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1. Introduction 

The proper introduction and removal of protecting 
groups is one of the most important and widely carried 
out synthetic transformations in preparative organic 
chemistry. In particular, in the highly selective con- 
struction of complex, polyfunctional molecules, e.g. 
nucleotides, oligosaccharides, peptides, and conjugates 
of these natural products, as well as in the synthesis of 
alkaloids, macrolides, polyether antibiotics, prostag- 
landins and further natural products, regularly the 
problem arises that a given functional group has to be 
protected or deprotected selectively under the mildest 
conditions and in the presence of functional groups of 
similarreactivity, as wellasin the presenceofstructures 
being sensitive to acids, bases, oxidation, and reduction. 
A representative example is given by the chemistry of 
the biologically rather important lipo-, phospho-, nu- 
Cleo-, and glycopeptides (1-4, respectively) (Chart l). 
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the carboxy groups and the side chain functional groups 
of the amino acids, and the internucleotide phosphates 
have to be masked with blocking functions which are 
orthogonally stable to each other, i.e. which can be 
removed selectively leaving all other protecting groups 
intact. This challenge is further enhanced by the 
pronounced chemical lability of the peptide conjugates 
1-4. Thus, on the one hand already under weakly basic 
conditions (pH > 9) the entire fatty acid, carbohydrate, 
nucleotide, and phosphate parta are cleaved off from 
1-4. On the other hand, under acidic conditions an 
attack on the N- or 0-glycosidic bonds in 3 and 4 may 
occur, resulting in an anomerization or even a complete 
decomposition of the glycosides. 

For the manipulation of protecting groups under 
mildest conditions, numerous classical chemical meth- 
ods have been Nevertheless, there still 
remain severe problems during the syntbesis of complex, 
polyfunctional molecules which cannot or only with 
great difficulties be solved by using classical chemical 
tools only. However, the arsenal of the available 
protecting group techniques has been substantially 
enriched by the application of biocatalysts. In addition 
to their stereodiscriminating properties, enzymes offer 
the opportunity to carry out highly chemo- and regi- 
oselective transformations. They often operate at  
neutral, weakly acidic, or weakly basic pH values and 
in many cases combine a high selectivity for the 
reactions they catalyzeand thestructures they recognize 
with a broad substrate tolerance. Therefore, the 
application of these biocatalysts to effect the introduc- 
tion and/or removalof suitable protecting groups offers 
viable altematives to classical 

2. Protection of Amlno Groupg4 

2.1. N-Terminal Protection of Peptides 

The selective protection and liberation of the a-amino 
function, the carboxy group, and the various side-chain 
functional groups of polyfunctional amino acids con- 
stitute some of the most fundamental problems in 
peptide chemistry. Consequently, numerous efficient 
protective functions based on chemical techniques were 
developed to a high level of practicability.'~2~6 However, 
since the mid-l970s, a systematic search for blocking 

groups being removable with a biocatalyst has been 
carried out.= In addition to the mild deprotection 
conditions they promise, protecting groups of this type 
are expected to be particularly useful for the construc- 
tion and manipulation of larger peptide units, i.e. for 
transformations which, for solubility reasons, in general 
have to be carried out in aqueous systems. Also 
applications in the reprocessing of peptides obtained 
by recombinant DNA technology are foreseen. 

Initial attempts to introduce an enzyme-labile amino 
protecting group involved the use of chymotrypsin for 
the removal of N-benzoylphenylalanine (Bz-Phe) from 
the tripeptide Bz-Phe-Leu-Leu-OH.? The desired 
dipeptide H-Leu-Leu-OH was obtained in 80% yield 
under mild conditions (pH 7.3, room temperature). 
Chymotrypsin, however, is an endopeptidase of rather 
broad substrate tolerance, catalyzing the hydrolysis of 
peptide bonds on the carboxy groups of hydrophobic 
and of aromatic amino acid residues. Since such amino 
acids appear widely in peptides and no method is 
available to protect them against attack by the enzyme 
during the attempted deprotection, the use of chy- 
motrypsin is problematic. It will, therfore, be limited 
to special casess in which no danger of competitive 
cleavage at undesired sites has to he feared. A protease 
of much narrower specificity is trypsin which catalyzes 
the hydrolysis of peptide bonds at  the carboxylic group 
of lysine and arginine. These amino acids carry polar, 
chemically reactive side-chain functional groups which 
can he masked by various techniques.6 The sharp 
specificity of trypsin together with the possibility to 
hide the critical amino acids which function as primary 
points of tryptic cleavage allowed for the development 
of a broadly applicable system for the protection of the 
N-terminus of In several studies the 
application of trypsin-labile protecting groups, along 
with suitable protecting functions for the side chains 
of arginine and lysine were described.%15 Thus, for 
instance Z-Arg-OH served as an enzymatically remov- 
able blocking group in a stepwise synthesis of de- 
aminooxytocin 6*OJ1 (Figure l). 

Starting with the pentapeptide 5 the amino acid chain 
was elongated with Z-Arg-protected amino acid p- 
nitrophenyl esters. The N-terminal ZArg protecting 
group was successively removed in moderate to high 
yields and without attack on the other peptide bonds 
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Figure 1. 
by treatment with trypsin. Unfortunately, the prepa- 
ration of the protected arginine p-nitrophenyl esters is 
difficult, thus preventing this method from becoming 
generally useful for the stepwise assembly of larger 
peptides. The trypsin-labile blocking groups have, 
however, proven to be very useful for the construction 
of oligo- and polypeptides via condensation of pre- 
formed peptide fragments. An illustrative example 
which consists of a chemoenzymatic construction of 
the 21-31 fragment 7 of murine epidermal growth factor 
is given in Figure 2. In the course of this synthesis the 
deblocking by trypsin was applied twice.8 The enzyme 
first liberated the N-terminus of a tetrapeptide and 
subsequently of a heptapeptide. In a synthesis16 of 
human @-lipotropin an Ac-Arg residue was introduced 
by a solid-phase technique at  the N-terminus of the 29 
C-terminal amino acids of the desired polypeptide. After 
cleavage from the resin and protection of the side-chain 
functional groups with citraconic acid, the arginine 
moiety was removed with trypsin, leaving the peptide 
chain intact. Finally, coupling of the citraconylated 
61-89 fragment, thus obtained, to the partially pro- 
tected 1-60 segment and subsequent deprotection 
delivered &lipotropin, i.e. a polypeptide consisting of 
89 amino acids. Further examples are found in 
syntheses of oxypressin? Met-enke~halinl~ (vide infra, 
Figure lo), and Gl~~-oxytocin.~ 

In addition to chymotrypsin and trypsin, the colla- 
genase from Clostridium histolyticum has been pro- 
posed as a catalyst for the removal of N-terminally 
attached dummy amino acids from peptides.18 The 
enzyme recognizes the tetrapeptides Pro-X-Gly-Pro and 
splits the X-Gly bond. The use of this biocatalyst 
permitted the construction of des-pyroglutamyl-[ 15- 
Leulhuman little gastrin I by selective hydrolysis of 

1 y p s i n  
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H3C-C--ff-CHz-+ B = Acm 

Figure 2. 

the dipeptide Pz-Pro-Leu (Pz = 4-phenylazobenzyl- 
oxycarbonyl) from the N-terminus of the octadecapep- 
tide Pz-Pro-Leu-Gly-Pro-Trp-Leu- (Glu)s-Ala-Tyr-Gly- 
Trp-Leu-Asp-Phe-NH2. Transformations of this type 
resemble an analogy to the naturally occurring conver- 
sion of prohormones into hormones and may prove to 
be useful for the processing of peptide factors produced 
by recombinant DNA technology. 

Despite the impressive syntheses that have been 
realized using proteases, the use of these enzymes is 
always accompanied by the danger of a competitive 
(and sometimes unexpected and unforeseeable) cleav- 
age of the peptide backbone at an undesired site. At 
least, complex protecting group schemes may become 
necessary if the amino acid, which serves as recognition 
structure for the protease, occurs several times in the 
peptide chain to be constructed. This disadvantage 
can be overcome if a biocatalyst devoid of peptidase 
activity is used for the liberation of the N-terminal 
amino group. The principle has been realized by 
applying penicillin G acylase from Escherichia coli l9-33 
which is used in industry for the large-scale synthesis 
of semisynthetic penicillins (vide infra, Figure 6). This 
enzyme attacks phenylacetic acid (PhAc) amides and 
esters but does not hydrolyze peptide bonds. The 
acylase accepts a broad range of protected dipeptides 
8 as substrates and selectively liberates the N-terminal 
amino group under almost neutral conditions (pH 7-8, 
room temperature), leaving the amide bonds as well as 
the C-terminal methyl, allyl, benzyl, and tert-butyl 
esters ~ n a f f e c t S d ~ ~ ~ 3 O  (Figure 3). In this transforma- 
tion considerable amounts of organic cosolvents are 
tolerated. The PhAc group is easily introduced into 
amino acids by chemical" or enzymatic30136 methods. 
It is stable during the removal of the C-terminal 
protecting groups employed?l-" Le. during the alkaline 
saponification of methyl esters, the hydrogenolysis of 
benzyl esters, the acidolysis of tert-butyl esters, and 
the Pd(0)- or Rh(1)-catalyzed removal of allyl esters. If 
the construction of PhAc dipeptides is carried out by 
chemical activation of the PhAc amino acids, the 
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application of the non-urethane blocking group results 
in ca. 6 % racemization.21$2 However, this disadvantage 
can be overcome by forming the peptide bonds enzy- 
matically, e.g. with trypsin,36 chymotrypsin,% or car- 
boxypeptidase Y . 3 1 3  For these condensation reactions 
and the subsequent enzymatic removal of the PhAc 
group, a continuous process was developed which has 
the potential to be amenable to a larger scale.3' 

