resolving enzyme.[3”

90 %, 98% ee

OH 16 (5 mol%), KOtBu (6 mol-%)
cl toluene, slowly added (6 h)

HEPES buffer 50 mM
Hhec C153S W24 9F

bovine serum albumin
DMSO, 25°C, 16 h

Scheme 19. DKR of B-haloalcohols.

2.2. Substrate Alcohols in Chemoenzymatic DKR

The scope of chemoenzymatic DKR of alcohols depends
both on the enzymes and on the racemization catalysts.
Common lipases used in the DKR have R selectivity,
whereas a protease — subtilisin — has S selectivity for sec-
ondary alcohols. The alcohols employed in chemoenzym-
atic DKR are summarized in Tables 2, 3, 4, 5, 6, 7, and 8
according to their structural features.

Table 2 shows benzylic alcohols with the yields and the
optical purities of the corresponding esters that have been
reported as the best results. The electronic properties of the
substituents on aromatic rings seem to exert little effect on
the efficiency of DKR. In general, however, DKRs of those
bearing electron-withdrawing substituents were faster than
in the cases of those with electron-donating ones. There are
several unsuccessful cases: Entries 19, 20, 22, 42, and 43. 1-
Phenylpropanone was formed as a side product in 38%
yield in the case of 1-phenylprop-2-en-1-ol (Entry 19). Slow
enzymatic acylation was the problem in the DKR of 3-
chloro-1-phenylpropanol (Entry 20), whereas 1-phenylprop-
anol and [-(4-fluorophenyl)propanol are good substrates
(Entries 17-18). The DKR of indan-1-ol was successful
(Entry 21), but that of 1,2,3,4-tetrahydro-1-naphthol gave
the corresponding (R)-acetate only in 65% yield (Entry 22).
Large secondary alcohols such as naphthyl-, fluorenyl-, and
biphenyl-substituted ones were acceptable, but required
longer reaction times (Entries 23-25). Chemoenzymatic
DKR was also effective for heteroaromatic substrates (En-
tries 26-30), B-functionalized benzylic alcohols such as
chlorohydrins (Entries 31-41), azido alcohols (Entries 44—
47), and cyano alcohols (Entries 48-51). However, the
DKR of bromohydrins was less selective and slower than
that of chlorohydrins (Entries 42-43).
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Table 2. Benzylic alcohols.

Substrate Substrate Substrate Substrate
Entry . o 0 Entry . o 0 Entry X 0 0 Entry . o o
Yield (%) / ee (%) Yield (%) / ee (%) Yield (%) / ee (%) Yield (%) / ee (%)
OH oH OH
129 ;m 141 @A 27210 %g 301 mJ@)v )
90/99 87/98 99/99
OH
OH OH FiC cl
o[210] Cl/©)\ 150210] Meo/©/J\ 2g21b] (: OH 41141
91/99 94/99 <RA0 99798
£ MeO. 7" D_{ I Br
300 . 1659 2921t S 4707 ©)y
98 /99 91/99 98199 63/97
. OH OH OH OH
- Br
4[38] FD)\ 17[21b] ©)V 30[4[)] | \/ 43[37] ) O@)\/
Cl N le:
99/98 90/99 96 /99 39795
OH OH OH OH
5L216] 02N/©)\ 1808 F/©/v - ©/\/C\ e ©/‘VN3
97/99 97/99 95/99 86/99
OH OH H OH
“Z Cl N3
6210 NCD)\ 19U @)v 3941 /@L 4514 MEO/@)\/
5/9 62 /81 90/99 84 /99
F OH
F OH OH OH
7t Fﬁé 201 @*ﬂ; 33041 MSOQ)V ) 461 Q)y )
Br
97799 31799 99/99 87/99
OH OH OH & OH
gLl Eie 2121 ©:§ 34141 ©L0/©)v 4711 Ns
98/99 91/88 87/99 85/99
OH OH OH H
FiC cl CN
gU3t] \©)\ 90501 ©i> 351411 OO 480210 @j\/
98 /99 65/99 93/99 85/97
OH
EC OH OH OH
1008 \QA 2301 90 36H1 C.Q)V : 4911 MQOQ)V )
CF3
98 /99 93/99 89/99 86 /97
OH OH OH OH
11210 Ph/@* 24210] % 37141 F@CI 5014 CN
96 /99 97799 99/99 82/91
OH OH OH OH
CN
1287 25010 38t FmCI 5141 O)v
F 0N
98/99 97/99 86 /98 80 /94
OH OH OH
13021 2621 N@/K 39041 Btj@)vm
95/99 96 /99 99 /98

Unlike CALB and other common lipases, PSL (Pseudomo-
nas stutzeri lipase) was highly enantioselective toward 1,2-di-
arylethanols. Table 3 shows the excellent results obtained in
the DKR of 1,2-diarylethanols™®! and benzoins.[*®!

