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Abstract: Candida antarctica lipase B (CAL-B) is a
very effective catalyst for the production of amines
and amides using different enzymatic procedures.
Simplicity of use, low cost, commercial availability
and recycling possibility make this lipase an ideal
tool for the synthesis and resolution of a wide range
of nitrogenated compounds that can be used for the
production of pharmaceuticals and interesting manu-
factures in the industrial sector.
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1 Introduction

Hydrolytic enzymes are widely used in organic synthesis
as environmentally friendly catalysts that possess broad
substrate specificities, display high stereoselectivity,
work under mild reaction conditions, are commercially
available and do not require the use of cofactors.!)
From the hydrolases group, lipases (EC 3.1.1.3) are the
most popular biocatalysts and the most useful in asym-
metric synthesis.” Applications of lipases include che-
mo-, regio- and stereoselective processes, like the kinet-
ic resolution of racemic alcohols, acids, esters or
amines,”! as well as the desymmetrization of prochiral
or meso compounds.”! In addition, other non-conven-
tional processes such as aldol reactions or Michael addi-
tions can be catalyzed by some lipases.”! The role of li-
pases in organic synthesis has dramatically increased
in the last decade, finding interesting uses for the pro-
duction of pharmaceuticals, fine chemicals or agrochem-
icals, and especially for the pharmaceutical sector.®)
Candida antarctica lipase B (CAL-B) is one of the
most effective catalysts in the resolution of alcohols
and especially amines, allowing the preparation of an
important variety of optically active hydroxy and amino
compounds. The high stereoselectivity and simplicity of
these processes make this strategy the most adequate for
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the resolution of primary amines bearing the amino
group in the stereocenter. Another type of Candida ant-
arctica lipase, the Candida antarctica lipase A (CAL-A),
proves to be more active than CAL-B in the acylation of
secondary amines or tertiary alcohols, representing an
ideal catalyst in the bioresolution of sterically hindered
compounds, however this biocatalyst has been much less
employed in organic synthesis than CAL-B.!"!
CAL-Bisconstituted of 317 amino acids and has a mo-
lecular mass of 33 kDa (Figure 1). This lipase has an a/p3-
hydrolase-like fold, and it was firstly obtained from the
Candida antarctica yeast, meanwhile lipases with broad
ranges of pH optima and thermostability were screened
from different microbial sources.®! The X-ray structure
of CAL-B was elucidated in 1994, and it was also crys-
tallized, forming different structures."”! Viewed with the
catalytic triad Asp187-His224-Ser105 oriented from left
to right, it contains a large hydrophobic pocket above
the Asp-His-Ser triad and a medium-sized pocket below
it. In the catalytic pathway, the acyl moiety of the sub-
strate lies in the large subsite, while the leaving group/
nucleophile moiety lies in the medium pocket, but may
extend into the solvent and/or into the large pocket since
it has little space for substituents larger than propyl. The
large hydrophobic subsite in CAL-B is lined by I1e189
and Val190 on the left, Val154 on the far right, as well
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as Leul40 and Leu144 at the top of the pocket. Deep in
this subsite, Asp134 is on the left and GIn157 on the
right. The medium pocket is below the catalytic Ser105
and is crowded by Trpl104 below it and the Leu278-
Ala287 helix to the right.

The restricted active site of CAL-B can explain the ex-
cellent enantiopreference shown towards secondary al-
cohols and other nucleophiles such as primary amines.'!}
Recently this biocatalyst has been object of several
structural modifications using genetic engineering to
improve its selectivity!'” and to create novel synthetic
applications.!"”)

CAL-B has allowed the preparation of both non-chi-
ral and chiral interesting amides and amines over the
years. Here we have summarized some of the most rep-
resentative results obtained, using this biocatalyst,
mainly by aminolysis and ammonolysis reactions, in-
cluding different procedures for the resolution of valua-
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ble intermediates such as kinetic and dynamic Kinetic
resolutions of racemates, and desymmetrization of pro-
chiral compounds. Esterification, transesterification or
hydrolysis processes can also be catalyzed by this bioca-
talyst, however for these reactions other hydrolytic en-
zymes can also be successfully employed. In addition,
other non-conventional processes catalyzed by CAL-B
have recently appeared in the literature such as Michael
additions or aldol reactions, and will be briefly com-
mented.

2 Enzymatic Preparation of Amides

Lipase-catalyzed aminolysis of carboxylic esters or con-
densation of carboxylic acids and amines are among the
most common strategies for the preparation of amides

and many examples have been described."* The syn-
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Figure 1. Structure of Candida antarctica lipase B.

thesis of oleamide, used as slip and anti-blocking agent
in plastic processing, was carried out through an enzy-
matic ammonolysis reaction of triolein and ammonia
in the presence of CAL-B (Scheme 1), some of the ad-
vantages of this procedure are that no purification is
needed and it has been possible to scale-up the process
to an industrial scale."””! Years later, direct enzymatic
amidation processes of different carboxylic acids with
ammonia'® or ammonium salts!"” were also studied us-
ing CAL-B and different organic solvents.!""!

Sheldon and co-workers used different nucleophiles
like hydroxylamine, hydrazine and their derivatives in
the reaction with octanoic acid and also ethyl octa-
noate.'” However, the first examples of CAL-B-cata-
lyzed ammonolysis of esters were described in 1993
with the preparation of 3-keto amides from f-keto es-
ters,” and the production of octanamide from ethyl oc-
tanoate in 95% yield.”" In the aminolysis and ammonol-
ysis reactions of different carbonates with CAL-B, the
formation of carbamates was observed (Scheme 2),
however the reaction do not proceed beyond the carba-
mate stage as these compounds are known to be slow-re-
act[in]g substrates or even reversible inhibitors of lipas-
es.?