The applicability of the penicillin acylase catalyzed 
deprotection for the construction of larger peptides has 
been demonstrated in the complete deprotection of the 
porcine insulin 10 carrying three PhAc gr0ups,~9 
presumably at the N-terminal glycine of the A chain, 
the N-terminal phenylalanine of the B chain, and the 
side chain of the lysine in position 29 of the B chain 
(Figure 4). The enzymatic hydrolysis proceeded to 
completeness and the peptide backbone was not at- 
tacked. A further interesting example is given in a 
recent biocatalyzed synthesis of leucine enkephalin tert- 
butyl ester (1 1 ) M  in which all critical steps are performed 
by enzymes, two of them through the agency of penicillin 
G acylase: (i) phenylacetates are introduced as N- 
terminal protecting groups of the amino acid esters by 
using penicillin G acylase, (ii) the elongation of the 
peptide chain is carried out with papain or a-chymo- 
trypsin, (iii) the deprotection of the N-terminal amino 
group is achieved again by means of penicillin G acylase. 
These examples and also the application of this 
technique for aspartame s y n t h e s i ~ , 2 ~ ~ ~ ~ ~ ~ ~  as well as the 
deprotection of glutathione  derivative^^^ demonstrate 
that penicillin G acylase can advantageously be used 
for the N-terminal unmasking of peptides. In addition, 
the enzyme has been applied for the liberation of the 
side-chain functional groups of lysine% (Figure 5 )  and 

(Figure 9), as well as in fi-lact@3*3w1 
(Figures 6 and 7), nucleoside4 (Figure 8), and carbo- 
hydrate ~ h e m i s t r y ~ ~ - ~ ~ J w  (Figure 24). 

The enzyme-labile N-protecting functions developed 
so far are simple acyl groups which embody the danger 
of racemization during chemical peptide syntheses. This 
problem can, in general, be overcome by the use of 
urethane blocking functions. Since biocatalysts are 

which cleave Z and Boc groups from amino 
acids, their application in peptide synthesis can be 
foreseen. 

2.2. Protection of the Sue-Chain Amino Group 
of Lysine 

During chemical peptide synthesis and if trypsin is 
used for the construction of the peptide bonds or 

PhAcHN 
10 

(PhAc),-insulin 

H-Tyr-OMe H-Gly-OMe H-Gly-OMe H-Phe-OMe H-Leu-OtBu 

11 leucine enkephalin terf-butyl ester 

PA: penicillin G acylase; CT: chymotrypsin; P: papain 

mt =PhAc 

Figure 4. 

N-terminal deprotection, the side-chain amino group 
of lysine generally has to be protected to prevent side 
reactions.s This goal can be achieved enzymatically by 
applying the penicillin G acylase catalyzed removal of 
the PhAc group% (vide supra, Figure 4). Thus, the 
first application of the PhAc group in peptide chemistry 
consisted in a synthesis of 1-deamino-Lys8-vasopressin 
(121, during which the lysine side chain was masked as 
the phenylacetamide (Figure 5).  After the peptide chain 
had been assembled and the disulfide bond was formed 
by oxidative cyclization, the PhAc group could be 
removed enzymatically in 74% yield without side 
reaction. A further interesting example which dem- 
onstrates that this technique can advantageously be 
applied to the synthesis of even larger peptides is found 
in the complete deprotection of tris(phenylacetamid0)- 
porcine insulin (10)19 (vide supra, Figure 4). Since 
penicillin acylase is commercially available and devoid 
of peptidase activity, this method appears to be 
generally useful for the construction of lysine-containing 
oligopeptides. 

In addition to the PhAc group, pyroglutamyl amides 
(Glp) were proposed as enzymatically removable block- 
ing functions for the lysine side chain.15 Their removal 
was achieved with pyroglutamate aminopeptidase from 
calf liver. Thus, all N-protecting groups were cleaved 
from the protected RNAse 1-10 fragment Glp-Lys(G1p)- 
Glu-Thr-Ala-Ala-Ala-Lys(G1p)-Phe-Glu-Arg-OH and 
from a model dipeptide. However the general useful- 
ness of this method remains to be demonstrated. 
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2.3. Protection of Amino Groups in &Lactam 
Chemistry 

The enzymatic removal of acyl groups plays an 
important role in the industrial production of semi- 
synthetic penicillins and cephalosporins. To this end, 
penicillin G and penicillin V (13) or the respective 
cephalosporins (14) are first deacylated by means of 
penicillin a c y l a s e ~ ~ ~ * ~ ~  (Figure 6). The 6-aminopeni- 
cillanic acid (15) and the 7-aminocephalosporanic acid 
(16) thus obtained are subsequently acylated by 
chemical or enzymatic methods to give the semisyn- 
thetic antibiotics 17 and 18, e.g. ampicillin and ceph- 
alexin. 

The manufacturing of therapeutically important 
cephalosporins from penicillin G and V includes a 
chemical ring expansion of the thiazolidine ring to a 
dihydrothiazine. In the course of this sequence the 
amino group remains protected as phenylacetyl or 
phenoxyacetyl amide which is finally removed using 
penicillin G or V acylase. Of particular importance is 
the choice of a suitable protecting function for the 
COOH group. It must be stable during the ring 
expansion but removable without damaging the ceph- 
3-em nucleus. As an alternative to chemical methods, 
the use of the (pheny1acetoxy)methylene ester was 
suggested for this p u r p o ~ e . ~ ~ ~ ~ ~  It is easily introduced 
into penicillin G and the corresponding sulfoxide 19 
and is stable during the construction of the cepha- 
losporin framework (Figure 7). Together with the 
phenylacetamide the ester can finally be removed in 
high yield from penicillin G, the sulfoxide 20, and the 
cephalosporins 21 by penicillin G acylase. The form- 
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COOH 13 k O O H  

penicillin G acylas 
R = Ph-CH2- : 

penicillin V acyl 

R = Ph-CH2- : 
penicillin G acylase 

penicillin V acylase 
R = Ph-QCHZ- : I 

chemical or 
enzymatic 
methods I chemical or 

enzymatic 
methods I 

R' 

17 18 

semisynthetic penicillins semisynthetic cephalosporins 

17 =ampicillin 

Figure 6. 
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aldehyde formed in the deprotection is not harmful to 
the enzyme. 

H3C-C-Si-) = TBDMS 

CH3 CH3 
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In a new approach to well-known versatile 8-lactam 
building blocks, an enzymatic deprotection of an 
acylated methylol amide was advantageously applied.42 
Thus, the dibenzoate 23, generated from L-threonine, 
was regioselectively saponified by cholesterol esterase 
at pH 7, giving rise to the aminal24 (Figure 7). After 
Jones oxidation and subsequent loss of formaldehyde, 
the azetidinone 25 was obtained which can be trans- 
formed into various enantiomerically pure penem and 
carbapenem building blocks. 

2.4. Protection of Amino Groups of Nucleosides 
The amino groups of the nucleobases adenine, 

guanine, and cytosine in general must be protected 
during oligonucleotide synthesis to prevent undesired 
side reactions. To this end, they usually are converted 
into amides which finally are hydrolyzed under fairly 
basic conditions. If the amino groups are, however, 
masked as phenylacetamides, the protecting functions 
can be cleaved off by employing penicillin G acylase43 
again (Figure 8). The enzyme, for instance, selectively 
liberates the amino groups of the deoxynucleosides 26 
without attacking the acetates in the carbohydrate parts 
and without damage of the acid-labile N-glycosidic 
bonds. 

3. Protection of Thiol Groupss-5 
3.1. Protection of the Side-Chain Thiol Group of 
Cysteine 

The liberation of the /3-mercapto group of cysteine 
was achieved by means of the penicillin G acylase 
mediated hydrolysis of phenyl acetamide^.^^^^ To this 
end, the SH group was masked with the phenylacet- 
amidomethyl (PhAcm) blocking function (Figure 9). 
After penicillin acylase-catalyzed hydrolysis of the 

H-Glu-OH H-Glu-OH 
I I 

H,C--S-S-CH, 

HO-Gly-Cys Cys-Gly-OH 
I I 

30 oxidized glutathione 

77% overall yield 

Figure 9. 

amide incorporated in the acylated thioacetal (see, e.g. 
28), the labile S-aminomethyl compound (e.g. 29) is 
formed and immediately liberates the desired thiol. This 
technique was for instance applied in a synthesis of 
glutathione which was isolated as the disulfide 30. In 
a related glutathione synthesis the method was used 
for the simultaneous liberation of the SH- and the 
N-terminal amino function of glutamine.26-27 

4. Protection of Carboxy 

4.1. C-Terminal Protection of Peptides 
As in the enzymatic liberation of the N-terminus of 

peptides, initial attempts to achieve an enzyme- 
catalyzed deprotection of the corresponding carboxyl 
groups concentrated on the use of the endopeptidases 
chymotrypsin,- t r y p ~ i n , 4 ~ 3 ~ ~ - ~  and thermolysintg a 
protease obtained from Bacillus thermoproteolyticus 
which hydrolyzes peptide bonds on the amino side of 
hydrophobic amino acid residues (e.g. leucine, isoleu- 
cine, valine, phenylalanine). This latter biocatalyst 
served for the cleavage of the "supporting" tripeptide 
ester H-Leu-Gly-Gly-OEt from a protected undecapep- 
tide (pH 7, room temperature). The octapeptide 
thereby obtained was composed exclusively of hydro- 
philic amino acids. Due to the broad substrate speci- 
ficity of thermolysin and the resulting possibility of 
unspecific peptide hydrolysis this method cannot be 
regarded as being generally applicable. 

The exploitation of the esterase activities of chy- 
motrypsin and trypsin opened routes to the hydrolysis 
of several peptide methyl, ethyl, and tert-butyl esters 
at  pH 6.4-8 and room The transfor- 
mation is not only successful with peptides carrying 
the respective enzyme specific amino acids at  the 
C-terminus, but in several cases also different amino 
acids were tolerated at  this position. However, severe 
drawbacks of this methodology are that numerous 
peptides are poor substrates or not accepted at  all. 
Moreover, a competitive cleavage of the peptide bonds 
occurs if the peptides contain trypsin- or chymotrypsin- 
labile sequences. Therefore, these proteases appear to 
be not generally useful for a safe C-terminal depro- 
tection as well. 