Chemoenzymatic DKR is possible not only for simple ali-
phatic alcohols but also for those containing additional func-
tional groups, such as alkenols, ethers, chlorohydrins, azido
alcohols, amino alcohols, hydroxy esters, hydroxy phosphates,
hydroxy sulfonates, and hydroxy amides (Table 4). In some
cases, more than two functional groups were compatible with
the conditions for DKR. A y-hydroxy-6-chloroamide, for ex-
ample, was transformed highly selectively into the corre-
sponding chiral acetate in a reasonable yield.

In contrast with the case of I-phenylprop-2-en-1-ol
(Table 2, Entry 19), isomerization into ketones under the
DKR conditions was not significant for the allylic alcohols
1006
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shown in Table 5. The tertiary alcohol of Entry 18 iso-
merized during DKR and was transformed into the chiral
acetate identical to the product of Entry 17. A noticeable
substrate is the cyclic allylic alcohol with an alkynyl group
(Entry 20).

Symmetrical secondary diols were transformed into en-
antiomerically pure (R,R)-diacetates (Table 6), efficient use
of all the diol being made with CALB and 6a (Entries 1—
5). (E)-Hex-3-ene-2,5-diol was a poor substrate, giving the
corresponding (R,R)-diacetate in low yield (Entry 6). In the
case of cyclohexene-1,3-diol in the presence of PS-C (En-
try 7), the corresponding cis-(R,S)-diacetate (cis/trans 97:3)
was obtained from a racemic cis/trans mixture in high yield
(95%) and with high optical purity (92% ee). Various 1,5-
diols were efficiently resolved into the corresponding
enantiopure 1,5-diacetates in high yields and with good dia-
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Table 3. 1,2-Diarylethanols and benzoins.
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Ent Substrate Ent Substrate Ent Substrate Ent Substrate
1 1 1
v Yield (%) / ee (%) Y Yield (%) / ee (%) i Yield (%) / ee (%) Y Yield (%) / ee (%)
oH Me OH OH oH
128 @vkph 628 \©\/Kph 1129 O O e 1656 P"Wofkpn
98 /98 97/97 99 /99 84 /99
OH
OH Meo OH Ph /9
28] /@V\,h 7028] @vkph 120281 J\Q\F 17861 @ C;
96/98 96/99 96 /98 78/99
OH Pr & o \S ] M
308 wd I, g1 L, 1308 PV\@ 1859 0
97197 95/99 98 /98 76 /99
OH OH
on OH Ph\/K©/Me Ph
4[28] ~o Ph 9[28] 14[28]
F OH OH H
528 mph 102 phy\©/oMe 50 thﬁy\@’
98 /97 96 /98 97/99
Table 4. Aliphatic alcohols.
Substrate Substrate Substrate Substrate
Entry . Entry . Entry . Entry .
Yield (%) / ee (%) Yield (%) / ee (%) Yield (%) / ee (%) Yield (%) / ee (%)
OH OH N H 9
1[30] 1 1[37] cl 21[211:] O /\g 3 1[46] /OK/”\;?AZ'E
95/92 82 /91 99/99 62/99
on O\)Oi/CN Ph_\N (:S? I
2[43] CN 12[43] 22[2]b] ph—/ _>*OH 32[26] /©/o
93/92 ¢
73 /74 971917 94 /94
OH o OH O P
gl > 138 O\)\/CN 2309 o 330 ©/6§\)\
75/97 95 / 44 R 70/99
z & MO'BU g f
4501 O)\ 140! phsc/o\)\ 241431 ) 34048) /©/ b
97/99
98/99 70/ 94 79799
o OH
oH OH OH o 9
5] NP 1 501901 PSCop A 2550l A~ 35480 Qi\)\/
90 /98 94 /99 92/98 42 /99
o
OH OH [¢]
G210 m 1619 Phac© 261t Mo‘su 36149 (ProN T,
99 /91 91/99 87/98 65/98
oH TBDMSO'.VQ/OH g\\oa ,- o
L21b] 17547 271461 Yol 371491 (PN
93 /95% de o oH
91/96 73 /99 59792
“ i _
gL2iel ©/0 181421 N 284! SO 381491 (PN o
96/ 92 80 /96 7O4H/ 99 85 /9?H
o cl o N ~0Pr
e ©/ 1962 ¢ 29126] \&P\o%‘: 3949 (Pr)N I cl
84/92 70/ 85 88/95 70/95
OH OH OH O [e]
1087 O\/K/C' 201 0\)\/N3 300261 /\/P\;(éla 4014 (PN )K/\o?cw
98 /87 71/86 80/92 90/ 80

