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1. Introductions and aims

Many scientific research has focused on the isolation, synthesis and
biological investigation of enantiopure compounds containing
tetrahydroisoquinoline (THIQ) or tetrahydro-g-carboline (THAC) frameworks. The
reason for this high interest is their potential pharmaceutical activities.!*

Derivatives containing the THIQ core are an important part of alkaloids, e.g.
expectorant emetine (Ipecacuanhe)® and antitussive noscapine (Papaver
somniferum)®” (Figure 1). The anticancer effect of the latter has been intensively
investigated in recent years.!®! Trabectedine (Figure 1) was isolated from a marine
tunicate (Ecteinascidia turbinate) and it was approved as Yondelis® for cancer
treatment.”® Other natural products such as liensinine (Nelumbo nucifera)*” and
saframycine A (Myxococcus xanthus)™*? (Figure 1) as well as other synthetic
THIQ alkaloid analogues, such as Zalypsis®,*** showed promising

pharmaceutical activities toward HIV or cancer.

0\/0

noscapine trabectedin (Yondelis®) saframycin A

Figure 1.

THAC alkaloids such as vincristine, vinblastine™ and reserpine*”! are well
known about their valuable medicinal applications in the therapy of cancer or
hypertension. Several new members of the THAC family were isolated from
natural sources such as vincamajorinas A and B (Vinca-major),!*®! mappiodines A-
C (Figure 2) and mappiodosines A-G (Mappianthus iodoides).™® Some of them
have important biological effects, e.g. cytotoxic callophycine A (Callophycus
oppositifolius)® and  (35)-1,2,3,4-tetrahydro-g-carboline-3-carboxylic  acid
(Chicorium endivia),’?! antinociceptive harmicine (Kopsia Griffithii)?>*! (Figure
2) or antimalarial (+)-7-bromotypargine (Ancorina sp.).’ Besides natural
products, synthetic THACs also contributed to modern drug research. Tadalafil
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(Cialis®) was successfully applied in the treatment of erectile dysfunction.??!

MK-4256 (Figure 2) is an antagonist of somatostatin subtype receptor 3 and it was

a promising preclinical candidate for the medication of Type Il diabetes

[27,28]

mellitus. Significant proliferation inhibitor effect of pyridoxal THpC

derivatives against Plasmodium falciparum was also reported.?®

COOH

MeOOC
mappiodine A harmicine

\N O
\

MK-4256
Figure 2.

(R)-6-Methoxy-1,2,3,4-tetrahydroisoquinoline-1-carboxylic acid [(R)-2] can
be transformed into (R)-2-tert-butyl-1-methyl-6-hydroxy-3,4-dihydroisoquinoline-
1,2(1H)-dicarboxylate, which is the key intermediate of a Liver X Receptor
agonist.®™  The N-Boc-protected form of 1,2,3 4-tetrahydro-g-carboline-1-
carboxylic acid [(+)-4] is a building-block in the synthesis of diketopiperazine-

fused THACs through Ugi four-component reaction.*!

One of our aims was to work out a new strategy for the preparation of
THBC- and THIQ-type amino acids through enzyme-catalysed dynamic kinetic
resolution (DKR) of the corresponding ethyl esters [(£)-1 and (£)-3] (Scheme 1).
We also intended to develop a directed DKR of (£)-3 by the use of hydrolases with

different enantiopreferences.

Alcalase CAL-B
NH NH NH NH

CooH COOEt COOEt COOH

(S)-4 *-L3 (R)-2,4
MeO
NH N NH
H

COOR COOR

1: R=Et 3: R=Et

2:R=H 4:R=H

Scheme 1



A further aim was to device a method for the kinetic resolutions (KR) of N-
protected 1-hydroxymethyl-substituted THAC derivatives (+)-5—(%)-10 through
enzyme-catalysed asymmetric acylations of the primary hydroxy group (Scheme
2).

In the frame of substrate engineering (SE), we planned to investigate the
effect of different substituents at position 6 and N-protecting groups (PG) at

position 2 on the outcome of the enzymatic transformation (Scheme 2).

R! R! R!
enzyme
acyl donor

;7 > 2+ 2
N NR solvent N NR N . NR
H T H H H

OH OH \Oacyl
(H)-5-10 (R)-5-10 ($)-11 - 16
Substrateor product  R* R?

R?: Protecting groups

#R)-5 (S)-11 H Boc

(#R)-6 (S)-12 | OMe  Boc Boc: 5570\6 Cbz: é\o'rOVO
(0]

R)-7  (S)-13 Boc
acetyl
Cbz acetyl: $ Fmoc: o)
Fmoc \(n)/ é\([)r Q

(+R)-8  (S)-14
#R)-9  (S)-15
Scheme 2.

(£/R)-10 (S)-16
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2. Literature

2.1. Enzyme-catalysed kinetic and dynamic Kinetic resolutions

Effective ways for the preparation of enantiopure compounds are the
enzymatic KR and DKR. In KR, only one enantiomer of the racemic compound is
transformed into product, while the opposite enantiomer remains unreacted
(Figure 3). The enzyme can catalyse the transformation of one enantiomer of the
racemic mixture with significantly higher reaction rate (fast-reacting enantiomer),
than its mirror image pair (slow-reacting enantiomer) (k; >> k). From the aspect
of selectivity, KR is a very effective method for the preparation of enantiopure
compounds. The limiting factor of the use of KR is that the desired enantiomer is

produced with the maximum yield of 50% at the end of reaction.**°!

Kinetic Resolution Dynamic Kinetic Resolution
(maximum yield of 50%) (maximum yield of 100%)
fast fast
S P 5 S P
ky E Kk,
é 1L krac
R slow 3 R slow
]
ks Q & ks Q

Figure 3.

DKR is a possible route to prepare enantiomers with theoretical yields of
100%. The enzymatic transformation is the same as in the KR, with the difference
that the fast-reacting enantiomer is continuously reformed, as a result of the
racemisation of the slow-reacting enantiomer (Figure 3). Requirements of an
efficient DKR are that the rate of the racemisation (k,c) should be (at least 10
times) faster than the reaction rate of the resolution of the slow-reacting
enantiomer (ke >> k;). The KR part of the reaction should be selective
(enantioselectivity >20) and irreversible. One of the most challenging steps of the
DKR is the racemisation of the starting compound, because in most cases
racemisation needs harsh conditions or special catalysts, which are often
incompatible with the enzymatic reaction. On the basis of the racemising agent,
DKR resolutions can be classified into two main groups metal-catalysed or

induced by non-metal agents.”***!

Metal catalysts, e.g. ruthenium, rhodium, palladium, iridium and iron, are

commonly used as racemising agents in numerous DKRs, such as the resolution of
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secondary alcohols."**! In most cases, the racemisation of alcohols goes through
hydrogen transfer or involves the formation of m-allylmetal complexes.”®! Metal-
catalysed racemisations of primary®’ " and secondary amines® were also
described through hydrogen transfer between their amine and imine forms. DKRs,
in which the enzymatic resolution is induced with a metal catalyst as racemising
agent, have been discussed in several reviews22*°2%% and these reactions are no

longer treated in the thesis.

Non-metal catalysts, such as base additives, enzymes, etc., can also catalyse
racemisation of the substrate usually through proton transfer, oxidation/reduction,
addition/elimination, nucleophilic substitution or free-radical
mechanism.F2%35373 The following part of the thesis focuses on enzymatic
DKRs in which in situ racemisation was achieved by non-metal catalysts or it took
place spontaneously in the reaction medium without any external additives. The
following enzyme-catalysed DKRs are classified according to the type of

racemising agents.

2.1.1. Spontaneous racemisation in the reaction medium without

addition of external auxiliaries

Some DKR reactions have been known in the literature, where spontaneous
racemisation of the starting compound was observed in the reaction medium
without addition of any external auxiliaries, such as organic base/acid, ion-
exchange resin, enzyme, etc.

DKR of THIQ esters (+)-17a and (+)-17b was described through their
spontaneous racemisation in the presence of hydrolases (Scheme 3).°"! In the R-
selective resolution of (+)-17a, catalysed by Candida antarctica lipase B (CAL-
B), slow hydrolysis and racemisation were observed with the use of base additives
such as diisopropylamine, 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) or
Amberlite IRA resin in organic solvents. When the reaction medium was changed
into basic aqueous buffers, fast racemisations of (+)-17a were achieved without
further addition of any other external base. The desired R-enantiomer [(R)-18a]
was prepared with an ee of 92% and a yield of 85% after 7 h with CAL-B enzyme
at 25 °C and pH 8.5. The Alcalase-catalysed resolution of (+)-17a with opposite
enantiopreference gave (S)-18a with excellent results (ee = 93%, yield = 92%,



after 3 days at 3 °C). The preparation of (R)-18b was also described with CAL-B
enzyme (ee of 98%, 85% yield, 1 day, 3 °C).

R Alcalase R CAL-B R
0.1 MNH,OAc 0.1 M NH,OAc
NH NH — NH
R H pH=85 R pH=8or85 R
CooH 3°C COOEt 25 °C or 30 °C CooH
(5)-18a (#)-17a or (+)-17b (R)-18a or (R)-18b

a:R=0Me, b: R=H
Scheme 3.

Gotor et al. described PSL Burkholderia cepacia lipase (PSL) and Candida
antarctica lipase A (CAL-A) catalysed DKRs of 19°® (Scheme 4) and 21°°
(Scheme 5) through proton transfer racemisation, using dibenzyl and allyl
carbonates as acyl donors. The isoindole carbamate products [(R)-20 and (R)-22]
were isolated with yields of 63% and 58% (conv. >77%) and ee of >96%. The
transformation of 3-hydroxy-2-pyvaloyl-2,3-dihydroisoindolin-1-one and other N-
acylhemiaminals® into enantiopure acetates was achieved by lipase-catalysed O-
acylation. The substrates were probably racemised through a ring-opening
procedure under the reaction conditions (isopropenyl acetate as acyl donor, n-
hexane as solvent, 60-70 °C). The product acetates were isolated with quantitative

yields and most of them with ee values of 99%.