The disadvantages displayed by the endopeptidases 
can be overcome by using carboxypeptidase Y from 
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bakers' yea~ t . l~sw-~~  This serine-exopeptidase also has 
esterase activity and is characterized by quite different 
pH optima for the peptidase and the esterase activity 
(pH >8.5). Even in the presence of various organic 
cosolvents the enzyme selectively removes the carboxy 
protecting groups from a variety of differently protected 
di- and oligopeptide methyl and ethyl e s t e r ~ l ~ t ~ ~  without 
attacking the peptide bonds. An additional attractive 
feature is, that its esterase activity is restricted to 
westers, consequently 8- and y-esters of aspartic and 
glutamic acid, respectively, are not attacked. Carboxy- 
peptidase Y (CPD-Y) was advantageously used for the 
stepwise elongation of the peptide chain in aqueous 
solution employing a solubilizing polymeric support as 
N-terminal blocking group.50 The peptides were grown 
on carboxymethyLpoly(ethy1ene glycol)-glycylmethion- 
ine as a handle which on the one hand promotes 
solubility in aqueous media and on the other hand allows 
the release of the synthesized peptides by CNBr- 
mediated cleavage of the methionine amide to be carried 
out. The peptide chain is elongated in the C-terminal 
direction by successive couplings of amino acid ethyl 
esters to the free carboxy groups obtained by hydrolysis 
of the respectively peptide ethyl esters with carbox- 
ypeptidase Y at  pH 8.5 and room temperature. By 
using this procedure, after cleavage with cyanogen 
bromide chemically and optically pure H-Leu-Phe-Leu- 
OEt was obtained in 64 % overall yield. In a different 
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alkaline protease from 
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pH 8,37"C 
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Tyr(tBu)-Glu-Leu 
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Figure 12. 

remarkable synthesis which did not include the use of 
a polymeric N-protecting group, Met-enkephalin (31) 
was built up employing carboxypeptidase Y for C- 
terminal deprotection as well as for the formation of 
the peptide bonds17 (Figure 10). 

In this synthetic scheme peptide ethyl esters served 
as acyl components for the condensation reactions. To 
avoid undesired oligomerizations as side reactions, 
amino acid amides proved to be the nucleophiles of 
choice. The resulting peptide amides then were 
saponified at  pH 9.5 using again the enzyme. The 
carboxylic acids thereby formed subsequently had to 
be reesterified before the next coupling step could be 
carried out. N-Benzoylarginine was chosen as a solu- 
bilizing N-terminal protecting group which could be 
removed in the last step with trypsin (vide supra, Figure 
19-15). The additional opportunity to selectively hy- 
drolyze C-terminal peptide amides with carboxypep- 
tidase Y is of particular interest if, as is demonstrated 
in the above-mentioned example, enzymatic methods 
are applied for the formation of the peptide bonds. For 
this purpose a peptide amidase from the flavedo of 
oranges shows very promising proper tie^.^^^^^ The 
enzyme is equipped with a broad substrate specificity 
and accepts Boc-, Trt-, Z-, and Bz-protected and 
N-terminally unprotected peptide amides (Figure 11). 

The C-terminal amides 32 are saponified by the 
biocatalyst in high yields at  pH 7.5 and 30 O C  without 
affecting the N-terminal blocking groups or the peptide 
bonds. 

A further possibility for the enzymatic removal of 
C-terminal blocking groups is opened up by the 
application of enzymes which generally display a high 
esterase/protease ratio. Such a biocatalyst is the 
alkalineprotease fromBacillussubtilis DYwhich shows 
similarities to subtilisin Carlsberg. For this enzyme 
the ratio of esterase to protease activity is >lo5. It 
selectively removes methyl, ethyl, and benzyl esters 
from a variety of Trt-, Z-, and Boc-protected di- and 
tripeptides and a pentapeptide at  pH 8 and 37 OCM (for 
representative examples see Figure 12). 
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The N-terminal urethanes and the peptide linkages 
are left intact. A further protease which fulfills the 
requirements for a successful application in peptide 
chemistry is alcalase, a serine endopeptidase from 
Bacillus licheniformis whose major component is 
subtilisin A (subtilisin Carl~berg) .~M~ It can advan- 
tageously be employed to selectively saponify peptide 
methyl and benzyl esters (for representative examples 
see Figure 13). In a solvent system consisting of 90% 
tert-butyl alcohol and 10% buffer (pH 8.2) even highly 
hydrophobic and in aqueous solution insoluble Fmoc 
peptides were accepted as substrates and deprotected 
at the C-terminus without any disturbing side reaction. 
A selective classical alkaline saponification of methyl 
esters would be impossible due to the base sensitivity 
of the Fmoc group. 

A very promising and unusually stable biocatalyst is 
thermitase, a thermostable extracellular serine protease 
from the thermophilic microorganism Thermoactino- 
myces vulgaris whose esterase/protease ratio amounts 
to >1000:1. The enzyme shows a broad amino acid 
side chain tolerance and cleaves methyl, ethyl, benzyl, 
ethoxybenzyl, and tert-butyl esters from a variety of 
Nps-, Boc-, Bpoc-, and Z-protected di- and oligopeptides 
in high yields at  pH 8 and 35-55 0C25926*w (for 
representative examples see Figure 14). In addition it 
is specific for the a-carboxy groups of Asp and Glu. To 
enhance the solubility of the substrates up to 50 vol % 
of organic cosolvents like DMF and DMSO may be 
added which also serve to reduce the remaining 
peptidase activity to a negligible amount.26@J 

In the discussion of the protease-catalyzed cleavage 
of the N-terminal protecting groups it was already 

lipase from 
Rhizopus niveus 

pH 7, 3I0C * PG-peptide-OH PG-peptide-OR 

10 % aceton 

40 R = (CH2)&H3 = Hep 
41 R = (CH&Br = EtBr 

n 
u 42 R = (CH2)z-N 0 =MoEt 

Figure 15. 

pointed out that the use of biocatalysts belonging to 
this class of enzymes in general, i.e. also for the 
C-terminal deblocking, may lead to an undesired 
hydrolysis of peptide bonds. In particular, this has to 
be expected if the respective ester or amide to be 
hydrolyzed turns out to be a poor substrate which is 
only attacked slowly, an experience not uncommon if 
unnatural substrates are subjected to enzyme-mediated 
transformations. This undesired possibility would, 
however, be overcome if enzymes were used which are 
not able to split amides at  all. This principle has been 
realized in the development of the heptyl (Hep)%4m161@ 
and the 2-bromoethyl (EtBr) esters3~4~23~24*63 as carboxy 
protecting groups for peptide synthesis which can be 
enzymatically removed by means of lipases (Figure 15). 

The amino acid heptyl esters, required for the 
stepwise elongation of the peptide chain, are conve- 
niently synthesized in high yields by azeotropic esteri- 
fication. The Hep esters prove to be chemically stable 
during the removal of the N-terminal Z, Boc, and the 
Aloc group from the corresponding dipeptides 40, i.e. 
they are not affected by hydrogenation and by treatment 
with HCl/ether and in the presence of Pd(0) catalysts 
and C-nucleophiles. The selective removal of the heptyl 
esters is achieved by a lipase-catalyzed hydrolysis. From 
several enzymes investigated, a biocatalyst isolated from 
the fungus Rhizopus niveus was superior to the others 
with respect to substrate tolerance and reaction velocity. 
The enzyme accepts a variety of Boc-, Z-, and Aloc- 
protected dipeptide heptyl esters as substrates and 
hydrolyzes the ester functions in high yields at pH 7 
and 37 "C without damaging the urethane protecting 
groups and the amide bonds (for representative ex- 
amples see Figure 15) .6l~~~ Z- and Boc-dipeptide %-bro- 
moethyl esters 41 are attacked, too, with comparable 
or in some cases even higher velocity. In the presence 
of either one of the enzyme-labile protecting groups 
the N- and C-terminal amino acid can be varied in a 
wide range. With increasing steric bulk and lipophi- 
licity of the amino acids, especially the C-terminal one, 
the velocity of the enzymatic reactions decreases. 
Dipeptides containing two sterically demanding hy- 
drophobic amino acids, in particular carrying phenyl- 
alanine at  the C-terminus are only poor substrates for 
the enzyme or are not attacked at all. If the C-terminal 
amino acid is proline, the enzymatic reaction does not 
take place either. The problem that heptyl esters of 
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hydrophobic peptides frequently are not hydrolyzed 
by lipases, in many cases can be overcome by the use 
of hydrophilic esters whichguarantee that the substrate 
becomes better accessible to the enzyme. Thus, recently 
it was shown that the markedly hydrophilic 24N- 
morpho1ino)ethyl esters (MoEt), e.g. 42, of protected 
peptides also were selectively and in good yields cleaved 
by means of lipase from R. niueusw (Figure 15). The 
respective dipeptide heptyl ester was not attacked by 
the enzyme at all.61162 

The use of lipases for the removal of protecting groups 
from peptides in addition to the absence of protease 
activity has several advantages. Various enzymes 
belonging to this class and stemming from different 
natural sources (including mammals, bacteria, fungi, 
and thermophilic organisms) are commercially available 
and rather inexpensive. This variety gives the op- 
portunity to replace a chosen biocatalyst by a better 
one if a particular substrate is only attacked slowly 
(vide infra, Figure 16). The lipases are not specific for 
L-amino acids but also tolerate the presence of the D- 
enantiomer.s5 A noticeable feature is that, in contrast 
to proteases and esterases, they operate at the interface 

between water and organic This is particu- 
larly important if longer peptides, being composed of 
hydrophobic amino acids and/or carrying side-chain 
protecting groups, and which do not well dissolve in 
the aqueous systems, have to be constructed. 