CAL-B

Hy3C1,0CO
}OCOC17H33
NH;

H33C47;0CO

e
7 7
NH,

Scheme 1. Preparation of oleamide by enzymatic ammonoly-
sis.
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Scheme 2. CAL-B-catalyzed aminolysis and ammonolysis of
carbonates.

The synthesis of capsaicin analogues, the pungent
principle in Capsicum fruits, was carried out with low
to moderate yields by amidation of vanillylamine with
fatty acid derivatives in a two-phase system./”’! Other in-
teresting examples have been recently described about
the production of important goods. For instance, an effi-
cient biocatalytic method on a multi-gram scale has been
developed for the synthesis of the pyrrole-amide that is
an intermediate for the synthesis of the dipeptidyl pep-
tidase IV that regulates plasma levels of the insulino-
tropic pro-glucagon. CAL-B catalyzes the ammonolysis
of the ester with ammonium carbamate as the source of
ammonia (Scheme 3).*! The use of Ascarite and calci-
um chloride as adsorbents for carbon dioxide and etha-
nol by-products, respectively, increases the yield to 98%
far surpassing traditional chemical routes, which yield
64% of the desired product.

A one-pot, biocatalyzed preparation of N-substituted
amides from the corresponding carboxylic acid was re-
ported, providing a valuable intermediate for the syn-
thesis of Alfuzosin, a reducing agent of symptoms asso-
ciated with benign prostatic hypertrophy. CAL-B cata-
lyzes the esterification of the corresponding carboxylic
acid and ethanol followed by an aminolysis reaction
(Scheme 4).1!

/ o
A

Scheme 3. Enzymatic ammonolysis using ammonium carba-
mate as the source of ammonia.

CAL-B

NH,CO,NH,

o)
MOH 0
CAL-B
+ E © N/H3\ NHMe
L tOH H
H,N"" ¥ NHMe

Scheme 4. Enzymatic one-pot preparation of amides from
carboxylic acids.
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Although some examples have been described, the
enzymatic aminolysis of carboxylic acids in convention-
al solvents is less common than when esters are used as
starting materials, due to the tendency of the reactants to
form unreactive salts.”® Recently, the use of ionic liquids
has emerged in organic synthesis and in some cases it has
represented an important advance in the biocatalytic
field.”” Tonic liquids represent a clean alternative to car-
ry out processes that present serious difficulties in or-
ganic solvents or water. In addition, chiral ionic liquids
have appeared in the last decade with new possibilities
in asymmetric organic synthesis.”® One of the first ex-
amples of the application of ionic liquids in biocatalysis
was the synthesis of octanamide by reaction of octanoic
acid and ammonia using CAL-B as biocatalyst
(Scheme 5).1!

3 Chemoselective and Regioselective
Procedures

The selective modification of a unique functional group
in a polyfunctional molecule avoiding side-reactions
and tedious protection/de-protection steps, is one of
the most difficult tasks in organic synthesis, and is not
an easy goal using conventional reactants, especially
when the target molecule is not stable under drastic con-
ditions (temperature, pressure, or others). Biocatalytic
methods represent an attractive alternative for these
chemoselective and regioselective transformations,
and here are shown a few representative examples.

In Scheme 6 typical examples of useful enzymatic che-
moselective processes are shown. Thus, the aminolysis
and ammonolysis of B-keto esters yielded f-keto amides
with high yields." In the absence of enzyme only the en-

/Hﬁ(OH /Hg\[er-b
0] (o)

Scheme 5. Enzymatic ammonolysis of octanoic acid in an ion-
ic liquid.

o o0 o o
R1M0Et R1MNHR
R? R?

o) o]
NH5
RS OEt “calp R'D NH,

R? R?
0 NH o)
R%< s R%{

OEt CALB NH,

CAL-B/ NH3

[C4mim][BF,]

RNH,

CAL-B

Scheme 6. Chemoselective enzymatic processes catalyzed by
CAL-B.
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amino ester was obtained. In addition, a practical syn-
thesis of acryl and propargyl amides was possible by en-
zymatic ammonolysis of acrylic and propargyl esters us-
ing CAL-B as biocatalyst."*'!

Sometimes the same functional group is present at dif-
ferent positions of a polyfunctionalized molecule, so the
selective transformation of only one of these groups is
not an easy task. Regioselective amidation has been de-
scribed as an interesting solution to this problem. For in-
stance, reaction of N-blocked glutamic acid diesters with
n-pentylamine depended on the absolute configuration
of the stereocenter and of the N-protecting group of the
amino diester, in fact different molecular ratios of y:a
monoamides were obtained (Scheme 7). In this man-
ner, L-glutamic derivatives produced exclusively o-re-
gioisomers, however D-glutamic substrates that react
with lower reaction rates, mainly led to y-derivatives,
demonstrating that regioselectivity is dependent on
the nature of the N-protecting group of the diester.
New acetylcholinesterase inhibitors were also synthe-
sized via a CAL-B-mediated regioselective amidation
of N-substituted (§)-glutamic acid diesters using 4-(2-
aminoethyl)-N-benzylpiperidine.”® The regioselective
amidation of different N-protected aspartic acid diesters
was determined by the enantiomer used as substrate: L-
aspartic derivatives preferentially undergo a-substitu-
tion, while D-substrate compounds showed different re-
sults influenced by the N-protecting group.**!