stereoselectivity in the presence of 6a and CALB (or PS-C
II) (Entries 8-16). An exceptional case was dimethyl 2,6-
dihydroxyheptanedioate, for which both enantioselectivity
and diastereoselectivity were poor (Entry 13).

Eur. J. Org. Chem. 2010, 999-1015

Unsymmetrical 1,2- and 1,3-diols in which one of the
two hydroxy groups cannot be acylated by enzyme directly
were transformed into the corresponding syn-diacetates in
one-pot reactions by combinations of enzymatic transesteri-

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 5. Allylic alcohols.

Substrate Substrate Substrate Substrate
Entry . Entry . Entry . Entry .
Yield (%) / ee (%) Yield (%) / ee (%) Yield (%) / ee (%) Yield (%) / ee (%)
OH OH
OH =
129 ©/\)\ 61190 @OOM 100 P SN 1681 m
92/92 93/99 #3108 88/97
H OH b
S OH nPr
l196] /©/\i 7119] W 1201 )\/\)\ 1761l npr/ Gt
Cl
92/99 92/99 84/99 91/99
6l OH
X OH P
oS
30190] W QU 1300 W 1851 m\d*
MeO nPr
83/99
83/99 90 /99 93/98
OH OH OH OH
N O 7 Ph
4[19b] 9[11] Q 1 14[1%] 19[31a]
94/99 86/99 90/99 96/99
OH
oH
O N « - N
50190] O 100 15061 OH 0Bl \©
94 /98 81/91
90799 84/95
Table 6. Diols to anti-diacetates.
Substrate Substrate Substrate Substrate
Entry Yield (%) / ee (%) Entry Yield (%) / ee (%) Entry Yield (%) / ee (%) Entry Yield (%) / ee (%)
anti:syn anti:syn anti:syn anti:syn
OH OH /CE/Y - on oH OH
AR #9 %%
103 )\Q)\ 5051 OH 9531, 154] 89/99 131531 [54] M
86/99 99/99 96:4 77137
99:1 94:6 ’ 55:45
OH o
2 H H H H
H21] Y©)\ 650 )\/\c; 100531 78795 © 141531541 % ?99&
o 43/99
90/99 7426 76:24 95:5
99:1 ’
OH . OH 6 &ii . o - .
X i X \O/ LJ\/CN j\/oj\/
31501 x 71521 & 765 1105301541 61799 15053 29 /99
78/99 397 94:6 94:6
100:0 2 ’ '
OH OH OH OH H H rph
451 96799 g3 1541 12531654 o 161530 1541
073 o6 7119 ot
) ) 80:20 :
Table 7. Diols to syn-diacetates.
Substrate Substrate Substrate Substrate
Entry Yield (%) / ee (%) Entry Yield (%) / ee (%) Entry Yield (%) / ee (%) Entry Yield (%) / ee (%)
anti:syn anti:syn anti:syn anti:syn
OH OH OH OH OH OH
oH
1063 OH 4159 70561 10658 OO
95/98 24/99 73799 53/99
1:2 B 7:93 4:96
OH N\ﬂ( OH OH
OH OH
ols5] o OH 50531 OH glsel 110561
77/98 95/96 59/99 6194{8969
1:2 1:2 8:92 ’
OH OH OH OH
30551 & OH 60551 OH 9ls6] o 12561
61/90 87/99 62 /99 6132{89239
1:2 1:8 8:92 '
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Table 8. Diols to ketoacetates.
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OH (0]
R Y
OH OAc
Ent Substrate Ent Substrate Ent Substrate Ent Substrate
24 Yield (%) / ee (%) 24 Yield (%) / ee (%) Ty Yield (%) / ee (%) Y Yield (%) / ee (%)
OH OH OH OH
571 - 57 /@)\/Y 157 /\/\)\/Y 1571 O)W
1 )\/\cg 4 . OH 6 OH 8 OH
69 /84 72 /86 771748 73/90
§ X I§ \)Oi/\(
Ph
57 571 57 M (571
¢ Meo/©/V\.(H 5 OO OH 7 OH 9 OH
96 /21 82/79 89 /86 70/ 74
OH
1571 @/J\/Y
3 Br o
81/88