The full capacity of the lipase mediated technique 
for C-terminal deprotection was demonstrated in the 
synthesis of complex O-glycopeptides which are sensi- 
tive to both acids and bases.e7 To this end, e.g. the 
serine glycoside heptyl ester 43 was selectively depro- 
tected at the C-terminus by lipase from the fungus 
Mucor jauanicus (Figure 16). 

The carboxylic acid 44 liberated thereby was then 
condensed with an N-terminally deprotected glyco- 
dipeptide to yield the diglycotripeptide 46. After 
conversion of ita azido groups into acetamides the 
enzyme-mediated deprotection could be carried out 
again, delivering the glycotripeptide carboxylic acid 46 
in high yield. This compound was finally condensed 
with a tripeptide to give the complex diglycohexapep- 
tide 47 which carries the characteristic linkage region 
of a tumor-associated glycoprotein antigen found on 
the surface of human breast cancer cells. In the course 
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of these enzymatic transformations the N-terminal 
urethanes, the peptide bonds, the acid- and base-labile 
glycosidic linkages, and the acetyl protecting groups, 
being sensitive to bases, were not attacked. In these 
cases, lipase N which was the enzyme of choice for simple 
peptides attacked the substrates only slowly, so that a 
different biocatalyst had to be used. This demonstrates 
the above-mentioned advantage of being able to apply 
several catalytic proteins of comparable activity but 
different substrate specificity for the solution of a given 
synthetic problem. In addition to the heptyl esters, 
the 2-(N-morpholino)ethyl (MoEt) protecting group 
(vide supra) can also be removed from 0-glycopeptides 
by means of lipase N.6L 

The viability and the wide applicability of the 
principle to use enzymes for the removal of individual 
protecting groups from complex multifunctional com- 
pounds like glycopeptides is furthermore proven by the 
finding that also proteases can be used for this purpose. 
Thus, by means of thermitase catalysis the C-terminal 
tert-butyl ester was removed from the glycopeptide 
482s.6* (Figure 17). From the serine glycoside 50sD~70 
and from the asparagine conjugate 5271 the methyl esters 
could be cleaved off without a disturbing side reaction 
by using papain as biocatalyst (Figure 17). Similarly, 
the liberation of the C-terminal carboxy group of the 

glycosylated dipeptides 54 and 56 was achieved by 
means of subtilisin-catalyzed hydrolysi~.~~ However, 
in these cases papain could not be used since this 
protease preferably cleaved the peptide bonds. This 
example highlights again the danger associated with 
the use of a protease for the removal of protecting groups 
from peptides. 

A regularly arising problem in the enzymatic depro- 
tection is the poor solubility of the fully blocked peptides 
in the required aqueous media, resulting in a limited 
accessibility of the substrates to the enzymes. To 
overcome this difficulty, in many cases solubilizing 
organic cosolvents can be added; however, as a guideline 
for future developments it is to be expected that a more 
general and viable approach should consist in the 
development of solubilizing protecting groups. Similar 
findings were already recorded in the enzyme-mediated 
formation of peptide bonds.73 

4.2. Protection of the SidsChaln Groups of 
Glutamic and Aspartic Acid 

The stepwise removal of arginine methyl ester by 
proteases has been investigated as a possibility for the 
enzymatic deprotection of the side chain carboxylate 
groups of the amino dicarboxylic acids aspartic acid 
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it appears that in the near future a host of new and 
superior enzymatically removable blocking groups for 
the construction of peptides will be developed. How- 
ever, these techniques will certainly not be used for the 
construction of simple small peptides in the laboratory. 
Most probably they will be applied for the synthesis of 
sensitive polyfunctional compounds and long oligopep- 
tides whose construction is cumbersome by standard 
chemical methods. In addition, they offer significant 
advantages if a technical process for the synthesis of a 
given peptide has to be developed. Finally, together 
with the recently developed methods for the biocata- 
lyzed formation of peptide bonds,79 enzymatic protect- 
ing group techniques could prove to be the tools of choice 
for the construction of peptides in aqueous solution 
which one has tried to develop to practicability for 
several decades.M181 
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(Asp) and glutamic acid (Glu). To this end, Z-Asp- 
(Arg0Me)-NHz and Z-Glu(ArgOMe)-NHz were con- 
verted to Z-Asp(OH)-NHz and Z-Glu(OH)-NHz by 
subsequent treatment with trypsin, which hydrolyzes 
the arginine methyl esters and with porcine pancreatic 
carboxypeptidase B which splits off the arginines.74 
Since the second step is slow and requires high 
concentrations of the carboxypeptidase, this method 
most probably cannot be routinely applied in peptide 
synthesis because it introduces too much danger of 
competitive side reactions. However, enzymatic trans- 
formations have proven to be useful for the synthesis 
of selectively functionalized aspartic and glutamic acid 
derivatives. For instance, alcalase selectively hydro- 
lyzes the a-benzyl esters of H-Asp(Bz1)-OBzl and 
H-Glu(Bz1)-OBzl in 82 % and 85 % yield, respectively, 
on a decagram scale.75 Similarly, aspartyl- and 
glutamylpeptides can be deprotected selectively at  the 
C-terminus by this enzyme; however, in these cases an 
undesired attack on the peptide bonds may occur.76 In 
addition, Z-Asp(0All)-OAll is converted to Z-Asp(0All)- 
OH in quantitative yield by papain.77 Also a lipase 
from Candida cylindracea is able to differentiate 
between the two carboxylic acid groups of glutamic acid. 
From the respective dicyclopentyl ester 58 it preferably 
(ratio 201) removes the y-ester in 90% yield78 (Figure 
18). In addition, the enzyme thermitase and the alkaline 
protease from B. subtilis (vide supra) hold a great 
potential for the selective manipulation of dicarboxylic 
amino acids. 

The examples given in sections 2.1 to 4.2 demonstrate 
that the selective deprotection of peptides can be 
achieved advantageously by making use of enzymatic 
reactions. In the light of the increasing number of 
available biocatalysts (including catalytic antibodies) 

5. Protection of Hydroxy G ~ O U ~ ~ * ~ ~ ~ * J ’ ~  

Mono- and oligosaccharides, alkyl- and arylglycosides, 
and various other glycoconjugates generally embody a 
multitude of hydroxyl groups of comparable chemical 
reactivity. In addition, the synthesis of oligonucleotides 
and nucleosides, @-lactams, alkaloids, steroids, and 
peptides often requires the selective protection of one 
or more alcoholic functions. Consequently, for the 
directed construction of polyhydroxy compounds these 
functional groups have to be manipulated selectively, 
in general making cumbersome protection and depro- 
tection steps necessary. Although numerous chemical 
techniques are available to mask or to liberate hydroxyl 
groups,112 the development of enzymatic methods for 
this purpose has been progressing steadily and appears 
to complement the arsenal of classical tools. 

5.1. Protection of Carbohydrates 

The selective protection and deprotection of carbo- 
hydrates can be achieved with various classical chemical 
techniques.1*2@*86 In addition, however, due to the 
synthetic challenge posed by the multifunctional car- 
bohydrates, enzymatic techniques for the introduction 
of blocking groups into sugars and/or their subsequent 
removal offer further, different opportunities. 

5.1.1. Monosaccharkles 

5.1.1.1. Pyranoses. Initial attempts to apply lipases 
for the enzymatic removal of acyl groups from glucose 
pentaacetate resulted in only low levels of selectivity.~~7 
However, later on, lipase from porcine pancreas (PPL) 
was found to hydrolyze exclusively the anomeric acetate 
from the peracetylated pyranoses 60-66 in 54-96% 
yields8 (Figure 19). 

On the other hand, if the anomeric center is deriva- 
tized as a methyl glycoside, the regioselective enzymatic 
liberation of the 6-OH group becomes feasible.s8*@ Thus, 
from methyl a- and @-D-glucose tetrapentanoate 67 and 
the corresponding tetraoctanoate, lipase from C. cy- 
Zindracea (CCL) removes only the primary ester group 
in yields of ca. 75 % . Similarly, the a-D-galactoside 68, 
the mannoside 69, and the 2-acetamido-2-deoxyman- 
noside 70 were converted to the 6-deprotected pyra- 
nosides in 29450% yield (Figure 20), but the 2-aceta- 
mido-2-deoxyglucoside was only a poor substrate. In 
the latter cases the regioselectivity was less pronounced 
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and the 4,6-diacylated derivatives were formed in ca. 
20% yield, too. In addition to this class of compounds, 
lipases also accept pyranosides carrying several different 
functional groups (e.g. aceta1s):O like 71, and enol 
ethers,911g2 like 72 (Figure 20) and, in particular, 1,6- 
anhydropyranoses (vide infra, Figure 21) as substrates. 
In all cases the reaction conditions are so mild that the 
acid sensitive structures of these compounds remain 
unaffected. Particularly remarkable is the regioselec- 
tivity displayed by lipase from Pseudomonas fluore- 
scens (PFL) in the deprotection of the glycal 72.91*92 
The biocatalyst exclusively attacks the 3-acetate and 
leaves the primary ester intact. The enzymatic depro- 
tection strategy can also be used to synthesize carbo- 
hydrates carrying a single acyl group in selected 
positions. Thus, 3,6-dibutyrylglucose 73 (prepared by 
enzymatic acylation of glucose; vide infra, Figure 26) 
was converted to the 3-butyrate 74 by lipase mediated 
hydrolysis of the 6-ester.93 

1,6-Anhydropyranoses serve as convenient starting 
materials for various synthetic purposes in carbohydrate 
chemistry. Therefore, the directed manipulation of 
their hydroxyl groups is of particular interest. Each of 
the three OH groups in 1,6-anhydroglucopyranose can 
be liberated selectively making use of enzymatic 
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reactionsgP97 (Figure 21). Thus, from the triacetate 75 
the 4-protecting group was split off using lipase from 
porcine pancreas (PPL)9s or pig liver esterase (PLE)."tM 
The acetate in the 3-position could be attacked 
preferentially using chymotryp~in~~ or lipase from wheat 
germ (WGL),= and the 3,4-diacetate 81 was obtained 
by hydrolysis with lipase from R. jauanicus (RJL).% In 
each case, however, other derivatives were formed as 
undesired byproducts. High yields could be obtained 
by employing the tri-n-butanoate 76. It was converted 
to the 2,3-dibutanoate 78 in 91% yield by means of 
several lipases, but the enzyme from C. cylindracea 
(CCL) removed two acyl groups from 76 successively 
to yield the monobutyrate 79.94 Similarly, the %azido- 
1,6-anhydropyranose 82 is regioselectively deacylated 
at  0 - 2  and 0 - 4  by means of alcalase and lipase OF from 
C. cylindracea, respectively.% Of particular importance 
is the stereochemistry at C-4 of the bicyclic substrates. 
If the alcohol at  this position is equatorial, as for instance 
in the corresponding 1,6-anhydrogalactopyranose 85, 
several enzymes act only in a random fashion or not at  
all.94 However, lipase from C. cylindracea (CCL) and 
lipase from porcine pancreas (PPL) can be used to 
selectively hydrolyze the 2-butanoate in high yieldg7 
(Figure 21). 