The regioselective enzymatic acylation of pyrimidine
3',5'-diaminonucleoside derivatives was possible de-
pending of the biocatalyst employed in the process.*!
N-5"-Acylated products were obtained using CAL-B as
biocatalyst, while Pseudomonas cepacia lipase (PSL-C)
was selective towards the N-3'-position. Molecular mod-
eling studies were developed to explain the behavior of
CAL-B in these enzymatic processes.*® The alkoxycar-
bonylation of amines yields carbamates, which are val-
uable intermediates in medicinal chemistry because
this functionality is part of various therapeutic agents
since it allows, for example, a better permeability across
the cellular membranes. Moreover, these pro-
cesses also allow the protection of the amino group un-
der mild conditions. The first regioselective enzymatic

SNHP n-PnNH, oNHP
H H
EtO,C CO,Et CAL-B EtO,C CONH-n-Pn
NHP
i
pNHP - nPiNF2 — E0,C CONH-n-Pn
"IH
CAL-B +
EtO,C  COEt NHP
e
n-PnHNOC ~ COEt

Scheme 7. Examples of regioselective reactions mediated by
CAL-B.
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NH,
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Scheme 8. Enzymatic alkoxycarbonylation of 3’,5'-diamino-
nucleosides.

alkoxycarbonylation of a primary amino group was ach-
ieved with pyrimidine 3',5'-diaminonucleosides using
CAL-B and non-activated homocarbonates allowing
the synthesis of several N-5'-carbamates with moderate
and high yields (Scheme 8).5")

4 Non-Conventional Reactions

Generally, wild-type enzymes or mutants obtained by
directed evolution methods are able to catalyze more
than one specific reaction. Nowadays, the aim of many
research groups is to use mechanistic reasoning to dis-
cover new enzymatic applications, or modify by directed
evolution methods the wild-type enzyme to obtain an
improved version of the original enzyme in terms of re-
activity and selectivity. Among the lipases, CAL-B is the
biocatalyst that has shown a major promiscuity.!** For
instance, the reaction of acrylonitrile with different sec-
ondary amines in the presence of CAL-B led to the cor-
responding Michael adducts faster than in the absence
of the biocatalyst (Scheme 9).5*!

The CAL-B mutant Ser105Ala was generated by site-
directed mutagenesis and it has demonstrated an out-
standing catalytic activity in aldol reactions.”” Mo-
lecular modeling studies have provided a basis about
the role of the oxyanion hole in CAL-B with regard to
activating the aldehyde for addition, the histidine resi-

R
CAL-B
) /\ 1
A CN———— _N
mine + R \/\CN
PSS O

H N N
H H

Scheme 9. Michael-type addition of secondary amines to
acrylonitrile catalyzed by CAL-B.
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due acting as a base, whereas the active site serine is
not involved in this process.*” In addition, three recent
papers have quoted the potential of this mutant to cata-
lyze Michael-type additions. This lipase, obtained by
directed evolution methods, catalyzed the addition
of acetylacetone to acrolein!™ and the addition of
thiols and diethylamine to a,f-unsaturated aldehydes
(Scheme 10).14!

An example of competition between Michael addition
and aminolysis processes is represented in Scheme 11 in
the reaction of methyl acrylate with 1-(V,N-dimethyl)-3-
propanediamine. The enzymatic aminolysis reaction
was optimized using CAL-B wild-type as biocatalyst, fo-
cusing on a study of the influence of reactant concentra-
tions, organic solvent, temperature, amount of enzyme
and biocatalyst form to minimize the formation of the
Michael addition products. The economic efficiency of
this process was also investigated by reusing the enzyme
in the best reaction conditions, and observing no signifi-
cant loss of activity after three reaction cycles.*”

5 Stereoselective Conventional Processes

Traditionally, stereoselective biotransformations have
been divided into two main groups: kinetic resolutions
(KR) of racemates, which also include dynamic kinetic
resolutions (DKR) and parallel kinetic resolutions
(PKR) of racemic mixtures (Scheme 12), and on the oth-
er hand enantioselective enzymatic desymmetrization
(EED) of prochiral or meso compounds.

5.1 Kinetic Resolutions
KR is based on a transformation, which subsequently

makes easier the separation of the two enantiomers of
the racemic substrate. It is the most common methodol-

O N N PN L J
)J\/\ 2 H o N
H R CAL-B )l\(k 2
H R

R
R’

Scheme 10. Enzymatic Michael addition of diethylamine to

o,p-unsaturated aldehydes.

N NMe
MeOZC/\/ \/\/ 2

Scheme 11. Enzymatic amidation versus Michael addition.
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kr kr kr
Sr Pr Sr Pr  Sr Pr
+ kraC kfaC -+

ks ks ks
Ss Ps S — Ps  Ss Ps

kR >> ks or ks >> kR
kR >> ks or kS >> kR

(KR)

kR=kS

kR or ks = krac (PKR)

(DKR)

Scheme 12. Kinetic resolution (KR), dynamic kinetic resolu-
tion (DKR) and parallel kinetic resolution (PKR).

ogy used in biocatalysis in spite of the fact that the isolat-
ed yields of substrate and products are limited to 50%.
There are different examples of this type of reactions
and we have divided the application of CAL-B into
three types depending of the reaction that it catalyzes.

5.1.1 Enantioselective Acylation and Alkoxycarbony-
lation of Amines

Chiral amines and amides are important classes of or-
ganic compounds because of their utility for the prepa-
ration of pharmaceutical and industrial products of rel-
evant interest. In the last few years a great number of
racemic monoamines have been resolved with CAL-B
in different organic solvents, and some companies
even use lipases for the production of enantiopure
amines on a multi-kilogram scale.[*”! The use of lipases
in aminolysis reactions for the synthesis of nitrogenated
organic compounds has been reviewed over the years,*!
and CAL-B has been identified as the best biocatalyst in
most of the processes.