fication, ruthenium-catalyzed epimerization of a secondary
alcohol into a diol or diol monoacetate, and intramolecular
acyl migration to form a syn-diol monoacetate. The yields
and enantioselectivities were moderate to excellent and the
diastereoselectivities were moderate to good (Table 7).

Table 8 shows the results of the transformations of un-
symmetrical 1,4-diols into y-acetoxy ketones under the con-
ditions of enzymatic acylation and Ru-catalyzed isomeriza-
tion. Generally, enantioselectivity was not satisfactory. In
particular, the methoxyphenyl-substituted diol was the
worst case, giving the corresponding y-acetoxy ketone in
only 21% ee (Entry 2). Oxidation of the inner alcohol be-
fore the enzymatic acylation, producing the 7y-hydroxy
ketone, was suggested as a main reason for the poor
enantioselectivity.

3. DKR of Amines

3.1. Racemization Catalysts and Reaction Conditions for
DKR of Amines

In general, the racemization of amines is more difficult
than that of alcohols and requires harsh conditions, because
amines can act as strong ligands for active metal intermedi-
ates. In addition, amine C-N bonds can be cleaved by tran-
sition metal catalysts and the imine intermediates are sensi-
tive toward moisture. Efficient catalysts for the racemiza-
tion of amines (Figure 2) are thus rarer than those for the
racemization of alcohols. Since Reetz and Schimossek!®! re-
ported the use of palladium on charcoal (17) for DKR of
amines, several heterogeneous catalysts on varying support-
ing materials have been introduced for racemization of
amines (Table 9).08621 The Shvo-type ruthenium complexes
1163:641 and the iridium complex 211931 are unusual exam-
ples of homogeneous ones.

Kim and coworkers used 17 under modified conditions
based on those of Reetz and Schimossek to transform ke-
toximes into chiral amides by DKR of intermediate amines
(Scheme 20).1971 They envisioned that the use of low concen-
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R oMo g
R ;?R R?\R Pd/C Pd/BaSO; Pd/AIO(OH) Raney Ni [Cp*IrL],
R Ru—p—Ru g

oC co o%_j co

1b: R = anisyl 17 18 19 20 21

Figure 2. Racemization catalysts for DKR of amines.

trations of the substrate amine should suppress the side re-
actions due to the palladium species. Indeed, the yield of
(R)-N-(1-phenylethyl)acetamide was significantly increased
in the indirect amine DKR in which 1-phenylethylamine
was generated slowly from the corresponding ketoxime by
catalytic hydrogenation.

NHAc

o

80%, 98% ee

N-OH Pd/C (2 mol-% of Pd)

| H, (1 atm), CALB

Scheme 20. Asymmetric transformation of ketoximes.

EtOAc (2 equiv.), iPrNEt (3 equiv.)
toluene, 60°C, 72 h

Jacobs and coworkers investigated the matrix effect of
heterogeneous palladium catalysts. They found that palla-
dium particles dispersed on alkaline earth salts such as
BaSO,, CaCOs;, and SrCOj; are active for the racemization
of benzylic amines.[’¥! They suggested that the racemization
proceeds through dehydrogenation and hydrogenation, and
that the main role of the basic supports is suppression of
the condensation of the substrate amine and the intermedi-
ate imine. Pd/BaSO, (18) was the best for the DKR of 1-
phenylethylamine. The H, pressure had a subtle influence
on the DKR: H, directly participates in the racemization,
but excessively high pressures might increase hydro-
genolysis, producing ethylbenzene. They optimized the con-
ditions with Pd/BaSO, (5%, 6 mol-% of Pd) under 0.1 bar
of H, (Scheme 21). Later, they found that microwave irradi-
ation was better than classical heating for the efficiency of
the DKR.[°!] However, the scope was still limited to ben-
zylic amines.
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Table 9. Racemization catalysts and reaction conditions for DKR of 1-phenylethylamine.