On prolonged reaction PPL also attacks the equatorial 
4-ester, thus making the 3-protected 1,6-anhydro sugar 
87 available in 65 ?6 yield.97 Particularly remarkable 
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is, that the enzyme displayed a markedly improved 
performance if it was immobilized on agarose. 

The above-mentioned investigations unraveled that 
the lipase-mediated hydrolysis proceeds with higher 
velocity and, in many cases with better selectivity, if 
butanoates or pentanoates are employed as substrates 
instead of acetates. However, by no means is the use 
of enzymatic deacylations restricted to unbranched 
alkanoates. An illustrative and impressive example is 
found in the hydrolysis of generally base-stable car- 
bohydrate pivaloates using an esterase from rabbit 
serum (ERS).g9-102 For instance, the biocatalyst se- 
lectively splits off the 6-pivaloyl groups from the 
pyranoses 88, 91, and 93 (Figure 22). 

On prolonged incubation the complete removal of 
pivaloyl groups from carbohydrates is also possible. Of 
particular significance is that the enzyme does not have 
to be purified, but that crude serum preparations are 
sufficient for the preparative purposes. A further 
enzyme which allows the chemo- and regioselective 
unmasking of different carbohydrate derivatives to be 
carried out is acetyl esterase from the flavedo of oranges, 
a biocatalyst which hydrolyzes preferably acetic acid 
ester~.~~*~3JO3 The enzyme removes the acetate from 
the galactose 95 in high yield without any detectable 
side reaction (Figure 23). In addition, it can be applied 
for the synthesis of selectively deacylated pyranoses. 
Thus, from pentaacetylglucose 97 the 2,3,4,6-tetraac- 
etate 98 is obtained by means of the regioselective 
saponification of the 1-acetate. If the hydrolysis is 
allowed to proceed further, also the 2-acetate is cleaved 
regioselectively and the 3,4,6-triacetate 99 becomes 
available in 40% yield. If tri-0-acetyl glucal 100 is 
subjected to the enzymatic hydrolysis, at 66% conver- 
sion the 6-acetate 101 is the main produ~t.~3J03 

By introducing acyl groups which are specifically 
recognized by certain enzymes into carbohydrates, not 
only the regioselectivity but also the chemoselectivity 
of the biocatalysts can be exploited. This can, for 
instance, be achieved by the selective saponification of 
phenylacetates catalyzed by penicillin G a c y l a ~ e . ~ ~ - ~ ~  
The enzyme liberates the 2-OH group of the acylated 
glucose derivative 102 without affecting the acetic acid 
esters. In this case, moreover, an ester of a secondary 
hydroxyl function is chemoselectively hydrolyzed in 
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109 

the presence of the chemically more reactive acetates 
at  the 6-position and a t  the anomeric center. This 
approach was also adopted for the enzymatic depro- 
tection of the glucal 104. Thus, its 3-OH group was 
liberated without cleaving the present acetates.104 
Similarly, the catalytic abilities of proteases can be 
exploited. For instance, in accordance with ita amino 
acid specificity, chymotrypsin attacks phenylalanine 
esters carrying pyranoses as the alcohol parts. Thus, 
from the protected methyl glycoside 106 it only 
hydrolyzed the phenylalanine esters and left the glycine 
residues unattackedlo6 (Figure 24). The selectively 
protected diglycyl hexose 107 was formed in 82 % yield. 
Similarly, papain found an advantageous application 
in the chemistry of glucals, e.g. 1O8lo4 (Figure 24). 
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However, since pyridine unfortunately inactivates 
most enzymes, this approach is restricted to the use of 
PPL and its substrates (e.g. di- and oligosaccharides 
are not acetylated by the lipase from porcine pan- 
creas108J12) or in the case of oxime esters as acyl donors 
to the use of PPL, lipase from Pseudomonas cepacia 
or lipase from Candida ant arctic^.^^^ This drawback 
was overcome by the finding that B.  subtilis protease 
(subtilisin) is stable and active in numerous anhydrous 
organic solvents, including pyridine and dimethylform- 
amide.l12 The enzyme could advantageously be used 
to prepare 6-0-butyrylglucose in both solvents in 60- 
64 % yield, employing 2,2,2-trichloroethyl butyrate as 
the acyl donor. However, the enzymatic incorporation 
of N-acetylamino acids into monosaccharides was less 
regioselective. By analogy, 6-0-acetylmannose and 6-0- 
acetyl-N-acetylmannosamine, a valuable precursor for 
the enzymatic construction of 9-0-acetyl-N-acetyl- 
neuraminic acid, were obtained using isopropenyl 
acetate as acyl d0nor.~~OJ13 A further interesting finding 
is, that heat stable lipases are capable of transferring 
long-chain fatty acids to the 6-hydroxyl group of ethyl 
glucoside on a kilogram scale, using the molten fatty 
acids themselves as solvents.114 The regioselectivity 
observed in the acylation of underivatized pyranoses 
in principle parallels that recorded for the classical 
chemical introduction of acyl groups into carbohydrates. 
However, if the 6-OH groups are protected first or 
deoxygenated, in the corresponding enzymatic reac- 
tions, selectivities are observed which cannot be realized 
with classical chemical methods. For instance, 6-0- 
butyrylated glucose 117 (R = n-butanoyl; prepared 
enzymatically, vide supra, Figure 25) is converted to 
the 3,6-dibutyrated 121 by lipase from Chromobacte- 
rium uiscosum (CVL) or from Aspergillus niger (ANL). 
The 2,6-dibutyrate 121 can conveniently be built up 
with the lipase from porcine pancreas (PPL)93 (Figure 
26). 

Similar observations were reported for n-octylglu- 
coside, however, for the corresponding galactose and 
mannose 6-esters the selectivity was lower. In contrast, 
the chemical butyrylation of glucose derivative 117 with 
the acid anhydride in pyridine gave a complex mixture 
of various diesters without remarkable regiodiscrimi- 
nation. The enzymatic method was also used to convert 
the 6-0-tritylglucose 118 (R = Trt) to the 3-butyrate 
122 by a chemoenzymatical approach with lipase from 
C. uiscosum (CVL), and the 6-tert-butyldiphenylsi- 
lylated glucose 119 (R = tBuPh2Si) could be acylated 
exclusively at  the 2-position employing lipase from C. 
cylindracea (CCL).93 From the disubstituted glucoses 
obtained by the enzyme-catalyzed reactions, the pro- 
tecting functions in the 6-position could be split off 
chemically or enzymatically, thus making the glucose 
esters 122 and 123 carrying a single acyl group in the 
2- or the 3-position conveniently available (Figure 26). 
The monoacylated saccharides used in these studies 
dissolve in several organic solvents, of which tetrahy- 
drofuran and methylenedichloride were found to be 
particularly suitable for the enzymatic reactions. This 
was also observed in the lipase mediated acylation of 
the methyl glycosides of both D- and L-fucose and 
-rhamnose, re~pective1y.l~~ By using lipase from P. 
fluorescens (PFL), both D-carbohydrates 125 and 126 
were converted to the 2-monobutyrates with high 
regioselectivity (Figure 27). 
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PPL = lipase from porcine pancreas 
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Figure 25. 

Enzymes are not only capable of removing but also 
of introducing acyl groups into carbohydrates. To this 
end, the findinp1'J6J07 was exploited that various 
biocatalysts display their catalytic activities also in 
organic solvents, in particular they can catalyze acyl 
transfer reactions from activated esters to suitable 
acceptors. Thus, employing pyridine as carbohydrate- 
dissolving organic solvent, out of a dozen lipases 
investigated, the lipase from porcine pancreas (PPL) 
could be used to selectively transfer acyl groups to the 
primary hydroxyl functions of various pyranosides,lo8 
including the biologically important sialic acid.lW 2,2,2- 
Trichloroethyl (1 1 l), 2,2,2-trifluoroethy1'Os and enol 
esters (1 12P0 as well as oxime esters, e.g. 115,"' proved 
to be the acyl donors of choice for these processes (Figure 
25). In particular, the enol esters have the advantage 
that the liberated enol tautomerizes to a ketone or an 
aldehyde, thereby shifting the equilibrium toward the 
desired products and consequently giving higher yields. 
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The naturally occurring L enantiomers 127 and 128 
of these 6-deoxy sugars, however, were esterified 
preferably at  the 4-hydroxyl groups. These results 
contrast with chemical derivatizations, since the 4-hy- 
droxyl groups of the 6-deoxy-~-carbohydrates have only 
very little reactivity toward chemical acylating reagents. 
In addition, methyl-L-fucoside can be converted to the 
3-butyrate with lipase from C. cylindracea. The 
introduction of an acyl substituent into the 6-positions 
of the D-fucoside 125 and the L-rhamnoside 128 does 
not influence the regioselectivity of the enzymatic 
acylation.l16 If the respective 6-0-butyrylated D- 
galactoside (which corresponds to 125) is acylated by 
lipase from P. fluorescens or porcine pancreas, again 
the 2-position is derivatized preferably (92-95 % ). If 
the 6-0-butyric acid ester of the tmannoside (which 
corresponds to 128) is subjected to the action of these 
enzymes, the 4-hydroxyl group is esterified with 90% 
selectivity.ll6 