The schematic representation of a KR between race-
mic amines and non-activated esters using CAL-B as
biocatalyst is shown in Scheme 13. In the same manner
as in the transesterification of secondary alcohols, this
process fits Kazlauskas’ rule and as a consequence of
this rule and some molecular modeling studies, an em-
pirical model has been established for the active site of
this enzyme.*!

o} H, NHCOR'
R’ JLOR2
CAL-B
+ +
NH, HN, H

Scheme 13. Schematic representation of Kazlauskas’ rule.
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Normally, ethyl acetate is used in these processes as
solvent and acyl donor, however, other acylating agents
such alkyl methoxyacetates are also of utility, while vinyl
esters, the best reagents for the resolution of alcohols,
are inadequate reagents for the resolution of primary
amines due to their high reactivity. In some cases the
enantioselectivity can be increased using ethyl esters
of long-chain fatty acids, for instance, in the acylation
of sec-butylamine mediated by CAL-B (Scheme 14).14¢!

Anmines and carboxylic acids usually present solubility
problems because they are high polar substrates but also
the formation of salts represents an important inconven-
ience. To overcome these limitations Irimescu and Kato
have recently described KR in ionic liquids instead of or-
ganic solvents (Scheme 15). The resolution with CAL-B
is based in the fact that the reaction equilibrium was
shifted toward amide synthesis by the removal of water
under reduced pressure.*’!

Non-solvent systems have also been employed in
enantioselective amidation processes, reacting racemic
amines with aliphatic acids (Scheme 16). The best con-
version of acids to amides was observed using CAL-B
at 90 °C under vacuum, no amidation occurred in the ab-

O NH
O 1
CAL-B R
/\( . 1J\ ] .
NH,

Scheme 14. Bioresolution of sec-butylamine.

CHs
Ph/%\NHZ
o+ " cooH
CHa
NH
Ph 2
CAL-B
Vacuum
lonic liquid
CH, ia o)
- + W
Ph” NH, PA" N
or
CHj
CHs H

: +
: NH Ph
Ph/\/ 2

Scheme 15. KR of 1-phenylethylamine and 2-phenyl-1-pro-
pylamine using ionic liquids.
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o}
)}\ CAL-B
OH Vacuum
NH

o)
R)J\N/\C%N
H
R
+ e +

\;v 90 °C N
- NH
3 z \t{\/ 2

Scheme 16. Biocatalytic amidation of carboxylic acids in a
non-solvent system.

sence of enzyme or in the presence of organic sol-
vents.!

In the last few years many examples of KRs of primary
amines have been published, for instance, 1-(heteroaryl)-
ethylamines can thus be prepared in high optical puri-
ty.*) Also, a great number of bicyclic 1-heteroaryl pri-
mary amines has been obtained with excellent enantio-
meric excesses using this methodology.”” Enzymatic
resolution of (4 )-2-(1-aminoethyl)-3-chloro-5-substi-
tuted-pyridines led to the (R)-amide according to
Kazlauskas’ rule in the CAL-B-catalyzed reaction with
ethyl acetate (Scheme 17), however the E value was
only moderate (E=27).5"

Chiral 1-aryl-2-propynylamines are important syn-
thons for the preparation of numerous biologically ac-
tive compounds.”? Resolution of these derivatives can
be carried out employing CAL-B as biocatalyst and eth-
yl acetate as acyl donor in diethyl ether, obtaining in
general the (R)-acetamides and the (S)-amines with
high enantioselectivities and moderate to high yields
(Scheme 18).5*! The same approach was successfully de-
veloped for the resolution of a variety of substituted
1-aryl-2-propenylamines.>"

Enzymatic aminolysis has also provided the resolu-
tion of amphetamine and related derivatives, like o-,
m-, and p-methoxyamphetamines using CAL-B as en-
zyme, and ethyl acetate as acyl donor and solvent
(Scheme 19).55) These compounds present different
physiological activities depending of the type and posi-
tion of the substitution in the phenyl ring or on the nitro-
gen atom. For example, the presence of methoxy groups
on the aromatic ring or methyl groups on the nitrogen

R | Ol
= NHAc
R Ol N _
CAL-B :
= 2 +
N EtOAC
| - C
R = Br, Cl, HF,CO N/ NH;

Scheme 17. Kinetic resolution of 2-(1-aminoethyl)-3-chloro-
5-substituted-pyridines.
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CAL-B .

B
P NHAC
S Z
R EtOAc, Et,0 N
NH, | =
SN
R
NH,

Scheme 18. Kinetic resolution of 1-aryl-2-propynylamines.

S g
R

)
w
A S
R

CAL-B

EtOAC

NH,

R'=R?=R’=H, E=37

R'=0OMe, R?=R%=H, E=79
R'=R%=H, R?= OMe, E=70
R'=R%=H, R = OMe, E =52

Scheme 19. Enzymatic resolution of amphetamine deriva-
tives by aminolysis processes.

atom increase the activity of the drug, and the stereo-
chemistry of these amines has a great influence on their
pharmacological properties.”*