COOMe COOMe PO(OMe), PO(OMe),
PSL § CAL-A o
dibenzyl carbonate allyl carbonate
NH —— 5 NCbz NH —mm8FM N

toluene toluene e}
60 °C 30°C \
(1)-19 (R)-20 (#)-21 (R)-22 \

Scheme 4. Scheme 5.

Bioaminations of 2-phenylpropanal derivatives with various R- and S-
selective m-transaminases were described at pH 7.0 and 30 °C in the presence of
pyridoxal-5-phospahte co-factor.®) The preparative-scale transformations of a-
chiral aldehydes resulted in the formation of the corresponding 2-phenyl-1-
propylamine derivatives with yields of 50-86% and ee of 75-99%. Selective
amination of 4-oxo-3-phenylbutyric acid ethyl ester (+)-23 catalysed by -
transaminases afforded y-aminobutyrolactam (R)-24 with an ee of 68% and a yield
of 92% (Scheme 6).1?! In the reaction, D-alanine was used as amine donor, lactate
and glucose dehydrogenases were applied to remove pyruvate and shift the

thermodynamic equilibrium to the product side.
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R-selective o-transaminase
phosphate buffer, pH = 6.5
COOEt| 15 v/v% DMSO, 30 °C

/ \ (R)-24

lactate lo)

\)OJ\ Q dehydrogenase
v “OH \’HJ\OH N OH
NH, 0 . L, oH
. NADH +H"™ NAD
D-alanine pyruvate

gluconolactone <«—=—"—— glucose
glucose

dehydrogenase
Scheme 6.

Nitrilase-catalysed DKR of phenylglycinonitrile [(+)-25a]%**4 and its 4-
fluoro derivative [(+)-25b]®® into amino acids [(R)-26a, (R)-26b] was described
(Scheme 7) through their pH-dependent spontaneous racemisation. The reaction
with nitrilase at pH 10.6 and 18 °C gave (R)-26a with a yield of 60% and an ee of
91%. The corresponding values for (R)-26b are 80% vyield and 96% ee at pH
10.8.1%81 One of the reasons of the moderated yields was the decomposition of the
substrates. Therefore, Burk et al. prepared N-acetylaminonitrile (£)-27, a
derivative of 25b, which was more stable under the reaction conditions (Scheme
8). The transformation of (+)-27 provided (R)-N-formyl-4-fluorophenylglycine
(R)-28 (87% vyield, ee 98%, Tris-HCI buffer, pH 8.5). Wei et al. used water:1-
octanol biphasic reaction medium and overexpressed nitrilase containing whole-
cell Escherichia coli for the hydrolysis of (+)-25a to synthesise product (R)-26a

(81% yield, ee 95%).54
O O

nitrilase

HN
pH=10.6 or 10.8
CN carbonate buffer® COOH CN nitrilase COOH
pH 8.5

water-1- octanol(4 R
carbonate buffer®

(+)-25a or (+)-25b (R)-26a or (R)-26b (*)-27 (R)-28

a:R=H,b:R=F

Scheme 7. Scheme 8.
2.1.2. Racemisation catalysed by organic base additives

In several cases, the racemisation of the substrate in the enzymatic DKR
reaction occurred in the presence of a strong organic base such as triethylamine
(EtsN), trioctylamine (OctsN), DBU, 1,5-diazabicyclo[4.3.0]non-5-ene (DBN),



1,4 5-triazabicyclo[4.4.0]dec-5-ene (TBD) or tert-butylimino-2-diethylamino-1,3-
dimethylperhydro-1,2,3-diazaphosphorine (BEMP).

(R)-1,2,3,4-Tetrahydroisoquinoline-1-carboxylic acid was obtained with an
ee of 96% and a yield of 80% in the CAL-B-catalysed DKR hydrolysis of its
corresponding ethyl ester in an organic reaction mixture [toluene:acetonitrile (4:1),
dipropylamine, 1 equiv. water, 25 °C, 6 days].®® Berkessel et al. reported the
lipase-catalysed synthesis of optically pure %-amino acid allyl esters through ring-
opening reaction of the corresponding aryl-substituted A-lactams.°® The DKR
furnished the amino acids with ee values of >99% and in quantitative yields in the
presence of a catalytic amount DBN and allyl alcohol as nucleophile. CAL-B-
catalysed alcoholytic ring-opening of substituted oxazinones!®” and oxazolones!®®!
was also described with the use of EtsN as racemising agent. Enzymatic resolution
of methyl 2,3-dihydro-1H-indene-1-carboxylate’®” and 3-substituted 2,3-
dihydrobenzo[b]furanl’® enantiomers was carried out through hydrolysis in
biphasic system with CAL-B and a strong base (TBD or BEMP). Enzymatic
dynamic kinetic hydrolysis of thioesters was intensively investigated because they
can provide great opportunities for the preparation of amino acid enantiomers.!™*
™ The reaction of naproxen thioester (+)-29 with 4-morpholine ethanol (30)
proceeded with lipase MY from Candida rugosa and product (S)-31 was isolated
with a yield of 65% and an ee of 95% (Scheme 9).[®! Added Oct;N facilitated the
in situ racemisation of (R)-29 and the possible reason for the medium yield was

the enzyme inhibitory effect of the formed alcohol.

0 Lipase MY 0
OCt}N
S _CF; & 0
MeO N~ MeO \/\N/\

isooctane

(#)-29 30 (8)-31 k/o

Scheme 9.

Rebolledo et al. described CAL-B-catalysed DKR of diamines (+)-32a-C in
the mixture of tert-butyl methyl ether (TBME) and EtsN (9:1) with the use of
racemic 1-phenylethyl acetate (+)-33 as acyl donor (Scheme 10)."®! The in situ
racemisation of the substrates took place by intramolecular migration of the
alkoxycarbonyl group; however, the asymmetric centres did not change in the

reaction. Note that no intramolecular migration was observed with the use of N-
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Boc protecting group. The resulting products [(1S,2R)-34a-c] were isolated with
yields of 70-94% and excellent ee values (>95%).

CAL-B
NHCOOR J\ TBME NHCOMe
\/:( ::E Et3N
NHCOOR S0C NHCOOR
(1S,2R)-32a-c (1R,25)-32a-¢ (*)-33 (15,2R)-34a-c
a: R =Bn, b: R=allyl, c: R=Et
Scheme 10.

2.1.3. Heterogeneous base- or acid-catalysed racemisation

In some cases, in the enzymatic DKR the less-reactive enantiomer was
racemised by heterogeneous catalysts such as basic or acidic ion-exchange resins,
silicon dioxide, zeolite, other minerals and their functionalized derivatives. As an
example, Hanefeld et al. described the CAL-B-catalysed preparation of (S)-
mandelonitrile acetate (S)-37 with an excellent yield of 97% and ee of 98% after 4
days (Scheme 11).[""® For the base-catalysed racemisation, Amberlite OH™ resin
was used instead of other organic bases or buffers to prevent the polymerization of
HCN. PSL-catalysed enantiorich preparation of (S)-37 was also published by
Ema et al.® Silica-supported benzyltrimethylammonium hydroxide was used as
racemising agent instead of Amberlite resin to avoid the problem of the resin
decomposition during the long reaction. CAL-B-catalysed acylation of (+)-36 with
PSL in diisopropyl ether (DIPE) at room temperature gave product (S)-37 with a
yield of 80% and an ee of 79% after 26 h.

(6] CN

CAL-B )]\
H resin OH™ OH 1sopr0penyl acetate
resin OH toluene 40 °C
35 (+)-36 ($)-37
Scheme 11.

DKR of secondary alcohols, in most cases, is difficult because they are
stereostable in normal reaction conditions.® Several heterogeneous acidic
racemising agents were successfully applied in CAL-B-catalysed stereoselective
acylations of (£)-1-phenylethanol [(+)-38], which could allow a comparison of the
different racemisation methods (Scheme 12). The use of H-f-zeolite in a biphasic
reaction system resulted in (R)-39a (Route 1; 78% vield, ee 98%, 22 h).¥ In ionic
liquid the reaction gave almost the same results but in shorter time (75% vyield, ee

-9-



99%, 6 h)®¥ (Route 1). Immobilization of CAL-B to a H-g-acidic nanozeolite core
provided a bi-functional catalyst with an added polydiallyldimethylammonium
chloride interlayer. It gave (R)-39a with excellent results after 5 h (92% yield and
ee >99%) (Route 2).24 In Route 3 the application of sulfonated resin and 1,3-
diacetoxybenzene acyl donor furnished (R)-39a with a yield of >99% and an ee of
96% in 3 h.[% Sulfonated sepiolite was an efficient racemisation catalyst in the
DKR of (+)-38 in the presence of p-chlorophenyl valerate acyl donor (Route 4).
The product [(R)-39b] was isolated with an ee of >99% and a yield of 95% after
24 1%

CAL-B
vinyl octanoate, octane:water (1:1) or ionic liquid
< H-p zeolite, 60 °C j\
Q,
OH . O R
Roue 2 vinyl octanoate, cyclohexane H
nanozeolite, 1 h (40 °C)/5 h (50 °C) O/\
Route 3 1,3-diacetoxybenzene, toluene
(*)-38 sulfonated resin, 50 °C (R)-39a-b
o,
% (R)-39a: R = heptyl
¥ p-chlorophenyl valerate, toluene (R)-39b: R = butyl

sulfonated sepiolite, 25 °C

Scheme 12.
2.1.4. Enzyme-catalysed racemisation

Racemases (EC 5.1) form a small group in the large and diverse family of
enzymes. They have great biocatalytic potential because of their ability to catalyse
racemisation at mild reaction conditions.®”? However, only a few reactions are
known in the literature where enzyme-catalysed in situ racemisation are combined

with enzyme-catalysed resolution.®*%°!