Enzymatic acyl transfer reactions also turned out to 
be viable methods for the complete differentiation of 
the hydroxyl groups of g l y c a l ~ . ~ l J ~  Thus, the 6-OH 
function of D-galactall29 is regioselectively acetylated 
or benzoylated using lipases from Candida species 
(Figure 28). Also subtilisin can be employed in the 

acetylation of glucals (such as 129).Il7 Employing a 
lipase from P. fluorescens (PFL), the 3-hydroxy groups 
of 129 and 130 can be converted to the acetic acid ester 
or the chloroacetate, thus delivering the differently 
protected galactals 131-134. Essentially the same 
transformations can be carried out on D-glucal, i.e. the 
4-epimer of 129. In particular, in this case a broad 
variety of ester functions was introduced into the 
3-position of the unsaturated carbohydrate by means 
of lipase from P. fluorescem. Thereby, various dif- 
ferently protected glucal derivatives are accessible, 
carrying functional groups which can further be ma- 
nipulated and differentiated by chemical and/or en- 
zymatic methods.9lJw 

5.1.1.2. Furanoses. The principles and the enzymes 
mentioned above which allow the regio- and chemose- 
lective protection and deprotection of the various 
pyranoses to be carried out were also successfully 
applied for the enzymatic manipulation of acyl groups 
in furanoses. Of particular interest in this context is 
the finding that the five-membered rings can also be 
handled by the biocatalysts with a pronounced regi- 
oselectivity, although furanoses can adopt more flexible 
conformations with close energy in solution. 
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exclusively at  the &position, whereas from the 0-anomer 
only the 3-acetyl group was split off. From the 
peracetylated furanoses 141 and 142 the anomeric acyl 
group was removed with complete selectivity by means 
of lipase from A. niger. In the hydrolysis of the 5,6- 
diacetates of several hexofuranoses, e.g. 146, with pig 
liver esterase the 6-acetate was the major product.l18 
However, this unexpected regioselectivity was achieved 
by a preferred hydrolysis of the primary ester and 
subsequent acetyl migration from 0-5 to 0-6. 

In addition to these findings, lipases are also capable 
of carrying out regiodiscriminating hydrolyses on 
furanoses which carry different acyl functions. For 
instance, lipase from C. cylindruceu (CCL) also split 
off the n-butanoates from the diisopropylidenegluco- 
furanose 143 and the xylofuranoses 144 and 145. The 
enzyme from porcine pancreas could be used for this 
purpose as wellw and from the acetate 143 (R = CH3) 
the ester was also removed by means of acetyl esterase 
from o r a n g e ~ . ~ ~ . ~ ~ J O ~  In neither case were the acid labile 
acetals affected. It is not unexpected that in 144 the 
enzymes differentiate between the secondary acetate 
and the primary butyrate. However, if the ester of the 
primary alcohol is derived from pivalic acid, e.g. 145, 
the biocatalysts exclusively attack the 3-position, 
indicating that pivaloyl groups can not be hydrolyzed 
by the two lipases investigated (for the enzymatic 
hydrolysis of pivalic acid esters vide supra, Figure 22). 
Finally, also the ability of penicillin G acylase to 
hydrolyze phenylacetates was exploited to selectively 
deprotect furanoses. Thus, the glucose ester 143 (R = 
CHzPh) and a similarly substituted sorbose ester were 
cleaved enzymatically in moderate yield leaving the 
acetals i n t a ~ t . ~ ~ - ~ ~  

The selectivity of enzyme-mediated acylations of 
furanoid carbohydrates parallels the findings recorded 
for the pyranoses. Thus, the primary hydroxyl func- 
tions of the D-ribo-, the D-XylO-, and the D-arabino 

enzyme product yield [%I ref 
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Figure 27. 

The cleavage of the primary acetyl groups from the 
a-D-ribo-, the 0-D-ribo-, the a-D-arabino-, and the 0-D- 
2-deoxyribofuranosides 135-138 could be carried out 
in high yields with lipase from C. cylindruceaM (Figure 
29). For the 2-deoxy-a-~-ribofuranoside and the a- and 
the 0-xylo compounds 139 and 140, respectively, which 
were investigated as a mixture, the hydrolysis was less 
selective. In the latter case the a-isomer was attacked 
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glycosides 149, 150, and 151 were acetylated by tri- 
fluoroethyl acetate in tetrahydrofuran in the presence 
of lipase from porcine pancreas@ (Figure 30). Similarly, 
the 1,2-isopropylidenexylofuranose 153 could be con- 
verted to various 5-esters 154 in 60-70% yield with 
lipase from C. cylinclrucea (CCL).llB Porcine pancreatic 
lipase converted methyl 2-deoxyriboside 152, however, 
to a mixture of regioisomers.88 This drawback could be 
overcome by employing isopropenyl acetate as acyl 
donor and protease N (subtilisin) or highly stable 
subtilisin mutants.lm In dimethylformamide as solvent 
these enzymes produced exclusively the 5-acetate in 
70% yield. If the primary 5-OH group of the furanoses 
is already substituted, regiodiscriminating acylations 
of the secondary hydroxyl functions become feasible, 
e.g. the arabinitol ether 155 is converted predominantly 
to the 2- or the 3-butyrate, respectively, using lipases 
from different sources121 (Figure 30). 

Ak 
147 

PLE = pig liver esterase 

Ak 
148 

Finally, it should be mentioned, that some attempts 
were made to differentiate between the hydroxyl groups 
of fructose by enzymatic methods, but, with lipases as 
well as with subtilisin, only mixtures of 1- and 6-isomers 
were obtained.lWJ12J22 Regioselectively monosubsti- 
tuted fructoses can, however, be obtained by an 
enzymatic approach from sucrose (vide infra, Figure 
31). 

5.1.2. Di- and Oligosaccharides 

Only a few studies dealing with enzymatic protecting 
group manipulations on di- and oligosaccharides have 
appeared in the literature. They revealed that, in 
particular, the application of subtilisin together with 
dimethylformamide as solvent is advantageous for this 
purpose. As was already pointed out, the use of DMF 
is critical, since its dissolving ability is high enough to 
solubilize even highly polar polyhydroxy compounds 
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(comparable experiments with pyridine as solvent 
failed"). Subtilisin accepts several disaccharides as 
substrates and transfers butyric acid from trichloroethyl 
butyrate to the primary 6'-hydroxyl functions of the 
nonreducing monosaccharide of cellobiose 156 and 
maltobiose 157112 (Figure 31). 

For lactose the regioselectivity was less pronounced; 
however, methyl and benzyl j3-D-lactosides 158 were 
converted to the 6'-butyrates in 71-73% yield.123 
Rutinose 159 in which the primary hydroxy group of 
the glucose moiety is blocked, is selectively acylated in 
the 3-po~it ion. l~~ In addition, higher maltooligomers 
could be acylated in the 6-position of the terminal 
nonreducing carbohydrate, too. For instance, 6"-0- 
butyrylmaltotriose was isolated in 29% yield, but the 
corresponding tetra-, penta-, hexa- and heptamers were 
also substrates for the biocatalyst.l12 These enzymatic 
esterifications open a route to discriminate between 
the primary hydroxyl groups in di- and oligosaccharides 
in a convenient and straightforward way. Classical 
chemical one-step methods of comparable selectivity 
are not available for this purpose,84*86 and usually 
multistep sequences have to be carried out if the 
selective protection of a specific primary hydroxyl group 
in a di- or oligosaccharide is desired. 

Due to ita great commercial importance as a renewable 
resource, sucrose 160 has been subjected to several 
enzymatic hydroxyl group manipulations. This non- 
reducing disaccharide turned out to be a substrate for 
subtilisin, too.112 In contrast to chemical acylations in 
which the most reactive OH groups are found in the 6- 
and the 6'-position, the enzyme selectively transfers 
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various acyl functions to the l'-alcoho1112J22 (Figure 31). 
The monoacylated disaccharides 161 thereby obtained 
could then be further transformed enzymatically. On 
the one hand, with the lipase from C. uiscosum (CVL) 
the free primary 6-OH group was acylated in 31 (2, yield. 
On the other hand, the 1'-esters 161 are substrates for 
yeast a-glucosidase which hydrolyzes the glycosidic 
bond and thus makes the 1-0-acylfructoses 162, po- 
tentially useful as chiral synthons, available. In the 
direction of hydrolysis several enzymes were inves- 
tigated.12&lB Depending on the biocatalyst used, acetyl 
groups from different positions of octaacetyl sucrose 
163 could be removed selectively in useful yields. For 
instance, alcalase and protease N preferably attack the 
acetate on 0-1',lz6 and the lipase from C. cylindruceu 
preferably liberates the OH group on C-4' of the 
furanoid ring12sJ26 (Figure 31). 

5.1.3. Nucleosides 

The directed protection of nucleoside functional 
groups is a fundamental problem in nucleoside and 
nucleotide chemistry. Although several chemical meth- 
ods are available for the regioselective acylation of the 
nucleoside carbohydrates, enzymatic methods offer 
significant advantages with respect to yield, regiose- 
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lectivity, and the number of synthetic steps which have 
to be carried out. Earlier studies focused on the use of 
the dihydrocinnamoyl group as enzyme-labile nucleo- 
side protecting function which can be removed through 
the agency of a-chymotrypsin.lmJm Although the 
enzyme shows an interesting tendency to attack pre- 
ferably the 5’-position, this technique was not further 
exploited. Highly regiodiscriminating biocatalyzed acyl 
transfer reactions to the carbohydrate parts of various 
nucleosides could be carried out employing again the 
protease subtilisin together with dimethylformamide 
as solvent. In particular, a mutant of this enzyme, 
obtained via site-specific mutations appears to display 
advantageous properties. It transfers the acetyl group 
from isopropenyl acetate to the primary hydroxyl 
functions of various purine and pyrimidine nucleosides 
and 2’-deoxynucleosides 164 in high yieldsI20 (Figure 
32). 