NH, NHCOR
Entry ((i;l::gl/j; Acyl donor™  Enzyme™ Solvent [z[::r):- T(eorgf' Additives T(l;l’)le \E(l;:)l)d
19 17(0.9) EA CALB Et;N Ar 55 192 64
26717 (1.6) EA CALB toluene H, 60 1 atm H,, diisopropylethylamine (2.2 equiv.) 120 80
358 18 (6) IPA CALB toluene N, 70 0.01 MPaH, 24 86
4160 18 (6) EMA CALB toluene N, 100 0.005 MPa H, (under microwave) 50min 89
561 18 (6) EMA CALB toluene N, 100 0.005 MPa H, 50 min 75
61 19 (1) EA CALB toluene Ar 70 72 97
7L 19 (1) EMA CALB toluene Ar 70 72 98
8el 20 MD CALB toluene N, 80  0.01 MPa H, 120 61
gle4l 1b (4) IPA CALB toluene Ar 90  Na,COs (40 mol-%) 72 90
107 1b (4) DBC CALB toluene Ar 90  Na,COs (40 mol-%) 72 90
1151 1b 4) IMA CALB toluene Ar 90  Na,CO; (40 mol-%), 1,2-dimethyl-3-pentanol (8 equiv.) 26 68

[a] EA = ethyl acetate; IPA = isopropyl acetate; EMA = ethyl 2-methoxyacetate; MD = methyl decanoate; DBC = dibenzyl carbonate; IMA = isopropyl 2-

methoxyacetate. [b] CALB = Candida antarctica lipase B.

NH,  Pd/BaSO, (6 mol-% of Pd)

H, (0.1 atm), CALB

iPrOAc (1 equiv.)
toluene, 70°C, 24 h

NHAC

o

86%, >99% ee

Scheme 21. Palladium on alkaline earth salts as a racemization cat-
alyst.

Park and coworkers developed a simple one-pot method
for the synthesis of highly active and recyclable catalysts
through the generation of metal nanoparticles in a solution
of inorganic alkoxides in alcohols and subsequent gelation
by treatment with water.[®8! The resulting gels showed high
catalytic activities in the hydrogenation of alkenes and ar-
enes,[°80-68d] i aerobic oxidation of alcohols,©8:08¢] in
alcohol dehydrogenation,®® and in carbon—carbon cross-
coupling reactions.[032-68¢-682] Kim and coworkers used the
palladium catalyst 19 for DKR of amines.[°”) The DKR of
benzylic amines was carried out at 70 °C with Pd (1 mol-
%) and CALB. However, more catalyst (12 mol-% of Pd)
and molecular hydrogen (1 atm) and a higher temperature
(100 °C) were needed for the DKR of aliphatic amines. Un-
der these conditions they also succeeded in the DKR of
the amino acid derivative phenylalanine amide (Scheme 22).
The palladium catalyst and CALB were recovered and re-
used at least 10 times without significant activity loss.

CONH, CONH,
96%, 98% ee

Pd/AIO(OH) (12 mol-% of Pd)
H, (1 atm), CALB

EtOAc (3 equiv.)
toluene, 100 °C, 4 h

Scheme 22. DKR of phenylalanine amide.

Raney metals were studied as heterogeneous catalysts for
racemization of amines by De Vos and coworkers.[®”) Both
Raney nickel (20) and Raney cobalt were effective for the
1010
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racemization of amines. However, Raney cobalt with CALB
showed little activity in the DKR of 1-phenylethylamine
and was completely inactive in DKR of aliphatic amines.
Raney nickel was better, but only moderate results were ob-
tained in DKR of benzylic amines. In the case of simple
aliphatic amines such as 2-hexylamine and 2-heptylamine
(Scheme 23), reasonable results were obtained with 20,
CALB, and ethyl methoxyacetate under H, (0.01 MPa).

Raney Ni (40 mg)

NH,  H, (0.1 atm), CALB HN
o
(0.33mmoly €O

o (1.06 equiv.) 95%, 97% ee

toluene, 70°C, 96 h

Scheme 23. DKR of amines with Raney nickel.