A combination of D-amino acid amidase and o-amino-ge-caprolactam
racemase (ACL) was successfully applied in the enantioselective preparation of
phenylalanine (R)-41 (Scheme 13) and its non-natural derivatives.®” The mutant
form of ACL was used in resolutions to extend the racemase narrow substrate
specificity. DKR of (+)-40 gave (R)-41 with an ee of 88% and a conversion of
>99% after 24 h.
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pH=8.0, PLP COOH

D-amino acid
O\/Iﬁ‘lz ACL racemaze ©\/I§ilz -‘ amidase ©\)N\Hz
CONH, CONHzJ 0.1 M Tris-HCI buffer

40 °C
(+)-40 (R)-41

Scheme 13.

Both Kkinetic resolution and simultaneous racemisation catalysed by
halohydrin dehalogenase were applied in the synthesis of oxazolidinones.!®!
Racemisation occurred through an enzyme-catalysed ring-opening transformation
of the starting epoxides in the presence of halide ion. The product 5-substituted 2-

oxazolidinones were isolated with high ee (>98%) and yields (>87%) after 5 h.

Beside racemases, lipases have also been applied in the racemisation during
DKRs because of their catalytic promiscuity.®*®®! Racemisation of 8-amino-
5,6,7,8-tetrahydroquinoline (+)-42 was observed by Crowford and et al. " in the
CAL-B-catalysed N-acylation reaction (Scheme 14). The key step of the
racemisation was the spontaneous formation and condensation of ketone 44 with
the slow-reacting amine enantiomer (S)-42 into enamine intermedier 45. This
transformation only proceeded in the presence of the enzyme. Addition of 5 mol%
44 into the reaction mixture could increase the conversion of the reaction from
60% to 78% in 48 h. In this case, (R)-42 was isolated with an ee of 95% after the
hydrolysis of (R)-43.

A X CAL-B X
| e = | z EOAe | —
N N ; EtOAc N

toluene

NH, NH, NHCOMe
(R)-42 (5)-42 (R)-43
L X
< (1)
- N
N NZ | o)
HN. A 44
45
Scheme 14.

PSL racemase activity was proved in the enantioselective preparation of
optically active aminonitrile derivatives with the presumed lipase-catalysed retro-
Strecker reaction leading to racemisation.®® CAL-B catalysed both the
enantioselective  N-acylation and  racemisation of  1-cyano-1,2,3,4-

tetrahydroisoquinolines (+)-46a and (+)-46b in the presence of phenyl acetate as

-11 -



acyl donor (Scheme 15).*! The DKR reaction gave the amide products [(S)-47a
and (S)-47b] with high ee (>95%) at a conversion of >92%.

phenyl acetate
_—
NH N Me
TBME
. BE Y
CN CN O
(£)-46a or (+)-46b (S)-47a or (S)-47b
a:R=H, b: R=0Me
Scheme 15.

2.2. Substrate engineering in enzymatic transformations

The use of enzymes as catalyst is restricted mainly by their limited reaction
scope, narrow substrate range towards non-natural substrates, unsatisfactory
selectivity, their sensitivity to non-physiological reaction medium (such as organic
solvent) and drastic reaction conditions. To overcome these drawbacks, medium,
enzyme (or protein) and substrate engineering can be possible devices to improve
enzyme features like activity, stability, including thermostability, specificity and

stereoselectivity. 4!

Medium engineering is a potential way to optimize the enzymatic
processes. Enzymes’ catalytic optimum is mainly higher in aqueous medium, but
they can also function in organic solvents, biphasic systems, in supercritical
carbon dioxide or ionic liquids.®® The physicochemical properties of the solvent
(dipole moment, solubility, etc.) have significant influence on enzyme-catalysed
reactions.® Altering the enzyme microenvironment, such as temperature, pH or
direct immobilization, can cause drastic change in the conformation of enzymes.
In the case of conformational engineering, physicochemical tools were applied to
modify the shape of the catalytic pocket and this principle was used to change

CAL-B enantioselectivity by Palomo et al.?*”!

Enzyme engineering is an effective way to produce improved enzymes with
the desired catalytic properties. Mutant enzyme libraries can be created by direct
evolution from which the enzyme with the desired function was selected with
effective screening techniques. A more targeted way of enzyme evolution is
rational design. It is based on the background knowledge of the three-dimensional
structure of the enzyme, its function and catalytic mechanism including the exact

binding interaction between the catalytic pocket and the substrate. Controlled
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changes in the composition of the active site formed by amino acids can lead to a
mutant enzyme with suitable catalytic properties for our biotransformation
aims, [95:98.101-107]

Substrate engineering (SE) is a versatile method to directly or indirectly

influence the results of biocatalytic reactions.

e The correct choice of substrate structure can modify the outcome of the
enzymatic transformation by influencing the binding mode of the substrate into
the active site.l*>*%™% For instance, altering the position of the double bond of
unsaturated aldehydes can cause a switch in the enantioselectivity of ene-
reductases.l'®®* The effect of protecting groups on the selectivity of the
desymmetrization reaction of hydroxyaziridines catalysed by pig pancreatic
lipase (PPL) was also described.'*? CAL-B enantiopreference toward the
production of carboxylic acids in view of the location of the stereocenter have

been reviewed by Tsai.l***!

e SE enables to extend the substrate specificity of biotransformation reactions.
On the basis of docking and protecting group strategy,!***'*% 2-butanone was
masked into thio derivatives in cyanohydrin reaction to overcome the enzyme’s

insufficiency to differentiate between two small groups.®!

e The definition of the enzymes’ substrate scope can be approached by the SE
concept. Knowing the typical substrate map of the enzymes, in particular, in the
case of new enzymes, is essential for their subsequent utilization and it can help
the understanding of binding interactions, which is the first step toward an
enzyme evolution.!*"1*81 Xy et al. developed a method to characterize substrate
‘fingerprinting’ of the activity lipases (Candida rugosa and pig liver lipase) in
the hydrolytic reaction of acetylated alcohols and analyzed the diversity of
enzyme substrate spectrum in a quantitative way (with Shannon—Weiner

index).[!

e SE is a potential way to find new reaction types of the enzymes beyond their
biological function (mainly with non-natural substrates) known as enzyme

promiscuity.®>12%

SE can be used on its own to modify the results of enzymatic

transformations. SE can also be a real alternative instead of using resource-rich
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enzyme engineering processes or complement and support the enzyme evolution
to create tailor-made enzymes by the understanding of their catalytic

mechanism. 1001181211

In the following section the literature background of the application of the
SE concept in hydrolase-catalysed KR of esters, alcohols and amines are surveyed.

The reactions have been classified according to the type of the starting compound.
2.2.1. Resolution of esters

Piovan et al. applied the SE concept to overcome CAL-B’s low
enantioselectivity, which is often observed in the preparation of carboxylic acids
(Scheme 16).1?21 Effects of the hydrocarbon chain length and branching, the
presence of a double bond or heteroatom in the alcohol moiety of 2-bromobutyric
esters [(+)-48a-g] on the enantioselectivity (E) and reaction rate in enzymatic
transesterifications were investigated. In most cases, no significant improvement
on the enantioselectivity was achieved (E <5). However, when the starting
compound bears the (R)-1-phenylethanol moiety [(+)-48h] as the leaving group
instead of an achiral group, inversion in CAL-B enantiopreference from R to S was
observed [ee 19% for (S)-48h, ee 47% for (R)-49, conv. 13%]. When the ester
group contained the (S)-1-phenylethanol moiety [(£)-48i] no reaction was
observed after 36 h.

Q CAL-B
/\‘)j\O/R EtOH /\)k /\H‘\
5 n- hexane
r
(£)-48a-i (R)-48a-g or (S)-48h (S)-49 or (R)-49

RS Ri§non R§V\ Rs""\/\/ R'Sf\)\ RiSso~o~
a b f

o

Scheme 16.

Transesterification and hydrolysis of boron derivatives were described by

R: ;\/\Cl

~
w
= ;
anll

g

Andrade and Reis (Scheme 17).12221\When the esterifying moiety was a short chain
[methyl or ethyl, (+)-50a and b], the hydrolysis gave rather similar results (E = 19
and 24, conv. ~ 50%). The presence of longer or branched alkyl chains and an
aralkyl moiety in the ester group [(£)-50c-e] induced decreases in the E or no

hydrolytic reaction was observed. When the reaction temperature was raised from
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30 °C to 70 °C, both the methyl [(S)-50a] and ethyl ester [(S)-50b] were recovered
with ee >99% after 3 h, while the ee of the amino acid [(R)-51] was lower than
62%.

HZO g~
—_— /E\)l\ +
32°C _R
24 h o
(+)-50a-¢ (8)-50a-¢ (R)-51

a:R=Me, b: R=Et, ¢: R=n-Bu, d: R=n-Oct, e: R =Bn,
Scheme 17.

Effects of the leaving alcohol group on the lipase-catalysed hydrolysis of
naproxen esters®® or a-chlorophenyl acetatest***! were also investigated. The ethyl
group proved to be the best leaving moiety in the KR of a-chlorophenyl acetates
among electron-withdrawing groups (such as ethoxy or 2,2,2-trifluoro) of different
strength considering the E of the reactions.**! Steric and electronic effects of the
substituents at position C3 and on the phenyl ring on the enantioselective
hydrolysis of ethyl esters of 3-aryl-substituted alkanoic acids were
investigated.[® Alkyl groups larger than methyl at position C3 (Et, i-Pr, t-Bu)
induced decreases in both the reaction rate and E. Altering the substituent on the
aromatic ring (p-Me, m-Me, o0-Me, p-OMe), however, did not cause drastic

changes in catalytic properties.
2.2.2. Resolution of hydroxy esters

Resolution of hydroxyesters catalysed by Klebsiella oxytoca esterase was
studied in detail by Tsai et al. in view of the substrate structure focusing, in
particular, on the type of the leaving alcohol moiety.P"*%127  (1)-2-
Chloromandelates were used as model compounds to investigate the effect of
electron-withdrawing ester groups of different strengths.*”®! In view of the
reactivity and E, methyl was found to be the best ester group. The kinetic study
was extended to different (£)-3-hydroxycarboxylic acid derivatives and the SE
concept was combined with covalent immobilization for further enhancement of
the enzyme features.’” Hydrolysis of (+)-3-hydroxy-3-phenylpropionates [(+)-
52a-e] in biphasic reaction medium was also evaluated considering the effect of
leaving alcohol moieties, which could help to confirm the reaction mechanism and
optimize the E (Scheme 18).1"!
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OH

(0] OH O
Klebsiella oxytoca s
O/\R esterase OH O/\R
> +
phosphate buffer, pH =6

isooctane
(+)-52a-e (5)-53 (R)-52a-e

no
T
o

a: R?=H, b: R?=Me, ¢: R>= (CH,)4Me, d: R?= CH,OFEt, e: R?= CF,
Scheme 18.