Commercially available subtilisin (protease N from 
Amano) provided the same compounds with identical 
yields and selectivities; however, five times more enzyme 
is required for this purpose. In addition, in the transfer 
of butyric acid from trichloroethyl butyrate to adenosine 
and uridine, carried out earlier,lI2 this biocatalyst 
showed inferior properties with respect to regioselec- 
tivity and yields. The selective introduction of pro- 
tecting groups into the hydroxyl functions of different 
nucleosides can be achieved by means of lipases, too. 
Thus, unprotected pyrimidine and purine 2’-deoxy- 
nucleosides 164 (X = H) are converted to the 3’-0- 
acylated derivatives 166 and 168 in 64432% and 54- 
83% yield, respectively, making use of lipase from 
Pseudomonas cepacia as the enzyme of choice and 
employing oxime carbonates 165 and oxime esters 167 
as acyl donors131J32 (Figure 33). 

If lipase from Candida antarctica is used, the 
carbonates are generated at  the primary 5’-OH group, 
h 0 ~ e v e r . l ~ ~  Acylations of nucleosides with acid anhy- 
drides in the presence of lipase from P. fluorescens 
(PFL) in DMF or DMSO as solvent proceeded with 
unsatisfying regioselectivity.lw Better results were 
achieved with lipase from Pseudomonas sp.l36 How- 
ever, lipase from P.  fluorescens together with subtilisin 
can be applied to effect highly specific deacylations of 
various pyrimidine nucleosides 17O1% (Figure 34). Thus, 
lipase from P.  fluorescens (PFL) preferably attacks the 
hexanoyl group on the secondary hydroxyl function of 

HO X 

164 

“Hase HO X 

Howase HO X 

164 

164 

Figure 33. 

lioase from 

lipase from Pseudomonas cepacia 
X = H  
base=A.T 

* 
n 

R A O O N y  0 168 54-8396 
167 R =alkyl, I-propenyl, phenyl 
pyridine, 60°C 

lipase from Candida antarctica 
X = H , O H  
base = A, U. T 

0 

R O A O O N Y  

- 
0 RoAow= HO X 

169 4568% 165 R = alkyl, vinyl, benzyl 
THF. 60T 

X = H, Br, F. CH, 

0 
170 

subtilisin 
P s e u ~ m n a s  Puorescens / \  

0 0 

OH 

0 171 58-80% 

172 12-3196 

Figure 34. 

the N-glycosides 170, giving rise to the 5-esters 171 in 
good yields. On the other hand, subtilisin makes the 
3-esters 172 available in moderate yields. It should be 
noted, however, that in both cases considerable to large 
amounts (6-71 7%) of the completely deprotected nu- 
cleosides were formed. 

5.1.4. Further Aglycon Glycosk3es 
In addition to nucleosides, several other naturally 

occurring carbohydrate derivatives can be selectively 
protected/ deprotected by means of enzymatic tech- 
niques. For instance, salicin 173, a wood component 
that contains a primary hydroxyl group located in a 
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glucose moiety and a second one in a benzylic position, 
was butyrylated exclusively at the 6-OH of the monosac- 
charide in 34% yield by applying subtilisin and 
trichloroethyl butyrate in DMF1lZ (Figure 35). Under 
the same conditions, in riboflavin (vitamin Bz) 174 only 
the primary alcohol was esterified in 25% yield,l12 and 
colchicoside (175) as well as a thio analog was converted 
to the 6'-butyrates by treatment with trichloroethyl 
butyrate in pyridine in the presence of ~ubti1isin.l~~ 
Similarly, the carbohydrate parts of flavonoid disac- 
charides were regioselectively functionalized. Thus, for 
instance in the disaccharides rutin (176) and hesperidin 
(177) only the 3-OH group of the glucose moiety was 
esterified upon treatment with trifluoroethyl butyrate 
and subtilisin in pyridine'% (Figure 35). Naringine (178) 
was converted into the 6-glucosyl ester under these 
conditions. In all cases the rhamnose and the phenolic 
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hydroxyls remained unattacked (for the protection of 
phenolic hydroxyl groups in flavonoids see section 5.4). 
For related flavonoid monosaccharides like isoquercitrin 
the regioselectivity is less pronounced.138 

Two impressive examples for selective enzymatic 
deacylations of complex substrates consist in the 
removal of all acetates from the peracetylated P-D- 
glucopyranosyl ester 179 of abscisinic acid139 and of the 
gibberellinic acid derivative 18O,l4O containing one 
glucose tetraacetate glycosidically bound and a second 
one attached as an ester (Figure 36). In both cases the 
removal of the acetyl groups by chemical methods in 
particular was complicated by an undesired cleavage 
of the ester linkages to the glucoses. However, the four 
acetyl groups present in 179 could be hydrolyzed 
chemoselectively by means of helicase, an enzyme 
isolated from the seeds of Helianthus annuus, whereby 
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processes which cannot or only hardly be achieved by 
means of classical chemical methods. Finally, it should 
be realized that subtilisin and the lipases are capable 
of introducing specific acyl groups into the carbohy- 
drates which can afterward be removed selectively by 
different enzymatic or nonenzymatic methods. 

AcO 0 
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Figure 36. 

the unprotected glucose ester was formed in 82% yield 
without destroying the ester bond between abscisinic 
acid and glucose. Similarly, the enzyme removed all 
acetates from 180. In this case the yield reached only 
8 % ; it should, however, be kept in mind that eight acetic 
acid esters had to be cleaved in the enzymatic process 
and that the aglycon is rather complex. 

In conclusion, the various enzyme-mediated protect- 
ing group manipulations carried out on numerous 
saccharide derivatives indicate that biocatalysta can 
advantageously be used in the protecting group chem- 
istry of carbohydrates. In particular, subtilisin and 
several lipases from different sources (from porcine 
pancreas, from C. cylindruceu, from A. niger, from C.  
uiscosum, from M .  jauanicus, from P. fluorescens, and 
from wheat germ) allow the chemo- and regioselective 
acylation and deprotection of various saccharides to be 
carried out, whose structures differ widely. A general 
principle that emerges from these studies is that the 
enzymes exhibit a predominant preference toward 
primary hydroxyl groups. If these functional groups 
are not present or protected, the biocatalysta are capable 
of selectively manipulating secondary hydroxyl groups 
or esters thereof. In the introduction and removal of 
acyl groups, the regioselectivity displayed by the 
enzymes often parallels the findings recorded for 
classical chemical transformations, although it is often 
significantly higher. Furthermore, in several cases 
regioselectivities were observed in the biocatalyzed 

5.2. Protection of Polyhydroxylated Alkaloids 

The plant alkaloid castanospermine (182) and the 
related piperidine alkaloid 1-deoxynojirimycin (187), 
like several other polyhydroxylated octahydroindoli- 
zidines, piperidines, and pyrrolidines, are potent gly- 
cosidase inhibitors. These nitrogen bases are of con- 
siderable interest for the study of biosynthetic processes 
and, in addition, castanospermine and some of its 
derivatives may be of clinical value as antineoplastic 
agents and as drugs in the treatment of AIDS. In the 
light of the analogy between the structures of these 
alkaloids and glucose, some of the above mentioned 
enzymatic methods for the selective functionalization 
of carbohydrates were applied to prepare several acyl 
derivatives of 182 and 187. Thus, subtilisin transfers 
the acyl moieties from several activated esters to the 
1-OH group of the bicyclic base in moderate to high 
y i e l d ~ l ~ l J ~ ~  (Figure 37). Again, pyridine had to be used 
as solvent for the polyhydroxy compound. The mo- 
noesters 183 obtained by this technique, like the 
monoesters of hexoses, could subsequently be dissolved 
in THF and were further acylated by means of different 
enzymes. The 1-phenylacetate, for instance, was 
converted regiospecifically to the 6-butyrate 184 by 
subtilisin in low yield. On the other hand, the 1,7- 
dibutyrate 185 was obtained from 183 in a process 
catalyzed by lipase from C. uiscosum (CVL). Finally, 
the 1-ester was removed from 185 by subtilisin in 
aqueous solution to deliver the 7-butanoate 186 in 64 % 
yield. 

In contrast to castanospermine, 1-deoxynojirimycin 
187 contains a primary hydroxyl group as well as a much 
more nucleophilic secondary amino function. If a small 
excess of trifluoroethyl butyrate is employed, subtilisin 
converts this alkaloid preferably into the 6-monoester 
188l4' (Figure 37). However, with 6 equiv of the 
acylating agent, the 2,g-diester 189 is formed in 77% 
yield. 189 may be subsequently deacylated regiose- 
lectively at the 6-position by means of several different 
enzymes. 

It should be noted that under the conditions of the 
enzymatic acylation the amino group is not derivatized, 
an observation which has also been made in related 
cases,142J43 e.g. N-terminally deprotected serine pep- 
tides. 