2-Phenylcyclopentanamines are precursors of semicy-
clic amidines with potent hypoglycemic activity,®”! and
trans-2-phenylcyclopentanamine (cypenamine) is used
as an antidepressant.” The KR of (+)-trans and (4 )-
cis-2-phenylcyclopentanamines has been effectively
performed by CAL-B-catalyzed aminolysis reaction
(Scheme 20). Although the reaction between (+)-2-
trans-phenylcyclopentanamine and ethyl acetate pro-
ceeded with high enantioselectivity, the corresponding
acylation of the cis-isomer under the same conditions
occurred with low enantiopreference. To improve the
E value of the cis-isomer several acyl donors were test-
ed, achieving the best results when the leaving group
more closely resembles the amine.”” The KR of com-
pounds which differ in the ring size has also been stud-
ied, observing good enantioselectivities with CAL-B in
the reaction with trans-phenylcyclohexanamine, howev-
er, this biocatalyst is not efficient for the cis-isomer or
trans-phenylcyclopropanamine, where CAL-A showed
a better behavior."’!
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oNHz «NH, NHAc
EtOA *
C o,
Ph //
£ 2900 Ph Ph
(%) (1S,2R) (1R,2S)
NH, CAL-B wNH; NHAc
+
Ph Acyl donor vl”’Ph Ph
() (18,25) (1R,2R)
1 1 L
AOEt )J\o/\Ph )J\o Ph
E=17 E=32 E=101
0 0
MeO MeO J\
€ QKOMe \/U\O Ph
E=40 E=214

E =525

Scheme 20. Kinetic resolution of (= )-trans- and (=% )-cis-2-
phenylcyclopentanamines.

A number of 1- and 2-aminoalkanephosphonates
were resolved with high enantioselectivity by CAL-B-
catalyzed acetylation using ethyl acetate, obtaining pre-
cursors of the corresponding aminoalkanephosphonic
acids.l”! CAL-B also catalyzes the amidation between
ethyl (=£)-4-chloro-3-hydroxybutanoate and racemic
amines, leading to the corresponding optically active
amides with very high enantiomeric and diastereomeric
excesses (Scheme 21).1”! Besides, remaining ester and
amine are recovered with good enantiomeric excesses.
In this way, three enantioenriched compounds are ob-
tained from an easy one-step reaction.

Enantiomers or diasteroisomers often show opposite
behaviors in their pharmacological properties, for this

OH O Me
AL,
OH N
CO,Et cl *
OH
CAL-B :

o . CO,Et
Vo |/\/
+
/2\ Cl Me

H,N™ TR

H,N™ TR

Scheme 21. Enzymatic aminolysis of (+)-4-chloro-3-hydroxy-
butanoate with racemic amines.
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reason the selective preparation of chiral drugs is of out-
standing importance. Recently, the chemoenzymatic
synthesis of the analgesic U-(—)-50,488 has been describ-
ed. In this case the (15,2S5)-isomer exhibits a higher ac-
tivity than the counterpart, and also than the cis isomers.
The key step was the stereospecific formation of (+)-
trans-2-(pyrrolidin-1-yl)cyclohexanamine and subse-
quent enzymatic resolution using CAL-B and ethyl ace-
tate, with the acetylation of the (1R,2R)-diamine occur-
ring with high enantioselectivity (E=170). To facilitate
the isolation of the (1R,2R)-amide (94% enantiomeric
excess) and the unreacted (15,25)-diamine (99% enan-
tiomeric excess), the reaction mixture was treated with
benzyl chloroformate. After conventional chemical
processes through the carbamate of the diamine, it is
possible to obtain the drug with very high yield and with-
out racemization (Scheme 22).1%!

In some cases sequential biocatalytic resolutions by
one-pot double enzymatic reaction are of great utility
because, with moderate enantioselectivity in both proc-
esses, it is possible to achieve a high enantiomeric excess
of both substrate and product. An example is the resolu-
tion of trans-cyclohexane-1,2-diamine and trans-cyclo-
pentane-1,2-diamine with dimethyl malonate and using
CAL-B as biocatalyst (Scheme 23). The formation of
the (R,R)-bisamido ester involves two biocatalytic steps,
and the enzyme shows the same stereochemical prefer-

NH,
(x)-trans

1. CAL-B, EtOAc
2. Cbz-Cl

: WNHCbz
D
(1S.2S)-trans (1R,2R)-trans

0] Cl

«NMe
SUL

U-50,488

Scheme 22. Chemoenzymatic synthesis of the analgesic U-
(—)-50,488.
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o N H2
CHz(COZMe)z (@

(<i:I:NH2 CAL-B NH,
E, +
NH; o} OMe
(+)-trans
n:1,2 ©

(<i::ITNH

(6] OMe ,
“"NH,
0
NH CH>(COyMe),
(<i:j' CAL-B

Y E.
/NH 2
O

(e} OMe

Scheme 23. Sequential kinetic resolution of cyclic 1,2-di-
amines.

ence towards the (R,R)-enantiomer of the substrate in
both reactions, however, the enantioselectivity of the
second step is always higher which is in good agreement
with Kazlauskas’ rule, because the monoacylated com-
pound has a bigger steric difference in the substituents
of the stereocenter than the corresponding free diamine.
This bisamido ester is an excellent synthon for the prep-
aration of aza-macrocycles.