2.2.3. Resolution of amino esters

(S)-N-(2-ethyl-6-methylphenyl)alanine, the key intermediate of (S)-
metachlor, was prepared through lipase-catalysed two-step resolution of its
corresponding ester.[*?® Several alkyl esters were tested to investigate the effect of
the alcohol leaving group on conversion and E. Short non-branched alkyl chains
(from methyl to butyl ester) brought about only minor differences in the E (>100,
at conv. >42%). The hydrolysis proceeded with the lowest E when the alkyl group
was n-Oct (E = 9, at conv. 1%). Larger ester groups had negative effect on the
reaction rate, probably caused by their steric inhibition effect. Preparative KR of
the corresponding methyl ester was carried out with PSL in aqueous buffer
allowing the separation of the product amino acid and amino ester. The desired S-
enantiomer was obtained as its methyl ester, and a second CAL-B-catalysed
hydrolysis was used to obtain the free S-amino acid product with a conversion of
48% and an ee of 98%. In the Alcalase-catalysed hydrolysis of N-unsubstituted a-
amino esters, the change of the alcohol moiety from methyl to bulkier i-Bu caused

an enhancement in the E from 3 to 130.1*%°]

Resolution of p-amino esters can also be carried out by the selective
acylation of their free amino group.*****3 KR of g-substituted A-amino esters was
performed in butyl butanoate, which served as both the acyl donor and solvent, or
with 2,2,2-trifluoroethyl butanoate as acyl donor in DIPE (Scheme 19).%Y The
effect of the alteration of substrate structure on the E followed the same tendency
in both reaction media. When the R' was a methyl group [(+)-53a] or a group
containing unsaturation, low E values were measured (<38). The changing of the
methyl group to ethyl [(+)-53b], however, caused a high increase in E of the
reactions (>168, at conv. ~ 50%). In the case of cyclic compounds [(+)-53f and

(£)-53¢], higher E values were observed in butyl butanoate reaction medium [E

-16 -



>100 for (+)-53f and 75 for (+)-53g]. It could also be concluded that the fast-

reacting enantiomer of the racemic mixture depended on the substrate structure.

0
CAL-A
NH, O PrCOOR? Pr NH O NH, O
R! OEt “DipEor RIMOEt * R‘MOEt
(+)-53a-g butyl butanoate o\ 544 6 o (5)-54a-g (R)-53a-g or (S)-53a-g

rt

a:R'=Me, b: R' =Et, ¢: R' = n-Pr, d: R! =i-Pr, e: R' = CHE, f: R! = cyclohexyl, g: R! = Ph
R? = CH,CF;, R* =Bu,

Scheme 19.

2.2.4. Resolution of primary and secondary alcohols

LipG9 is a new lipase, which was isolated from metagenomic protein
library. Substrate scope of the immobilized LipG9 towards the acylation of
aliphatic secondary alcohols was screened by Piovan et al. (Scheme 20), which
can help future application of the enzyme.™*? For alcohols with lower alkyl chains
[(£)-55a and (+)-55b] better E values were observed (39 and 19 at conv. of 49-
54%), while larger aliphatic chains [(£)-55¢, (+)-55d, (+)-55f] had a negative
effect on the E (~4 at conv. of 52-59%). The highest enantioselectivity was
observed when the substrate contained i-Bu group [(£)-55d] but in this case the

reaction rate was lower (E = 63 at a conv. of 19%).

o]
OH .Im'lLithi )J\o OH
vinyl acetate =
N :
R! R’ n-hexane Rl)\Rz Rl/\Rz
()-55a-f  35°C,24h (R)-56a-f (8)-55a-f

R!'=Me, a: R?>=n-Pr, b: R> = n-Bu, c¢: R? = n-Pent, d: R? = n-Hex, e: R? = i-Bu
R!'=Et, f: R?=n-Pr

Scheme 20.
The effect of heteroaryl moieties on the acylation of primary!**¥ and

[134,135] g [133.134]

secondary alcohols was also investigate Acylation of 1-

(benzofuran-2-yl)ethanols containing different substituents at the aromatic ring
catalysed by TUB 3b lipase (isolated from termophilic fungi) was carried out.**!
The results showed that the electron-withdrawing nitro group at position 5 had no
significant effect on the reaction rate of the enzymatic acylation (conv. 50% after
24 h), while the 5-Br and 7-OMe substituents caused lower reaction rates (at a

conv. of ~50% after 168 h).
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Hydrolysis of 2-O-acetyl-1-O-alkyl-3-O-tosyl-sn-glycerol**®! or acrylates of
secondary aliphatic and aryl-substituted aliphatic alcohols!**”! was performed with
the use of lipase in phosphate buffer. The E of the Pseudomonas fluorescens lipase
(AK) catalysed KR strongly depend on the aromatic ring substitution.™*" In the
case of 1-(4-methoxyphenyl)ethyl acrylate, the hydrolysis proceeded with higher E
(>200) than the reaction of the unsubstituted compound (E = 52, conv. 50%).
Halogens at position 2 or the nitro substituent at position 4 decreased the E of
hydrolysis (<35, conv. = 42-52%). The reaction of acrylates without an aryl
substituent gave the opposite enantiomers of the alcohols (R-selective) than the

hydrolysis of benzyl derivatives (S-selective).
2.2.5. Resolution of primary amines

Resolutions of 1-phanylethylamine and its analogues were performed
through lipase-catalysed acylation of their amino group in both batch model**® and
in the CF system.**! CAL-B-catalysed acylation of substrates (+)-57a-i proceeded
with significantly different reaction rates. In all cases, however, the reactions took
place with excellent E (>200, 50% conv.) and all products could be isolated with
ee >95% (Scheme 21).% The lowest reaction rate was observed in the resolution

of (£)-57e (50% conv. after 24 h).
(@)

(@)
NH, CAL-B )J\/ ~ NH,

)i{ isopropyl methoxyacetate HI;
5 Rl N

R! R molecular sieves R? R!” TR?
(+)-57a-i 23°C (R)-58a-i (S)-57a-i
H,N
NH, NH, NH, NH,
R
a:R=H e f gn=1 i
b:R=F h =2
c:R=Cl
d: R =Me
Scheme 21.

Enantioselective preparation of trans-N,N-dialkylcyclopentane-1,2-diamines
was performed through CAL-B-catalysed selective N-acylation in EtOAc (Scheme
22).°1 The best result was achieved when the substrate was (+)-59a (E of 86,
47% conv., 3 h). Acylation of (£)-59b took place at a lower reaction rate but with
E of 65 (conv. of 51%, 13 h). The lowest E was observed in the resolution of (£)-
59d (E = 20 at a conv. of 55%).
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NH, CAL-B WNH> N
O) EtOAc Q O} \“/
B —
Y s 28 °C NRIR? by O
NR'R NR'R?
(+)-59a-d (18,25)-59a-d (1R,2R)-60a-d
N \
RIR2= I\( RIR2= RIR2= N RIR2= N/\l]:
N L
Ph
a b [ d
Scheme 22.

2.2.6. Resolution of amino alcohols

Response surface methodology was applied to optimize reaction conditions
of the KR of (+)-2-amino-1-phenylethanols (Scheme 23).MY Immobilized PSL-
catalysed acylation reactions of (+)-61a-e were performed with excellent results (E
>200). The isolated yields of the product enantiomers increased with the
increasing length of the nitrogen alkyl substituent [44% for (S)-61a and 50% for
(S)-61e]. CAL-B-catalysed hydrolysis of s-amino alcohols related to (+)-2-amino-
1-phenylethanols was described by Allala et al.?*? The authors concluded that the
structure of 2-acetamido-1-arylacetates exerted significant effect on both the
reaction rate and the E.

O
OH E Il) SL (E)H E
vinyl acetate
R y SR
TBME
51.5°C
()-61a-e (R)-62a-e (S)-61a-e

a: R =Me, b: R =Et, ¢: R =n-Pr, d: R =n-Bu, e: R = n-Hex,
Scheme 23.

The effect of N-protecting groups on the PPL-catalysed O-acylation of f-
amino alcohols [(+)-63a-f] was investigated by Kokotos et al (Scheme 24). The
results showed that the type of the protecting group had a marked effect on the E
and reaction rate of the enzymatic resolution, while the side chain of the amino
alcohol had a lower impact on the acylation. The resolution gave the products with
higher ee values [97% for (R)-64a] and yields [24% for (R)-64a and 28% for (R)-
64d], when the N-Boc protecting group was used. Lower ee (74-63%) and yields
(~10%) were found in the acylation of compounds containing the N-Cbz and N-
Fmoc groups [(£)-63b,c,e]. This indicated that the bulkier aromatic rings inhibited
the interaction between the substrate and the catalytic pocket of the enzyme.
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. PPL | |
R vinyl acetate R R )I\
OH Y - oH + Y Yo
NHR2 toluene/n-hexane (1:1) NHR2 IfIHRZ
rt, 48 h
(+)-63a-f (S)-63a-f (R)-64a-f

R'=Bn; a: R?= Boc, b: R?= Cbz, ¢: R2=Fmoc
R! = (CH;),CHCH,; d: R>=Boc, e: R>= Cbz
R! = n-C4H,9; f: R2=Boc

Scheme 24.