5.3. Protection of Sterolds 

Enzymatic acyl transfer reactions also are practical 
processes for the acylation of hydroxyl groups in 
steroids. The lipase from C. uiscosum (CVL) for 
instance selectively transfers butyric acid from tri- 
fluoroethyl butyrate to equatorial (8) C-3-alcoholic 
functions being present in a variety of sterols, e.g. 190 
and the respective 5,6-didehydro compound 19ll4 
(Figure 38). Axially oriented alcohols at C-3 and 
secondary alcshols at (2-17 or in the sterol side chains 
are not derivatized. In addition to the equatorial 
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alcohols, the compounds being accepted as substrates 
by the lipase must have the A/B-ring fusion in the trans 
configuration. In the B ring a double bond is tolerated, 
but not in the A ring. In contrast, subtilisin does not 
recognize the hydroxyl group at C-3 of the steroid 
nucleus, but rather transfers the acyl moiety to alcoholic 
groups in the 17-position or in the side chains (Figure 
38). Changes in the A or in the B ring do not 
dramatically influence the selective mode of action of 
this biocatalyst. Thus, using these two enzymes, the 
completely regioselective protection of either alcoholic 
group in several steroid diols is possible. This feature 
opened a route to a new chemoenzymatical process for 
the oxidation of selected positions of the steroid 

190 191 
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CVL: 3-monoburyrate 83% CVL: 3-monoburyrate 84% 
subtilisin: 17-monoburyrate 60% subtilisin: 17-monobutyrate 63% 
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1% R'= 3P-OH 68% 
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Figure 38. 

framework. Chemoenzymatic approaches of this type 
are expected to provide attractive alternatives to the 
currently utilized enzymatic oxidation of steroids by 
hydroxysteroid dehydrogenases. 

A further biocatalyst comes into play, when bile acids 
serve as starting materials, e.g. deoxycholic acid methyl 
ester 192 (R1 = R2 = H, R3 = OH).146 The cis 
configuration of the A/B-ring fusion prevents the 
application of lipase from C. viscosum (CVL), and the 
aliphatic chain hinders the esterification of the 12a- 
hydroxyl group by substilisin. The lipase from C. 
cylindrucea (CCL) has proven to be the most suitable 
biocatalyst for the enzymatic acylation of bile acids. In 
hydrophobic solvents, i.e. hexane, toluene, butyl ether, 
benzene, etc. (except acetone) and by employing 
trichloroethyl butanoate as acyl donor, the 3a-O- 
butanoyldeoxycholic acid methyl ester 193 (R1 = R2 = 
H, R3 = OH) is formed in 96% yield without any 
byproducts, suggesting that the enzyme is ineffective 
toward 12a-OH. In addition, the 7a-OH and the 713- 
OH, present in 192 (R1 = R3 = H, R2 = OH) and 192 



Enzymatic Protecting Qroup Techniques Chemical Reviews, 1994, Vol. 94, No. 4 033 

0 

200 PPL,65% 201 PPL.735 

OMe 

0 

202 PPL.5096 

X O M e  

AcO 0 AcO 6 

203 PPL,55% 204 PcL,55% 

AcO A 

II 
0 

AcO 

205 P c L , 9 5 %  206 PPL,78% 

PPL = lipase from porcine pancreas 
PCL = lipase from Pseudomonas cepacia 

Figure 39. 

(R' = OH, R2 = R3 = H) are not esterified by the enzyme, 
in both cases, also the 3-butanoate is formed (Figure 
38). 

The saponification of steroid esters can be steered 
with C. cylindracea lipase.'& This process occurs in 
the presence of octanol in organic solvents and is 
characterized by a pronounced stereospecificity and 
regioselectivity. Thus, the 3a-esters of 3a,l7&diacetoxy 
steroid 194 resisted liberation, whereas the 38-isomer 
195 is transformed to the corresponding alcohol 196 in 
68 % yield. The l7a-acetate of 3,17a-diacetoxy estradiol 
197 is also saponified, but at a slower rate than the C-3 
acetate (Figure 38). 

5.4. Protection of Phenolic Hydroxy Groups 

Polyphenolic compounds occur widely distributed in 
nature and may possess a variety of interesting biological 
properties, e.g. antibiotic, antiviral, and antitumor 
activity. The synthesis and further elaboration of these 
compounds often requires the selective protection or 
deprotection of specific phenolic hydroxy groups. To 
achieve this goal, the methods highlighted above for 
the various aliphatic polyols can be applied successfully. 
Thus, the coumarine (200), the chromanone (201), 

the chalcone (202), the flavanone (203), as well as several 
flavones, e.g. 204 and 206, were regioselectively deacyl- 
ated by employing different lipases in organic solvents 
(Figure 39). Porcine pancreatic lipase (PPL) predomi- 
nantly attacks one of the phenolic acetates present in 
200-203 with good to high regioselectivity and makes 
the respective selectively protected compounds avail- 
able in good ~ields.1~7 The flavone acetates 204 and 

&OH PPL R Eo* 0 
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C3H7 151 
C4H9 151 
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75 151 
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PPL 

Ph 
Ph Lo- 213 0 THF 42-45'C 214 0 

PPL = lipase from porcine pancreas 

Figure 40. 

205 can be partially deacylated with high regioselectivity 
by transesterification using lipase from P. cepacia 
(PCL) and n-butyl alcohol in THF.148J49 However, in 
other cases the positional specificity displayed by the 
enzyme was less pronounced. This technique has 
allowed for an efficient construction of a selectively 
0-methylated flavonoid.149 

In addition, aryl alkyl ketones which are important 
starting materials for the synthesis of polyphenolic 
natural products may be manipulated selectively by 
making use of an enzymatic ~aponif icat ion.~~~ In 
general, the sterically better accessible ester groups are 
cleaved, as for instance in 206. 

5.5. Protection of Glycerol Derlvatlves and 
Related Polyols 

Selectively functionalized polyols, e.g. glycerol esters 
occur in a variety of natural products and are important 
starting materials for the synthesis of more complex 
target compounds. Therefore, the selective protection 
and deprotection of their hydroxyl groups is of con- 
siderable interest. 
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Aliphatic diols and triols may be regioselectively 
functionalized by means of different lipases.lml" For 
instance, the aliphatic diols 207 were esterified selec- 
tively at  the primary OH group by transesterification 
with trifluoroethyl butyrate in acetone in the presence 
of lipase from porcine pancreas (PPL)151 (Figure 40). 
In the case of D-pantheol (209) the enzyme even 
distinguished between two primary OH groups. On 
the other hand, if the respective diacetates 211 or the 
diester 213 were treated with PPL in diisopropyl ether/ 
n-butyl alcohol or THF the biocatalyst only attacked 
the secondary esters to give the alcohols 212 and 214151 
(Figure 40). 

The ability of suitable enzymes to regioselectively 
attack esters of primary or secondary alcohols was 
advantageously exploited for the generation of biologi- 
cally relevant l y s ~ g l y c e r o l i p i d s . ~ ~ ~ ~ ~ ~  Thus, diesters of 
phosphatidylcholine, e.g. the dipalmitoyl derivative 2 15, 
were deblocked at  the secondary alcohol by means of 
phospholipase A2 from various sources in aqueous and 
in organic solvents155J56 (Figure 41). On the other hand, 
the respective sn-1-lysophospholipid 218 could be 
obtained via regioselective hydrolysis of the primary 
ester present in 217 (acyl residue unspecified) by means 

lipase from Rhizopus arrhizus, 
boric acid/borax buffer, 
Triton X-100 \ 

HO  OR^ 

H O  M O T O H  O H  OR 

221 R1= linolenoyl, R3= H 

222 R1= linolenoyl, R3= a-galactopyranosyl 

of lipase from M. javanicus in boric acidlborax buffer157 
(Figure 41). Similarly, the treatment of the monoga- 
lactosyl and of the digalactosyl diacylglycerols 219 and 
220 with lipase from Rhizopus arrhizus in this reaction 
medium in the presence of Triton X-100 afforded 
exclusively the sn-1-lysogalactolipids 221 and 222158J59 
(Figure 41). However, if the transformation was 
performed in Tris-buffer the regioselectivity was com- 
pletely reversed and the sn-2-lysolipids 223 and 224 
were the sole products. An explanation for this puzzling 
change of selectivity is not at  hand. 

A more complex poly01 which is of biological relevance 
and which has been used as chiral building block is 
quinic acid 225, an important metabolite occurring in 
higher plants. For the regioselective acylation of this 
natural product several enzymes were investigated." 
The best result was obtained with lipase from Chro- 
mobacterium viscosum adsorbed on Celite. By means 
of this biocatalyst the 4-monobutyrate 227 was obtained 
in 61% yield from the methyl quinate 226, other 
regioisomers were formed in only small amounts (Figure 
42). On the other hand the structurally similar ester 
of shikimic acid showed no appreciable regioselectivity 
with any of the enzymes tested. 
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6. Outlook 

During the last decade substantial progress was 
achieved in the development of enzymatic protecting 
group techniques. In particular, it was demonstrated 
that these methods offer viable alternatives to classical 
chemical approaches. Not only do the biocatalyzed 
transformations complement the arsenal of nonenzy- 
matically removable protecting groups, but in many 
cases they additionally offer the opportunity to carry 
out useful functional group interconversions with 
selectivities which cannot or only hardly be matched 
by classical chemical techniques. However, the over- 
whelming majority of the investigations carried out in 
this area has restricted itself to the study of the 
protection and the deprotection of model compounds. 
Complex synthetic schemes were nearly generally 
avoided. Whereas this appears to be particularly true 
for the carbohydrate field (to date no di- or oligosac- 
charide has been built up employing enzymatic pro- 
tecting group techniques), noticeable examples which 
demonstrate the capacity of these biocatalyzed pro- 
cesses were recorded in peptide chemistry. The data 
and observations highlighted above, however, provide 
a solid basis for the application of biocatalysts in the 
handling of protecting group problems in complex 
multistep syntheses. Therefore, in the near future, the 
application of enzymes for this purpose can be expected. 

On the other hand, the use of biocatalysts in 
protecting group chemistry in the sense of a general 
method deserves and is certainly awaiting a further 
intensive development. Numerous applications of the 
known enzymes appear to be possible in all areas of 
preparative chemistry. In addition, the use of catalytic 
proteins which have not yet been applied to carry out 
protecting group manipulations and of biocatalyets 
unknown today will create new opportunities for 
improved organic syntheses. 
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