CAL-B has also shown its potential in the enantiose-
lective alkoxycarbonylation of amines. Alkyl carbo-
nates are much less reactive than the corresponding es-
ters in enzymatic processes, so in this type of reactions
benzyl or allyl carbonates together with oximes or vinyl
carbonates are the most efficient alkoxycarbonylating
reagents and very useful for alkoxycarbonylating alco-
hols or amines.™! In Scheme 24 the kinetic resolutions
of some racemic amines with vinyl alkyl carbonates cat-
alyzed by CAL-B are shown.[® In addition, the double
enantioselective lipase-catalyzed alkoxycarbonylation
of racemic amines with racemic vinyl carbonates has
been carried out using CAL-B, yielding carbamates
with two stereogenic centers. This process shows that
the combination of an enzyme with an adequate vinyl
carbonate and amine can yield urethanes with two ster-
eogenic centers in one step and with high diastereo- and
enantioselectivity.[*’]

5.1.2 Resolution of Esters
The enzymatic resolution of esters via aminolysis or am-
monolysis processes represents an efficient alternative

to the resolution of substrates by transesterification
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CAL-B o =

-Pr,0 R'O

igp
o/ﬂ\o/“§> CAL-B : 9

hexane

Scheme 24. Kinetic resolution of amines with vinyl alkyl car-
bonates.

and hydrolysis processes. For instance, the ammonolysis
of ibuprofen 2-chloroethyl ester reached higher enantio-
selectivities  than  the  enzymatic  hydrolysis
(Scheme 25).”!! Application of enzymatic procedures
for the synthesis of interesting drugs has also been dem-
onstrated through enantioselective aminolysis of race-
mic isobutyl 2-[3-(4-cyanophenyl)-4,5-dihydro-5-isoxa-
zolyl]acetate, the precursor of Roxifiban, a non-peptide
platelet glycoprotein IIb/IIla antagonist with anti-
thrombotic activity, catalyzed by CAL-B.I!

Enantiomerically enriched pyrrolidin-3-ol derivatives
are precursors of alkaloids and other interesting com-
pounds in medicinal chemistry, and can be prepared
via enzymatic ammonolysis of ethyl ( £ )-4-chloro-3-hy-
droxybutanoate. The optically pure amides obtained are
starting materials for the preparation of both isomers of
pyrrolidin-3-ol (Scheme 26).) The enantiomerically
enriched ester (98% enantiomeric excess at 60% con-
version) was better converted in the corresponding
(R)-amide by biocatalytic reaction than by chemical re-
action because, in the absence of the enzyme, other side
products were formed.

Interesting aminolysis processes of resolution by chi-
ral axes, instead of a stereogenic carbon atom, have
been recently reported by Aoyagi et al.’”” The side chain
of the binaphthyl moiety played an important role in the
lipase-catalyzed amidation of 1,1’-binaphthylamines.[""!

cl c
NH,
o)
O  cALB o
+
NH,
+-BuOH
i-Pr
i-Pr i-Pr

Scheme 25. Ammonolysis of ibuprofen 2-chloroethyl ester.
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OH O

a1
OEt

NH3
CAL-B

Solvent

OH © OH O

CIM
NH

2

NH, 1. BH3 THF
CAL-B 2.6 N HCI
3. TMEDA/MeOH
OH O 4.6 N HCI

1. BH3 THF N
2.6 NHCI H
3. TMEDA/MeOH

4.6 N HCI

OH
N
H-HCI

Scheme 26. Chemoenzymatic synthesis of pyrrolidin-3-ol.

In the study of the different recognition of (E)- and (Z)-
1,1’-binaphthyl ketoximes using lipase-catalyzed reac-
tions, this group has also investigated different possibil-
ities for the resolution of binaphthyl esters and binaph-
thylamines.”® Thus, two forms of Candida antarctica li-
pase B (Novozyme 435 and Chirazyme L-2) catalyzed
the resolution of a binaphthyl ester, which has an ethyl-
ene spacer between the naphthyl ring and the ester
group (Scheme 27).

®

CAL-B
TBME

NH,(CH5),CN OO

CO,Et

Scheme 27. Kinetic resolution of a binaphthyl ester.
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An elegant and effective procedure based on the one-
pot resolution of racemic secondary alcohol ester deriv-
atives with racemic amines catalyzed by CAL-B allowed
the formation of four products (ester, amine, alcohol
and amide) with excellent enantiomeric excesses
(Scheme 28).""! In all cases the corresponding ester
and the amine were in an equimolar ratio and anhydrous
conditions were absolutely necessary in order to avoid
the competitive enzymatic hydrolysis of the ester.

5.1.3 Resolution of B-Amino Esters and 3-Amino
Nitriles

The preparation of optically active 3-amino esters and
the corresponding amino acids is an area of special rele-
vance in medicinal chemistry. These compounds can be
easily prepared in racemic form, and it is possible to car-
ry out a biocatalytic resolution by acylation of the amino
group or by hydrolysis, transesterification or aminolysis
through the ester function. Racemic -aminobutyrate
esters having the amino function protected have been
recently resolved by enantioespecific transesterification
using iso-butyl alcohol and CAL-B as biocatalyst.["”
However, it is also possible to efficiently resolve ethyl
(£)-3-aminobutyrate (Scheme 29), in this case the res-
olution by acylation of the amino group (E =74-88) be-

R "R? R1” OR2
CAL-B +
’ 1,4-Dioxane o
NH, NH, )I\
R3 R4 RSJ\ R4 * H’%‘
RY R

Scheme 28. Enzymatic one-pot resolution of alcohol and
amines.

CN
SO
H
+

CO,Et
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NH, O
/E\)J\ + EtOAc
OFEt
CAL-B
Solvent
E=74-88
AcNH O NH, O
+ :
OEt OFt
CbzCl
N32003/ Hzo
AcNH O CbzNH O
+ -
OEt OFt
NH, O
+ RNH,
OFEt
1. CAL-B, Solvent
R=H,Bn 2. CbzCl, Na,CO3, H,O
E=4-16
CbzNH O CbzfH O

NHR OFt

Scheme 29. Enzymatic resolution of -amino esters.

ing more selective than the aminolysis of the ester (E=
4-16).7

In some cases there is no suitable enzyme or reaction
conditions for the efficient resolution of a given sub-
strate. In these situations some substrate engineering
can be undertaken. In this context, maybe one of the
most useful ways of increasing the enantiomeric excess
of the final product is to perform a sequential biocatalyt-
ic process, which involves several enzymatic reactions.
The enantioenriched product of the first step undergoes
another process that increases even more the enantio-
meric excess of the final product. Kanerva et al. applied
this methodology for the resolution of ethyl 3-aminobu-
tanoate (Scheme 30). Several enzymes and acyl do-
nors were tested, and a preparation of lipase B from
Candida antarctica (Chirazyme L2) has shown the best
results. Years later the same methodology was applied
for the resolution of other five f}-amino esters, which
showed that the possibility of the sequential resolution
became less likely with increasing the size of the sub-
strate from ethyl 3-aminobutanoate to pentanoate or
larger.™!