Béackvall and coworkers tested Shvo’s complex la as a
catalyst for racemization of amines.[®* The complex 1a ra-
cemized amines at 110 °C in toluene, but side products were
formed in significant amounts. Béickvall and coworkers
found that use of a hydrogen donor such as 2,4-dimeth-
ylpentan-3-ol inhibits the formation of side products. Vari-
ous benzylic amines, including secondary amines, were race-
mized successfully under the conditions with 1a and 2,4-
dimethylpentan-3-ol at 110°C. Although the DKR of
amines with 1a was possible, selectivity was not so satisfac-
tory. It was found that the electron-rich derivative 1b (Fig-
ure 2) shows a much better activity for DKR with CALB,
isopropyl acetate, and sodium carbonate.®¥ Sodium car-
bonate was an essential additive to trap acids generated
variously from the polyacrylate support, the acyl donor, or
the enzyme itself. Biackvall and coworkers recently devel-
oped a practical procedure for the amine DKR with diben-
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zyl carbonate as the acyl donor; it produced the corre-
sponding carbamates, which can easily be transformed into
free amines by hydrogenolysis (Scheme 24).[70-640]

0
1b (4 mol-%), CALB I
NHz  Na,CO, (20 mg) NHC 0" Ph
Ph o) PR
(0.50 mmol) Ph/\O/U\O/\Ph (2.5 equiv.) 90%, 93% ee

toluene, 90 °C, 72 h
Scheme 24. DKR of amines with a homogeneous Ru catalyst.

Page and coworkers reported the novel iridium-based
amine racemization catalyst 21 (Figure 2).15>6% Noticeably,
the iridium complex — [IrCp*1,], — was active for the race-
mization of secondary amines under conditions signifi-
cantly milder than those described previously. Using 21
with CRL (Candida rugosa lipase), they succeeded in the
DKR of an isoquinoline derivative (Scheme 25). The reac-
tion was performed at 40 °C on a 3 g scale in the presence
of 3-methoxyphenylpropyl carbonate as the acyl donor.

Table 10. Benzylic amines.

European Journal
of Organic Chemistry
[Cp*lrl2]2 (21: 0.2 mol-%) MeO

DCQEET

(1.5 equiv.)
toluene, 40°C, 23 h

N\”/O\/\
Me O
82%, 96% ee

Scheme 25. DKR of amines with a homogenous Ir complex.

3.2. Substrate Amines in Chemoenzymatic DKR

Chemoenzymatic DKR has been performed both for ali-
phatic amines and for benzylic amines. In general, aliphatic
amines were more difficult to racemize than benzylic ones.
Several functional substituents on aromatic rings, including
fluorine, bromine, ether, nitrile, nitro, trifluoromethyl, and
selenoether, were compatible with the conditions for DKR
(Table 10). Thiophenyl and naphthyl groups were also ame-
nable to chemoenzymatic DKR. CALB was applicable to
sterically somewhat hindered substrates (Entries 2, 8, 20—
22, and 24).

Substrate Substrate Substrate Substrate
Entry . Entry . Entry i Entry .
Yield (%) / ee (%) Yield (%) / ee (%) Yield (%) / ee (%) Yield (%) / ee (%)
NH, NH, NH, NH;
1 58] @2\ glodtl Me0/©)\/ 1512 d;/\ 220601 @foj
86/99 84 /99 30/99 94/98
NH, NH, NH NH,
S
2l60] glest] . /©/\ 16062 i ;@2\ 23064 <
96 /99 73/99 77/ 99 85/99
NH,
NHz Ny NH
[61] [640] /©)\ 1621 /©)\ [64b] s
3 /©/K 10 N 17 ©A5e 24 Q]
88/98 70/99 72/99 88/99
NH, NH, NH, NH, NH;
e o e O = w0
69 /98 99%. 99 80/99 70/ 86
NH, NH, O NH, e
5l64] /Ej/K 12062 - /@2\ 1915 O 26559 \/©)\
E s NH,
84/98 76 /99 56 /99 55/99
NH, NH, NH,
T e ol R o A o
78 /99 74799 92/95
NH, NH, NH,
e Q)\ 14162 vseO)\ 211 @j
MeO’
95/99 87/99 86/97
Table 11. Aliphatic amines.
Substrate Substrate Substrate Substrate
Entry . Entry . Entry . Entry .
Yield (%) / ee (%) Yield (%) / ee (%) Yield (%) / ee (%) Yield (%) / ee (%)
NH, NH, e i
119 NN\ 3060 5l6] O)\ 71601 M Ny
95/97 92/98 92/96 96/98
i NH, NH
559 AN 46401701 6155
83/94 60 /99 89/99
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Diamines were also tested for DKR (Entries 25-26). In
the case of a p-diamine the corresponding (R,R)-diamide
was obtained in a high optical purity (99% ee) and the dia-
stereoselectivity was also high (chiral/meso = 1:0.09).