CAL-B-catalysed KR of benzimidazolyl ethanol derivatives bearing
different substituent at the nitrogen atom (H, Me, Bn, Ts, Bz) was performed.!**!
Electron-withdrawing groups (Ts, Bz) were shown to diminish the ee (E < 25),
while the Me and Bn substituent increased the selectivity of the reactions (E >165)
at a conversion of ~50%.

Resolutions of orthogonally-protected trans-3-amino-4-hydroxypyrrolidines
[(£)-65a-c] were performed through the selective acylation of their secondary
hydroxy group, while their amino group was substituted with different protecting
groups (Scheme 25).24! The best reaction medium for the O-acylation of (+)-65¢
was TBME with PSL-IM lipase (E >200, 48% conv., 30 °C after 3 h). In contrast,
the resolution of N-Boc-protected substrate (+)-65b under the same reaction
conditions gave very poor results (E = 8 at a conv. of 73%). The best result was
achieved in the resolution of (+)-65b when CAL-B was used as catalyst in 1,4-
dioxane (E = 120, 50% conv.). Reactions of (+)-65a proceeded with poor E under
the investigated conditions. The results showed that the resolutions of (£)-65a-c

strongly depended on the applied protecting group.

HO, NR'R®> . }» NR!R? 0, NR'R?
%, lipase %,
vinyl acetate b d
_—
N solvent
Cbz T Cbz
(4)-65a-¢ (3R 4R)-66a-c (35,48)-65a-¢

R!'=H; a: R?= acetyl, b: R?=Boc
¢: RI=R%=Allyl

Scheme 25.
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3. Materials and methods

3.1. Materials and instruments

All enzymes used were commercially available. Thus, CAL-B (lipase B
from Candida antarctica, Cat. N.: L4777, adsorbed on a macroporous resin) was
purchased from Sigma, lipase AK (Pseudomonas fruorescens) from Amano
Pharmaceuticals, PSL-IM (Burkholderia cepacia immobilized on diatomaceous
earth) from Amano Enzyme Europe Ltd, CAL-A (lipase A from Candida
antarctica) from Novo Nordisk and Alcalase (cross-linked immobilized protease
aggregation from Subtilisin Carlsberg) was from Fluka. All solvents and reagents

for the experiments were of the highest analytical grades.

H-Cube® (purchased from ThalesNano Inc.) in ‘Controlled’ mode (at 1 bar)
was used for the removal of N-Cbhz protecting group. Hydrogenation was
performed using a cartridge (30 mm long, also bought from ThalesNano Inc.)
filled with 10% Pd/C. *H NMR and **C NMR spectra were recorded with Bruker
Avance DRX 400 and Bruker Ascend ™ 400 instruments. Elemental analyses were
determined by Perkin-Elmer CHNS-2400 Ser Il Elemental Analyzer. Optical
rotations were measured in a Perkin-Elmer 341 polarimeter. MW reactions were
carried out in a CEM Discover MW reactor. Orion 210 A+ pH meter was used for
determination of pH of buffer solutions. Melting points were measured on a Kofler
apparatus. Batch reactions were performed in New Brunswick Scientific Innova
4000 incubator shaker with shaking speed of 150 rpm. Enzymatic reactions were
followed by Jasco high-performance liquid chromatography (HPLC) equipped
with a multiwavelength detector and Daicel Chiralpak IA or OD-H chiral columns
(4.6x250 mm) at room temperature.

3.2. Enzymatic experiments

The preliminary reactions of the KR resolution of (£)-5 were carried out in a
continuous-flow reactor (CF system, in H-Cube®, in ‘no H,’ mode) to utilize its
advantages such as high reproducibility, precise process control and easy and rapid
implementation of the reaction.'****"! In a typical CF reaction the starting
compound was dissolved in the solvent, then the acyl donor was added to the

solution and the mixture was pumped through a pressure- and temperature-
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resistant column (CatCart®, 70 mm long, 4 mm internal diameter), which was
previously filled with the enzyme. The flow of the reaction mixture was provided
by a HPLC pump (0.1 mL min™) and the reaction samples were collected after a
single cycle at the end of the CF reactor (Figure 4).

Substrate Continuous-flow reactor Products

NBoc M Enzyme-filled column '——O i :N || [
H oI

OH 3
®)-5  “OH )11 Oacyl

()5

Solvent and acyl donor Adjustable temperature and pressure

Figure 4.

In a typical batch reaction, the enzyme was added to the solution of racemic
compound followed by adding other required additives and the mixture was
shaken in the incubator shaker at given temperatures. Preparative-scale resolutions
were performed under the optimized reaction conditions. The product enantiomers
were characterized with 'H NMR and *C NMR spectroscopy, melting point,

elemental analysis and optical rotation.
3.3. Synthesis of starting compounds

Heating of 3-methoxyphenethylamine (67) and diethyl oxalate gave 3-
methoxyphenethylamine hemioxalamide ethyl ester (68). Bischler—Napieralski
cyclisation of 68 followed by hydrogenation resulted in racemic 6-methoxy-1-

tetrahydroisoquinoline carboxylic acid ethyl ester (+)-1 (Scheme 26).14

COOEt

MeO | MeO. MeO MeO
COOEt POCI, H,
NH, A HNYO N ~N pyC

E COOEt
67 68 COOEt 69 #)-1

Scheme 26.

Ethyl 1,2,3,4-tetrahydro-f-carboline-1-carboxylate [(£)-3] and racemic
1,2,3,4-tetrahydro-f-carboline-1-carboxylic acid [(+)-4] were prepared by Pictet—
Spengler ring-closing procedure of tryptamine hydrochloride (70) and ethyl
glyoxylate!™*®! or glyoxylic acid (Scheme 27).[*%"
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Scheme 27.

Protected amino alcohols (+)-5—(%)-10 were synthesized by Pictet-Spengler
cyclisation of the corresponding tryptamine derivatives and glycolaldehyde
according to a known literature method™" followed by protection of the amino
group at position 2 with Boc, acetyl,** Cbz and Fmoc (Scheme 28).

Rl R! R!
HO/YO
’ H N-protection
—_— —_— )
N NH,  HCl N NH N NR
H H H
OH OH
(*)-5-10
70:R' —H #)-73:R'=H (#)-5:RI=H,R*=Boc  ()-8: R\~ H.R*=acety]
71: R! = OMe (#)-74: R = OMe (#)-6: R' = OMe, R>=Boc (¥)-9:R l:H, R N Cbz
72:R!=F (#)-75: Rl=F ()-7: R!'=F, R>=Boc (£)-10: R" = H, R*=Fmoc
Scheme 28.

3.4. Analytical method

Based on HPLC chromatograms, enantiomer excesses, enantioselectivity
and conversion values were calculated by using equations 1-4 where A;, Ay, Ags,
A, are peak areas of the enantiomers and A, > Az, Az > A4l
ees = (A-A1) | (A1+AY)
eep = (As—Ag) | (AstA,)

conv. = ee, / (eest+eep)
4. E={In[(1-ee,) / (1+ees/ eep)]} / {In[(1+ees) / (1+ees/ eey)]}

wn e

In the case of DKR, an external standard was used for the calculation of the
conversions via equations 5-7°* where A is the peak area of the standard:
5. K = AL/ (A+AY)

6. k= Ast / (A1+A2)
7. conv. =100 x (k-K°%) / k.

The ee values of 1 and 3 were determined in the presence of diethylamine
(DEA 0.1 %) in the eluent n-hexane:isopropyl alcohol (60:40) by using Chiralpak
IA column, while the ee for product amino acids 2 and 4 measured after

derivatization of the samples with Boc anhydride, in the presence of trifluoroacetic
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acid (TFA 0.1 %) in the eluent n-hexane:isopropyl alcohol (85:15) by using
Chiralpak IA column. Amino alcohols 5-10 and amino esters 11-16 were injected
directly into the corresponding chiral column to determine the ee values [eluent n-
hexane:isopropyl alcohol (93:7), Chiralpak OD-H column].

Conditions of the measurements in detail such as flow rates, retention times

and derivatization methods can be found in the original papers.""V
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4. Results and discussion

4.1. Dynamic Kkinetic resolutions of tetrahydroisoquinoline and

tetrahydro-g-carboline amino acid ethyl esters'"""

4.1.1. Preliminary experiments

(R)-1,2,3,4-Tetrahydroisoquinoline carboxylic acid with an ee of 96% and a
yield of 80% was prepared earlier through DKR hydrolysis of its corresponding
ethyl ester with CAL-B in toluene:MeCN (4:1), in the presence of dipropylamine
(Pr,NH) and 1 equiv. water, at 25 °C in 6 days.”™ Both enantiomers of 6,7-
dimethoxy-1,2,3,4-tetrahydroisoquinoline carboxylic acid [(R)-18a with an ee of
92% and a yield of 85% and (S)-18a with an ee of 93% and a yield of 92%] were
successfully resolved with different hydrolases (R-selective CAL-B and S-
selective Alcalase) in aqueous reaction medium (0.1 M NH4OAc buffer, pH 8.5, at
25 °C or 3 °C) (Scheme 3).’1 6-Hydroxy-1,2,3,4-tetrahydroisoquinoline-1-
carboxylic acid was obtained with 87% vyield and ee >99% in CAL-B-catalysed
hydrolysis in DIPE/MeCN (3:2) solvent mixture at 25 °C with Pr,NH racemising
agent." On the basis of these results, the hydrolysis of (+)-1 (Scheme 29) was first
carried out under the optimized conditions [2 equiv. of H,0O, 0.25 equiv. of Pr,NH,
DIPE/MeCN (3:2) at 25 °C] in an incubator shaker. Unfortunately, only a trace
amount of (R)-2 was produced after 2 days (ee 91%, 35% conv.).