CAL-B catalyzed the resolution of racemic cis-2-ami-
nocyclopentane- and cyclohexanecarbonitriles afford-
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CO,Et CO,Et

): CAL-B )i
1 2
NH, R'COR NHCOR'
CAL-B CAL-B
R'CO,R? R'CO,R?

CO,R? CAL-B CO,R?
)i R'CO,R? /[

NH, NHCOR!

Scheme 30. Resolution of ethyl 3-aminobutanoate by a trans-
esterification-aminolysis sequence.

ing satisfactory results, however, PSL was the most effi-
cient biocatalyst for these processes and also when trans-
isomers were used (Scheme 31).% For the resolution of
other difunctional compounds such as 1,2- or 1,3-amino
alcohols the O-acylation resolution is recommended
over the N-protected amino alcohol.””! a- Amino nitriles
are important intermediates in the synthesis of amino
acids and amino acid amides, and three different sub-
strates were resolved by enzymatic acylation in the pres-
ence of CAL-B, thereby observing an excellent prefer-
ence for the (S)-enantiomer with ethyl phenylacetate
while the reaction with ethyl acetate was accompanied
by an unexpected turnover-related racemization of the
product.™

5.2 Dynamic Kinetic Resolution of Amines

The fact that sometimes only one enantiomer of a race-
mic mixture is required constitutes a disadvantage of
KRs and different approaches have been developed to
overcome this limitation. The one to which more atten-
tion has been recently paid is the dynamic kinetic reso-
lution (DKR), which involves the combination of an
enantioselective transformation with an in situ racemi-
zation process affording enantiomerically pure com-
pounds in yields approaching 100%. Nowadays, the
most common methodology involves a lipase as biocata-
lyst and a metal-organic complex as chemical catalyst re-
sponsible of the substrate racemization.

NC
L
: gCN CAL-B Pr ”+
Nt PrCO,R CN
n=1,2 (

NH,

Scheme 31. Resolution of 3-amino nitriles by enzymatic acy-
lation.
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A new concept has been added in the resolution of rac-
emic mixtures: this is the case when both enantiomers of
a substrate react with similar rates to give two different
products with high enantiomeric excess; this strategy is
called parallel kinetic resolution (PKR). Although,
CAL-B can catalyze a wide range of KR and some
DKR, usually oxidoreductases are more versatile bioca-
talysts for PKR processes.™)

Examples of DKR through enzymatic aminolysis re-
actions are scarcely described in the literature. Kim
and co-workers described the DKR of prochiral ketox-
imes that were transformed to optically active amines
in the acetylated forms by coupled lipase-palladium cat-
alysis in the presence of an acyl donor under 1 atm of hy-
drogen, and using N,N-diisopropylethylamine to sup-
press the reductive elimination of the amino group
(Scheme 32).*) This procedure improved the results
and versatility of the first DKR catalyzed by CAL-B
as reported by Reetz.[!]

D-Phenylglycine and its 4-hydroxy derivative are pres-
entin the side-chain of 3-lactams. DKR of phenylglycine
esters was reported via lipase-catalyzed ammonolysis
combining the use of CAL-B with chemical reactants
like pyridoxal or salicylaldehyde, the reagents being re-
sponsible for the in situ racemization at low temperature
of the unconverted ester, affording D-phenylglycine
amide with 88% enantiomeric excess and 85% conver-
sion and observing a slower racemization of the amide
in comparison with the ester (Scheme 33).*?! A synthesis
of optically active a-amino acid derivatives was devel-
oped by Turner and co-workers through CAL-B-cata-
lyzed DKR of racemic 2-benzyl-4-substituted-5(4H)-
oxazolones in the presence of alcohol and optimized sol-
vent conditions and amount of NEt;.[*

Backvall and co-workers described the use of a ruthe-
nium hydrogen-transfer catalyst for the racemization
process in combination with CAL-B-mediated acetyla-
tion of 1-arylethylamines, obtaining the corresponding
acetamides in good yields and almost in enantiopure
form.[®! Recently, the same research group has reported
amore versatile DKR of several primary amines using a
ruthenium catalyst, CAL-B, isopropyl acetate and so-
dium carbonate (Scheme 34).% An efficient DKR proc-
ess takes place affording the corresponding amides with
high yields and enantiomeric excesses, however, a high
temperature (90 °C) is still needed.

NH,
R"" "R?

HO\N Pd/C CAL-B NHAc
\ ‘ Pd :
R1KR2 EtOAc R'” “R2
NH,

R1/\R2

Scheme 32. DKR of racemic amines from ketoximes.
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NH, NH,
CAL-B
CO,Me CONH,
NHs
CHO | Ns
C[ " Ho 7 oH
OH CHO
NH,

Scheme 33. DKR of phenylglycine methyl ester.