Linear aliphatic amines worked well in chemoenzymatic
DKR to give the corresponding amides or carbamates
(Table 11; Entries 1-3). However, 3-methylbutan-2-amine
was not a good substrate for CALB (Entry 4), whereas 1-
cyclohexylamine was transformed as efficiently as the linear
aliphatic amines (Entry 5). The DKR of an amino acid de-
rivative — 2-amino-3-phenylpropanamide — demonstrated
the potential of this methodology, although it is a rare ex-
ample of DKR of a functionalized aliphatic amine.

4. Mechanisms of Racemization

4.1. Racemization of Alcohols

Racemization catalysts are essential for the efficiency of
chemoenzymatic DKR, and understanding of the mecha-
nism of racemization should be the first step to improving
the efficiency. With the exception of the formation of carb-
enium ions by acid catalysts, the most typical pathways for
transition-metal-catalyzed alcohol racemization are revers-
ible hydrogen-transfer reactions.’>7?l Shvo’s complex 1a,
for example, generates two species, one of which is active
for hydrogenation and another for dehydrogenation
(Scheme 26).">73 Hydrogen mediators such as ketones are
needed for racemization through hydrogen-transfer reac-
tions. In Figure 1, complexes 1, 3a—c, 4a—c, 11, and 12 are
known to follow this mechanism. In the case of 12, addition
of ketones is not required for DKR, but the corresponding
enol acetates, which provide ketones through acyl-transfer
reactions, act as acyl donors.?"!

O’H"O

Scheme 26. Catalytic racemization with the aid of hydrogen media-
tors.

DKR with the complex 2 was the first case to be per-
formed successfully without addition of ketones as hydro-
gen mediators. An inner-sphere racemization was suggested
(Scheme 27).78] Intermediate ketones formed through B-hy-
dride elimination do not leave the metal hydride intermedi-
ate. The step of ligand dissociation should be advanced be-
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fore the B-hydride elimination to give a free coordination
site. In the case of 2, phosphane dissociation and HCI ab-
straction provide a coordinatively unsaturated 16-electron
species. The racemization with complex 7 would follow a
similar pathway.!*’! Intensive mechanistic studies have been
carried out for the racemization in the presence of complex
6a.l’!1 In early studies, Bickvall and coworkers observed a
ruthenium fert-butoxide intermediate in the reaction be-
tween 6a and potassium ferz-butoxide, and suggested n°—n?3
ring-slippage to give a coordinatively unsaturated interme-
diate (Scheme 28).[215:71.74]

0, O=PPh,
S, =,
| —_— I
/Ru"”PPh OH i}u«-on-{
3 : cl Ph
c \PPhg Ph PPhy
Et:N
Et3NHCI\_)/
d
OH |
Ru\
}\ PhsP 0"'(
Ph

Y
i:@

Ph3P

N\
— “
"o, Rovord

PhsP” |, o

Scheme 27. Catalytic racemization without hydrogen mediator.

)Ol_i

tBuOH

Ph R R Ph

5 R —

Ph* | Spp ———— Ph Rl’u Ph
oc’ 1 5

Ru
S
OC™ 4 o,
oc O-tBu

Scheme 28. Racemization through ring-slippage.

Recently, however, Biackvall and coworkers observed an
acyl intermediate by FT-IR and NMR spectroscopy, which
implies that the CO ligand participates in the exchange of
chloride for tert-butoxide. Two possible inner-sphere race-
mization pathways involving the ruthenium ferz-butoxide
intermediate were investigated by means of density func-
tional calculations: an n>-n? ring slippage or dissociation
of a CO ligand to create a catalytically active 16-electron
intermediate.”> 7% The n°-n? ring-slip pathway was found
to have a much higher energy barrier than the CO dissoci-
ation pathway (Scheme 29).
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Scheme 29. Racemization mechanism involving CO dissociation.