Next, the DKR of (+)-1 was carried out under mild basic reaction conditions
(aqueous buffer of NH,OAc at pH 8.5, at 25 °C). The racemisation of (+)-1 took
place but the desired amino acid product (R)-2 was detected only in traces (ee of
66%) and formation of numerous impurities was observed in the reaction mixture
at a conversion of 90% after 2 days. The reason of this poor result was the fast
decomposition of (+)-1 used in its free base form. To decrease the decomposition
of (¥)-1, reactions were started from its more stable hydrochloride salt [(%)-
1-HCI]. Under the same reaction conditions (NH4OAc buffer, pH 8.5, 25 °C) the
desired amino acid (R)-2 was produced as the major product with an excellent ee
of >99% at a conversion of 90% after 3 h. The presumable reason of the
improvement is the result of the slow in situ liberation of substrate (£)-1 from its

hydrochloride salt under the mild basic reaction conditions.
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#-1 (R)-2
Scheme 29.

Encouraged by the DKR of (£)-1, we next turned to develop an efficient
enzymatic method for the preparation of both enantiomers of 1,2,3,4-tetrahydro-f-
carboline-1-carboxylic acid [(R)-4 and (S)-4] through the directed DKR hydrolysis
of its corresponding ethyl ester (+)-3 (Scheme 30). Preliminary experiments were
started with CAL-B catalysis expecting R-selective hydrolysis of (£)-3. Substrate
(+)-3 underwent a similar strong decomposition observed previously in the case of
(¥)-1. Therefore, enzymatic resolutions were performed with its hydrochloride salt
[(x)-3-HCI].

Qe 0, - om0
N v NH buffer solution N L N NH buffer solution TIEII NH
= T

H T H H H
COOH COOEt COOEt COOH

($)-4 -3 (R)-4
Scheme 30.

The small-scale reactions of (+)-3-HCl were carried out in batch mode.
Resolution of (+)-3 was started in aqueous NH4OAc buffer (pH 8.0 at 30 °C) with
CAL-B (Table 1, entry 1). Amino acid product (R)-4 was obtained with an
excellent ee of 97% and a high conversion of 97% only in 5 min (entry 1). The
increase of the pH of the reaction medium from 8.0 to 9.0 led to a decrease in the
ee of (R)-4 to 87% from 99% at a conversion of 99% (entry 2 vs. 1). The amino
acid [(R)-4] was produced with a similar high conversion and ee of ~ 90% (entry 2
vs. 3) after reducing the temperature of the reaction from 30 °C to 4 °C. When
NH4;OAc buffer was replaced with 0.1 M borate buffer at pH 8.0, a high reaction
rate and ee, (90%) were observed at 30 °C (entry 4). At pH 9.0 the reaction rate of
the hydrolysis slightly decreased (>99% in 5 min), while the ee of (R)-4 remained
excellent (94%) (entry 5).
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Table 1. CAL-B-catalysed hydrolysis of (+)-3-HCI*

Entry Buffer pH" (O-E) Z-r:nr:;e) ees (%)°  ee, (%)° %?/? )\!'
1 NH,OAc 8.0 30 5 21 97 97
15 6 97 99
2 NH40Ac 9.0 30 5 rac. 89 95
15 rac. 87 99
3 NH,OAcC 9.0 4 5 rac. 90 94
15 rac. 90 99
4 borate 8.0 30 5 14 89 96
15 66 90 99
5 borate 9.0 30 5 - 94 >99

3(+)-3-HCl (0.0175 mmol, 4.9 mg), 1 mL 0.1 M buffer solution, 30 mg mL™* CAL-B. °pH
was adjusted with aqueous solution of NH,OH or NaOH. “According to HPLC.

It is known from the literature that Alcalase can catalyse enzymatic
transformations with opposite enantiopreference compared to most of the
lipases.®"1" Therefore, Alcalase (cross-linked immobilized protease aggregation
from Subtilisin Carlsberg) was selected for the preparation of the S-enantiomer of
the desired amino acid [(S)-4].

At first, Alcalase-catalysed DKR of (£)-3-HCl was carried out under the
same conditions as in the case of CAL-B-catalysed resolution of (+)-3-HCI
(NH4OACc buffer, pH 8.0, 30 °C) (Table 2, entry 1). According to our assumption,
Alcalase catalysed the hydrolysis of (+)-3-HCl with complementary
stereoselectivity in comparison with CAL-B. Indeed, the hydrolysis gave the S-
product amino acid [(S)-4]. Unfortunately, however, it was obtained with a lower
ee (53%) and a conversion of 99% after 24 h (Table 2, entry 1). To increase the
selectivity and the reaction rate, the amount of Alcalase was increased from 30 to
60 mg mL™. The ee of (S)-4 decreased greatly, while the reaction rate did not
change (ee 42%, conv. 31% after 3 h; ee 12%, conv. >99% after 24 h). It is known
that the type of the buffer and the pH can affect the selectivity of the reaction
directly (by conformational engineering of the enzyme)™®® or indirectly (by
chemical hydrolysis and modulating the racemisation rate of the substrate).”’
Therefore, the pH of the reaction was changed from 8.0 to 9.0 (entry 2), and a
significantly higher reaction rate (99% conv. reached after 3 h instead of 24 h), but

only a slight increase of ee (entry 2 vs. 1) were observed.

Hydrolysis performed at lower temperature (4 °C instead of 30 °C) resulted

in an enhancement in the ee of (S)-4 (66%, entry 3) with the concomitant decrease
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in the reaction rate (conv. of 30% after 24 h). Unfortunately, the ee of (S)-4
decreased to 46% at higher conversion (90%) (entry 3). When the pH was changed
to 9.0 from 8.0 at 4 °C, the ee of the product [(S)-4] diminished to 40% at a
conversion of 99% (entry 4 vs. 3).

Altering the NH,OACc buffer to borate (pH 8.0 at 30 °C) provided (S)-4 with
an increased ee of 65% at high conversion (>99%, entry 5 vs. 1). When the pH was

set t0 9.0, a decrease in ee of (S)-4 (48%) was observed (entry 6 vs. 5).

Table 2. Alcalase-catalysed hydrolysis of (+)-3-HCI®

Entry Buffer pHP (‘L) T(i;r)\e ee, (%)°  ee; (%)° C((?/?)\c/'
1 NH,OAC 8.0 30 214 r§§ Z—ﬁ 38
2 NH,OAC 9.0 30 é o 2? >9979
3 NH,OAc 80 4 2 e . a0
4 NH,OAc 9.0 4 ‘712 {Zﬁ 2‘3 S’S
5 borate 8.0 30 264 ::g gg 33
6 borate 9.0 30 24 4 e ig >4s§39

3(+)-3-HCl (0.0175 mmol, 4.9 mg), 1 mL 0.1 M buffer solution, 30 mg mL™ Alcalase. °pH
was adjusted with aqueous solution of NH,OH or NaOH. “According to HPLC.

Acalase-catalysed hydrolysis of amino esters in organic solvent-aqueous
buffer mixtures with excellent results can be found in the literature.l*>>*>®
Therefore, the hydrolysis of (£)-3-HC1 was attempted in the mixture of t-BuOH
and 0.1 M NH,OAc aqueous buffer (pH 8.5, 95:5) at 40 °C1**® in a hope to
increase the ee of (S)-4 (Table 3). In this case, the reaction reached a conversion of
98% after 24 h; however, the amino acid product [(S)-4] could not be detected in
the reaction mixture (entry 1). Another organic solvent TBME was also applied in
the hydrolysis of (+)-3-HCI. It was used in the presence of Et;N as an added base
to promote the liberation of the substrate from its HCI salt and using water (2
equiv.) as a nucleophile for the hydrolysis (entry 2). In this case, (S)-4 was not

detected in the reaction mixture neither after 24 h at a conversion of 48% (entry 2).
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Table 3. Alcalase-catalysed hydrolysis of (+)-3-HCl in organic solvent®

Entry Solvent Time (h) ee, (%)° ee, (%)" Conv. (%)°
1 t-BuOH/ 3 rac. - 18
NH,OAc buffer © 24 rac. - 98
2 TBME* 3 4 - 17
24 64 ; 48

3(+)-3-HCl (0.0175 mmol, 4.9 mg), 30 mg mL™ Alcalase. "According to HPLC. “1 mL
mixture of t-BuOH and NH4OAc buffer (95:5), at 40 °C. 91 mL TBME with added Et;N
(10 puL) and H,0O (2 equiv.), at 30 °C.

4.1.2. Preparative-scale resolutions

The CAL-B-catalysed preparative-scale resolution of (+)-1 was carried out
using its hydrochloride salt [(£)-1-HCI] in NH4OAc buffer, at pH 8.5, 25 °C
(Table 4, entry 1). The scaled-up reaction led to (R)-2-HCI with an excellent ee of
99% and a yield of 91% after 3 h. CAL-B-catalysed DKR of (+)-3-HCl was
performed under similar reaction conditions (NH4OACc buffer, pH 8.0, 30 °C) and
(R)-4-HCI was isolated with an ee of 98% and a yield of 90% after 20 min (entry
2). The S-selective preparative hydrolysis of (+)-3-HCl was carried out with
Alcalase in 0.1 M aqueous borate buffer (pH 8.0, 30 °C) and product (S)-4-HCl
was obtained with an ee of 60% and a yield of 66% (99% conv., entry 3). Results

of preparative resolutions are summarized in Table 4.

Table 4. Preparative-scale resolutions of (+)-1 HCI and (+)-3-HCI?

. €€y Yield 25
Entry  Substrate Enzyme Time Product (%)° (%) [a]p
1 (+)-1 CAL-B° 3h (R)-2-HCI 99 91 58"

2 (*)-3 CAL-B*  20min  (R)-4-HCI 98 20 -12¢

3 (-3 Alcalase® 45 h (S)-4-HCl 60 66 +6.5"

100 mg (+)-1 HCI (0.36 mmol) and (+)-3-HCI (0.37 mmol), 30 mg mL™ enzyme.
®According to HPLC. 25 mL 0.1 M NH,OAc buffer, pH 8.5, 25 °C. “15 mL 0.1 M
NH,OAc buffer, pH 8.0, 30 °C. °15 mL 0.1 M borate buffer, pH 8.0, 30 °C. fc=02 (H,0).
% = 0.2 (EtOH). "c = 0.32 (EtOH).