NH, CAL-B, 4 mol % Cat NHAC
1 2 - 172
R R Na,COg3, i-PrOAc R R
toluene, 90 °C
0. .0
H

R R
R R
AN /
R R .RU_H\RU Ph R
oc Ay A
CO cocCO

R = p-MeO-C5H4

Scheme 34. DKR of primary amines with sodium carbonate
as additive.

5.3 Desymmetrization of Prochiral Glutarates

EEDs imply the formation of one or more chirality ele-
ments in a substrate, so allowing a maximum yield of
100%, and for this reason they constitute a very interest-
ing alternative to KRs for the preparation of optically
active compounds.*! Although many examples of enzy-
matic hydrolysis or transesterification have been pub-
lished, only ammonolysis and aminolysis processes
have been described for the desymmetrization of pro-
chiral glutarates. The first example consisted in the enzy-
matic aminolysis and ammonolysis of dimethyl 3-hy-
droxyglutarate with different amines and ammonia cat-
alyzed by CAL-B that exclusively led to the correspond-
ing (§)-monoamide (Scheme 35).%% The same reaction
has been carried out for the synthesis of chiral amido es-
ters.’”) In this manner, the enantiopure monoamides ob-
tained in the reaction with ammonia have been used in
the preparation of (R)-GABOB (3-hydroxy-4-amino-
butanoic acid), a biologically interesting y-amino acid
precursor of (R)-carnitine.[!

A double process of desymmetrization-resolution has
been carried out in the reaction of dimethyl 3-hydroxy-
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OH
OH
M602C COzMe CAL-B
+
1,4-Dioxane
RNH; MeO,C = CONHR
R =H, n-Bu, allyl, Bn
R=H
OH
HO,C NH,

Scheme 35. Desymmetrization of dimethyl 3-hydroxygluta-
rate for the preparation of (R)-GABOB.

glutarate with 1-phenylethylamine or 2-furylethyl-
amine. The process takes place under similar conditions
to those given for the resolution of 4-chloro-3-hydroxy-
butanoate using CAL-B, which showed a total enantio-
selectivity toward the (R)-isomer of the amines, hence
(3S5,1R’)-amido esters were obtained with high selectiv-
ity (Scheme 36).1!

3-Aminoglutarate derivatives are valuable synthons
for the preparation of 3,4-diamino acids. For instance,
dimethyl 3-benzylaminoglutarate can be prepared by a
Michael-type addition of benzylamine to dimethyl glu-
taconate and later desymmetrized through enzymatic
amonolysis and aminolysis reactions.[®! The enzymatic
aminolysis and ammonolysis desymmetrization of alkyl
and aryl glutarates were also studied, showing that con-
versions and enantiomeric excesses clearly depended on
the substrate structure.®™ Thus, when the substituent in
the 3 position had a heteroatom (O, N) the process was
very efficient, leading quantitatively to the enantiopure
monoamide. However both enantiomeric excess and
yield dropped with aliphatic or aromatic groups
(Scheme 37).

OH
OH
MeO,C

NH
MeO,C  CO,Me CAL-B )\
R

+ 1,4-Dioxane +

H,N~ "R HN R

Scheme 36. Desymmetrization-resolution of dimethyl 3-hy-
droxyglutarate.
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R! R’
R?NH,

CAL-B

MeO,C  COzMe MeO,C  CONHR?

R'= OAc, OMe, NHBn, Me, Ph, p-F-CgH,

Scheme 37. Desymmetrization of 3-substituted glutarates.

6 Actual Trends

Lipases have been established as valuable catalysts in or-
ganic synthesis in order to perform chemo-, regio- and
stereoselective processes. However natural enzymes
do not always show high activity and enantioselectivity.
For that reason many improvements have been made in
order to enhance the selectivity and reactivity of the bi-
ocatalyst during the enzymatic reaction. Among them
the use of ionic liquids,”™ additives like triethylamine
or crown ethers, and inhibitors that involves the partici-
pation of the slow-reacting enantiomer of a racemate
have attracted great attention.")

Advances in structural biology have revealed the
three-dimensional structures of many enzymes which
has permitted, through molecular modeling techniques,
the explanation of mechanistic aspects and experimen-
tal results. These studies have provided a detailed basis
for predictions of how to increase selectivity by modify-
ing the amino acid sequence of the enzyme or through
substrate modifications.””

Nowadays, rational strategies for directed evolution
of enzymes have been applied to CAL-B for increasing
thermostability properties,! discovering applications
in non-conventional processes for lipases like aldol reac-
tions or Michael additions,>'**~*!I expanding the sub-
strate specificity!'® and also for altering enantioselectiv-
ity properties.”” One of the most important keys to suc-
cess is the availability of suitable high-throughput
screening systems, methods that allow the rapid and re-
liable identification of active lipase mutants."*

7 Summary and Outlook

Biocatalysis represents a well-established methodology
for the chemo- and regioselective modification of non-
chiral compounds, resolution of racemates and desym-
metrization of prochiral substrates. Simplicity of use
and their friendly environmental properties make lipas-
es powerful tools for the production of important inter-
mediates, and among them CAL-B is so far one of the
best biocatalysts. In this review we have shown how
CAL-B-catalyzed processes in different solvent systems
have provided potential applications for the preparation
of amines and amides, compounds which play an impor-
tant role in the production of fine chemicals and phar-
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maceuticals. Nowadays, it is clear that for the resolution
of primary amines this lipase is the best enzyme, howev-
er CAL-A proves to be more appropriate for the resolu-
tion of secondary amines. In addition, the combination
of genetic engineering and molecular modeling tech-
niques are playing a major role in the development of
enzymes that will show in the future better results than
those currently achieved, and will offer new pathways
and possibilities for the synthesis and resolution of inter-
esting products for the industrial sector.
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