4.2. Racemization of Amines

In view of the side products, such as ethylbenzene and
bis(1-phenylethyl)amine, obtained in the racemization of 1-
phenylethylamine in the presence of palladium catalysts,
pathways for racemization in the presence of heterogeneous
palladium catalysts as shown in Scheme 30 were propo-
sed.’8 The racemization occurs through dehydrogenation
of amine and hydrogenation of the resulting imine. Bis-
(1-phenylethyl)amine is formed from the imine and the sub-
strate amine through condensation followed by hydrogena-
tion, and ethylbenzene is the product of hydrogenolysis
breaking C-N bonds. The racemization of amines by Shvo-
type complexes also produces the same condensation prod-
ucts as observed in racemization by palladium catalysts, so
Béckvall and coworkers proposed pathways similar to those
in Scheme 30, involving B-hydride elimination and read-
dition within the coordination sphere (Scheme 31).1°41 The
condensation products are formed from the dissociated im-
ine and the substrate amine. The electronic properties of the
racemization catalyst affected the condensation reaction: an
electron-deficient derivative (Ar = p-fluorophenyl) pro-
duced more condensation products than an electron-rich

NH, Pd NH [H-Pd-H] NH,
Ph/'\ ~——— ph ~—— P>
[H-Pd-H] Pd

NH,
[H-Pd-H]/ Ph)\ \INH3

NZ "Ph

R NN
[H-Pd-H]l

[H-Pd-H] HN™ “Ph  [H-Pd-H]
e

Scheme 30. Pd-catalyzed reactions of benzylic amines.
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one (Ar = p-methoxyphenyl), due to faster B-hydride elimi-
nation and slower re-addition, extending the lifetime of the
free imine.

NH, NH,

R/é\ A O o

R' % R” "R
Ar

Ar
R
Aroc/ [
(0]

Ar Ar

O. 200
%/ : V H
£ Ar H\ A 4 Ar
r
ArAr Ru ,EJH AF /R'u/ NH
7| oC \'R'
oC oc H
o6 R/\R' R
re»additionk Ar_OH Jﬁ—hydn‘de elimination
P
A Rue—NH
/N | dissociation NH
OCOC P s
R R R R

Scheme 31. Amine racemization in the presence of ruthenium cata-
lysts.

5. Conclusion

It has been shown that the combination of metal-cata-
lyzed racemization and enzymatic kinetic resolution is an
attractive method for the synthesis of optically active com-
pounds from racemic alcohols and amines. There are many
metal complexes active for racemization, but the conditions
for enzymatic acylation often limit the application of the
metal complexes to DKR. For DKR of alcohols, compli-
mentary catalyst systems are now available for the synthesis
of both (R)- and (S)-esters: (R)-esters can be obtained by
the combination of an R-selective lipase (CALB or LPS)
and a racemization catalyst, whereas the use of an S-selec-
tive protease (subtilisin) at room temperature provides (S)-
esters. Reusable catalyst systems that are stable under ambi-
ent conditions during DKR are also available. Palladium
nanoparticles embedded on various supports are common
catalysts for amine racemization, although there are some
other catalysts such as Raney nickel and Shvo-type ruthe-
nium complexes. Amine DKR is possible for aliphatic
amines as well as for benzylic ones. DKR of amino acid
derivatives is also possible. DKR of amines requires harsher
conditions than DKR of alcohols, however, which hinders
the use of normal enzymes.

An industrial company (DSM) has filed patents for the
chemoenzymatic DKR of alcohols.””] However, the effi-
ciencies of racemization catalysts need to be enhanced sub-
stantially to compete with conventional processes for pro-
ducing optically active compounds. In particular, the cata-
lysts for the racemization of amines need to be improved to
enable DKR to proceed under ambient conditions. Besides
catalytic activity, recyclability is another essential factor for
future catalysts. Simple reaction conditions that do not re-
quire restricted atmosphere and additives such as bases and
hydrogen mediators should be also considered. With further
1013
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improvements in these factors, chemoenzymatic DKR pro-
cesses should find use in the industrial synthesis of optically
active compounds in the near future.
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