4.1.3. Determination of absolute configurations

Evaluation of the HPLC chromatograms showed that the CAL-B-catalysed
hydrolysis of (+)-1 took place with the same enantiopreference as previously
observed in the cases of ethyl 1,2,3,4-tetrahydroisoquinoline carboxylate and ethyl
6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline carboxylate. These results indicated
that the CAL-B-catalysed resolution of (+)-1 occurs with R-selectivity.
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Enantiomers of (+)-4 were earlier separated by chiral HPLCI"*® put the
enantiomers had not been characterized by specific rotation or electronic circular
dichroism. In cooperation with the University of Debrecen, Department of Organic
Chemistry, the absolute configurations of the enantiomers of 4 were determined by
electronic circular dichroism and optical rotation calculations. Thus, CAL-B R-,

while Alcalase S-selectivity in the DKR of (+)-3 were confirmed.

4.2. Kinetic resolutions of 1-hydroxymethyl-substituted tetrahydro-

p-carboline derivatives"'”

High E values were observed in the lipase-catalysed asymmetric O-acylation
of N-Boc-protected tetrahydroisoquinolines such as intermediate of crispine A (E
>52),1% homocalycotomine (E = 88)%! and calycotomine (E >200).1*Y These
findings led us to develop an enzymatic method for the preparation of the
enantiomers of tetrahydro-g-carbolines: 1-hydroxymethyl-1,2,3,4-tetrahydro-g-
carboline [(£)-73], 1-hydroxymethyl-6-methoxy-1,2,3,4-tetranydro-S-carboline
[()-74] and 1-hydroxymethyl-6-fluoro-1,2,3,4-tetrahydro-f-carboline [(x)-75]
(Scheme 34). To ensure the O-acylation of the primary hydroxy group, KRs were
carried out through their N-Boc-protected forms [(£)-5, (+)-6 and (£)-7] (Scheme
31). The effect of the various protecting groups (N-Boc, N-acetyl, N-Cbhz, N-Fmoc)
on the enantioselectivity and reaction rate was also investigated when R* was H
[(£)-5, (+)-8, (+)-9 and (+)-10] (Scheme 31).

R! R! R! Substrate or

product RE R?
enzyme

acyl donor @R)5 (S)11| H  Boc
) ) + ) (£/R)-6 (S)-12| OMe Boc

NR R
E NR™ solvent N Ig v N &R)-7 (5)-13] F  Boc
T.p -y @R)8 (5)-14| H acetyl
OH OH Oacyl| 4Ry (s)15| H  che
(#-5-10 (R)-5-10 ($)-11-16 (+/R)-10 (5)-16] H  Fmoc

Scheme 31.
4.2.1. Preliminary experiments of (¥)-5, (£)-6 and (¥)-7 — different
substituents at the aromatic ring at position 6

Preliminary experiments for the resolution of (+)-5 were carried out in a CF
reactor starting with enzyme screening (Table 5). When the KR of (£)-5 was
performed with CAL-B in the presence of vinyl acetate as acyl donor, in toluene at

45 °C®Y (entry 1), the reaction showed excellent E (>200) but gave only a low
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conversion (4%) after single cycle. PSL-IM-catalysed O-acylation, again,
underwent with excellent E (>200), while the reaction rate remained very low
(1.5% conv., entry 2). Next, AK lipase was tested without product formation after
one cycle (entry 3). Lipase CAL-A was also tried in the reaction and it catalysed
the resolution with the highest conversion (11%) but with a very low E (entry 4).
In view of the E and reaction rate of the KRs, CAL-B was selected because of its

slightly higher reaction rate compared to that of PSL-IM (entry 1 vs. 2).

Table 5. Enzyme screening for the resolution of (+)-5%

Entry Enzyme ee; (%)° ee, (%)° Conv. (%) E
1 CAL-B 4 99 4 >200
2 PSL-IM 15 99 15 >200
3 AK No reaction
4 CAL-A 3 24 11 1.6

%=+)-5 0.0125 mmol (3.7 mg); 230 mg CAL-B, 248 mg PSL-IM, 338 mg AK lipase, 231
mg CAL-A (70-mm long column); 1 mL toluene; 1.1 equiv. vinyl acetate (1.2 pL); 45 °C;
0.1 mL min™ flow rate; 1 bar; 1 cycle. bAccording to HPLC.

In an effort to achieve higher conversion in the resolution of (+)-5, in
addition to vinyl acetate (Table 6, entry 1), five other acyl donors were probed in
the KR. No activity in the O-acylation reaction was observed with the use of ethyl
acetate and isopropenyl acetate (entries 2 and 3). Another activated ester, 2,2,2-
trifluoroethyl butyrate, was also tested, but despite the relatively good reaction rate
(conv. of 22%), only a low E of 3 was measured (entry 4). Besides esters,
anhydride acyl donors such as acetic and butyric anhydride were also used in the
enzymatic reaction, despite of their known ability to chemical esterification, which
can cause decrease in the ee of the product.l*®? KR of (+)-5 was carried out with
butyric anhydride affording low E and moderate conversion (entry 5). When acetic
anhydride was applied (entry 6), a relatively fast reaction took place (conv. = 17%)
with excellent enantioselectivity (E >200). Therefore, acetic anhydride was

selected as acyl donor for further optimization.

-31-



Table 6. Acyl donor screening for the resolution of (+)-5°

Entry Enzyme ee, (%)°  ee, (%)°  Conv. (%) E
1 vinyl acetate 4 99 4 >200
2 ethyl acetate No reaction
3 isopropenyl acetate No reaction
4 2,2,2-trifluoroethyl butyrate 12 42 22 3
5 butyric anhydride 31 63 32 6
6 acetic anhydride 20 99 17 >200

#=)-5 0.0125 mmol (3.7 mg); 230 mg CAL-B (70-mm long cartridge); 1 mL toluene, 1.1
equiv. acyl donor; 60 °C, 0.1 mL min™ flow rate; 1 bar; 1 cycle. "According to HPLC.

To increase the reaction rate, the acylation of (£)-5 was performed at
different temperatures. Correlations were found between the temperature, the
reaction rate and the E (Table 7). With the increase in temperature from 60 °C to
70 °C and then to 80 °C, conversions also increased (from 17% to 26%), but in
parallel, large reduction in the E was observed (from >200 to 96). Because of the

loss in the E, 60 °C was used in further studies.

Table 7. Temperature effect to the resolution of (+)-5°

Entry Temperature ee, (%)° ee, (%)°  Conv. (%) E
1 60 20 99 17 >200
2 70 23 98 19 124
3 80 35 97 26 92

%+)-5 0.0125 mmol (3.7 mg); 230 mg CAL-B (70-mm long cartridge); 1 mL toluene; 1.1
equiv. acetic anhydride (1.2 pL); 0.1 mL min™ flow rate; 1 bar; 1 cycle. According to
HPLC.

Next, preliminary experiments were carried out in different solvents, such as
toluene, TBME, DIPE, MeCN, chloroform and 1,4-dioxane (Table 8). In MeCN
and 1,4-dioxane, low E (< 39) was observed (entries 4 and 5), whereas excellent E
(>200) was achieved in the other solvents. However, reactions in TBME and 1,4-
dioxane (entries 2 and 6) showed very low reaction rates (< 4% after one cycle).
Relatively good conversions (17% after one cycle) were observed in toluene and
DIPE (entries 1 and 3). Taking into account the above results, DIPE was chosen

for further enzymatic reactions.
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Table 8. Solvent effect in the resolution of (+)-5°

Entry Enzyme ee, (%)° ee, (%)" Conv. (%) E
1 toluene 20 99 17 >200
2 TBME 4 99 4 >200
3 DIPE 20 99 17 >200
4 MeCN 1 95 1 39
5 chloroform 2 73 3 7
6 1,4-dioxane 3 99 3 >200

#=)-5 0.0125 mmol (3.7 mg); 230 mg CAL-B (70-mm long cartridge); 1 mL solvent, 1.1
equiv. acetic anhydride; 60 °C, 0.1 mL min™ flow rate; 1 bar; 1 cycle. "According to
HPLC.

In the next step, the optimized reaction conditions determined in the CF
system (CAL-B, DIPE, acetic anhydride, 60 °C) were implemented in the batch
mode in incubator shaker. CAL-B-catalysed acylation of (+)-5 in batch was
achieved with good conversion (43%) after 3 h, but the E was lower than in H-
Cube® (E = 36 vs. >200). Therefore, DIPE was changed to toluene, which also
proved to be as good reaction medium as DIPE in the reactions (Table 8, entry 1
vs. 4). Batch reaction of (+)-5 in toluene provided excellent results (E >200, 48%
conv. after 3 h). To achieve the maximum conversion of the KR, the amount of the
acyl donor was increased from 1.1 equiv. to 2 equiv. Thus, the selective O-
acylation occurred with the maximum conversion of 50% after 3 h while the E

remained excellent (>200).

Next the optimized conditions for (+)-5 (CAL-B, 2 equiv. acetic anhydride,
toluene, 60 °C) were implemented to the O-acylations of (+)-6 and (+)-7.
However, the lower reaction rate and the resulting chemical esterification side-
reaction led to a decrease in the E of the reactions of (+)-6 and (£)-7 [E = 82 at
conv. = 42% for (+)-6 and E = 39 at conv. = 45% for (+)-7 after 7 h]. To eliminate
the negative effect of the low reaction rates, the amount of acetic anhydride was
increased from 2 equiv. to 8 equiv. [(+)-6] and to 6 equiv. [(£)-7] in the KR. The
small-scale reactions proceeded with excellent E (>200) and conversions of 50%

after 2.5 h and 2 h, respectively.

4.2.2. Preliminary experiments of (£)-5, (£)-8—(+)-10 — different N-

protecting groups at position 2

The effect of different N-protecting groups on the features of the enzymatic

transformation was investigated in the case of 1-hydroxymethyl-1,2,3,4-
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tetrahydro-f-carboline [(x)-73] (Scheme 32). Besides Boc [(%)-5], three other PGs
of different sizes, namely acetyl [(+)-8], Cbz [(¥)-9] and Fmoc [(x)-10] were
explored in the enantioselective O-acylation reaction. The optimal reaction
conditions developed for (+)-5 (CAL-B enzyme, 2 equiv. acyl donor, toluene
solvent and 60 °C) were extended to the resolution of (+)-8, (+)-9 and (+)-10.
Furthermore, two acyl donors with different characteristics (vinyl acetate and
2,2,2-trifluoroethyl butyrate) were also tested in the enzymatic resolutions under
reaction conditions mentioned above. All O-acylations were carried out in batch

mode, in an incubator shaker.

CAL-B
acyl donor |
- 5 +
NR toluene NR N NR

N N .
H 60 oC H H é
OH OH \Oacyl
(3)-5,8-10 (R)-5,8-10 (8)-11,14 - 16
(+)-5: R = Boc (R)-5: R =Boc (S)-11: R = Boc
(+)-8: R = acetyl (R)-8: R = acetyl (S)-14: R = acetyl
(#)-9: R =Cbz (R)-9: R=Cbz (8)-15: R=Cbz
(£)-10: R = Fmoc (R)-10: R = Fmoc (S)-16: R = Fmoc
Scheme 32.

The resolution of (+)-5 provided an excellent E (>200) at a conversion of
50% after 30 min (Table 9, entry 1). Activated esters, like vinyl acetate and 2,2,2-
trifluoroethyl butyrate with a longer alkyl chain, used commonly, were also tried
as acyl donors in the enzymatic resolution. The reaction with vinyl acetate gave
almost the same results as those with acetic anhydride (entry 2 vs. 1), but a
decrease in the E was observed at a conversion of 50%. The use of 2,2,2-
trifluoroethyl butyrate, in turn, led to a significantly lower E than those with the

other two acyl donors (entry 3).

Table 9: O-acylation of (+)-5%

Entry Acyl donor t(min) ee (%)° ee, (%)’ Conv. (%) E
1 Acetic anhydride 15 86 99 47 >200
30 98 98 50 >200
2 Vinyl acetate 15 93 98 48 >200
30 94 94 50 115

3 2,2,2-Trifluoroethyl 30 60 80 43 16

butyrate 60 73 70 51 12

%(+)-1 3.7 mg (0.0125 mmol); 30 mg mL™ CAL-B; 2 equiv. acyl donor; 1 mL toluene;
60 °C. "According to HPLC.
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The CAL-B-catalysed O-acetylation of N-acetyl-protected substrate (+)-8
with vinyl acetate gave interesting results. Because of the fast enzymatic O-
acylation, excellent results were observed in 30 min [E >200, ee 65% for (R)-8, ee
99% for (S)-14]. However, with the progress of the reaction, decreased ee values
were found (Figure 5) after 48 h for both 8 and product 14. The results were the
same when acetic anhydride or 2,2,2-trifluoroethyl butyrate was used in the
resolution instead of vinyl acetate. These findings suggested that N — O™ and O
— NS aev] migrations occurred during resolution. When the acylation was
performed in the presence of CAL-B but without an acyl donor, the formation of
N,O-diacylated product 14 was detected in the reaction mixture [ee = 22% for (S)-
14 and ee = 11% for (R)-8, after 8 h]. Next, without added acyl donor and enzyme
[(£)-8 shaken in toluene at 60 °C], 14 was not produced after 2 days. These
phenomena suggested that besides acyl migration, CAL-B reversibility®5%! also
influenced the results of the reaction (Scheme 33). In view of the above results, the
acetyl group appears to be unsuitable for the protection of (x)-73 in the enzymatic
O-acylation under the reaction conditions applied.

Figure 5: O-acylation of (£)-8°
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Scheme 33.

When the enzymatic resolution of N-Cbz-protected substrate (+)-9 was
performed with acetic anhydride in toluene at 60 °C, an excellent E (>200) was
measured (Table 10, entry 1) when the reaction was stopped at a conversion of ~
41% in 1 h. After continuing the reaction, only a small increase in the reaction rate
was observed with a concomitant large drop of E (entry 1). The same observation
was made when the reaction was carried out with vinyl acetate as acyl donor
(entry 2) instead of acetic anhydride. Resolution with 2,2,2-trifluoroethyl butyrate,
again, gave an excellent E at a conversion of 26% (entry 3), but E decreased at
higher conversion (E = 35 at a conv. of 36%). To increase the rate of resolution of
N-Chz-protected substrate (+)-9, the amount of acetic anhydride was doubled
(from 2 to 4 equiv.). The reaction furnished the remaining alcohol (R)-9 and
product ester (S)-15 with excellent ee values (>97%, after 20 min, at a conv. of
51%).

Table 10: O-acylation of (+)-9

Entry Acyl donor t (min) ee, (%)° ee, (%)  Conv. (%) E
1 Acetic anhydride 60 69 99 41 >200
180 69 93 43 57
2 Vinyl acetate 30 58 99 37 >200
60 59 97 38 121
180 59 83 42 20
3 2,2,2-Trifluoroethyl 30 35 99 26 >200
butyrate 60 48 98 33 160
180 52 91 36 35

%(+)-9 4.2 mg (0.0125 mmol); 30 mg mL™* CAL-B; 2 equiv. acyl donor; 1 mL toluene; 60 °C.
®According to HPLC.
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Resolution of N-Fmoc-protected substrate (+)-10 with acetic anhydride
(Table 11, entry 1) gave the product amino ester [(S)-16] with a high ee of >98%
(toluene, 60 °C, 45% conv., 60 min). Acylation with vinyl acetate also resulted in
a high E but with a lower reaction rate (entry 2). In the resolution with 2,2,2-
trifluoroethyl butyrate, both lower conversion (29%) and E were observed after 60
min (entry 3). Similar to the observation mentioned above, 50% conversion and an
excellent E (>200) of the KR of (+)-10 could be achieved when the amount of

acetic anhydride was increased from 2 to 4 equiv. after 30 min.

Table 11: O-acylation of (+)-10°

Entry Acyl donor ee, (%)° ee, (%)°  Conv. (%) E
1 Acetic anhydride 79 98 45 >200
2 Vinyl acetate 66 98 40 >200
3 2,2,2-Trifluoroethyl 39 98 29 145

butyrate
3(%)-10 5.3 mg (0.0125 mmol); 30 mg mL™ CAL-B; 2 equiv. acyl donor; 1 mL toluene; 60 °C
after 60 min. "According to HPLC.

4.2.3. Comparison of the effect of different substituents on the

enzymatic O-acylation

A systematic study was performed to investigate the effect of different
substituents at position 6 [(£)-5, (+)-6 and (£)-7] and N-protecting groups at
position 2 [(£)-5, (£)-9 and (£)-10] on the conversion and E of the CAL-B-
catalysed resolution under identical reaction conditions (toluene, 2 equiv. acetic

anhydride, 60 °C, batch mode; results were evaluated after 60 min).

In the case of N-Boc-protected compound (+)-5 unsubstituted at the aromatic
ring, the enzymatic reaction gave 48% conversion and a high E in 60 min (Figure
6). When the hydrogen atom was replaced with methoxy group at position 6 [(z)-
6], the reaction rate decreased significantly (the conversion changed from 45% to
25% after 60 min), while the E of the reaction remained high (E >200). The same
phenomena were observed in the KR of 6-fluoro-substituted compound (+)-7: after
60 min, the conversion was only 34% and the E of the reaction, again, was
excellent (>200).

We also evaluated the effect of different N-protecting groups on the
stereoselectivity of O-acylation (Figure 7). Excellent E (>200) but varied

conversions were found in the acylation of N-Boc- [(£)-5], N-Cbz- [(+)-9] and N-
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Fmoc-protected [(+)-10] substrates in the presence of CAL-B with acetic
anhydride (toluene, 60 °C, 60 min). The resolution of (+)-5 took place with a
conversion of 51% in 60 min with an of E >200. With bulkier aromatic carbonate
PGs [(+)-9 and (+)-10], conversions remained below 50% [41% for (+)-9 and 46%
for (£)-10], while selectivities were still excellent (E >200). We also noted that, of
all investigated acyl donors — in view of conversion and E — acetic anhydride
proved to be the best in the resolution of derivatives with different protecting
groups [(£)-5, (£)-9 and (+)-10].

Figure 6. Effect of the substituent at position 6 on the conversion in the

resolution of (£)-5—(%)-7°

55
50
45 ~
40 +
35 ~
30 ~
25
20
15 -
10 -
5_
O_

Conv. (%)

(#)-5 (+)-6 (2)-7

%30 mg mL™* CAL-B; 2 equiv. acetic anhydride; 1 mL toluene; 60 °C
after 60 min. In all cases E values were >200 at the indicated
conversion levels.
Figure 7. Effect of the different N-protecting group on the conversion in the

resolution of (¥)-5, (+)-9 and (+)-10?

55
50 A
45
40 ~
35 A
30 ~
25 A
20 -
15
10 +
5_
O_

Conv. (%)

(*)-5 (*)-9 (+)-10

30 mg mL™ CAL-B; 2 equiv. acetic anhydride; 1 mL toluene; 60 °C
after 60 min. In all cases E values were >200 at the indicated
conversion levels.
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The above results showed that the E values of the CAL-B-catalysed selective
O-acylations were almost independent (with E >200 in all cases) of the type of
substituents at position 6 [(£)-5, (+)-6 and (£)-7] and N-protecting groups at
position 2 [(£)-5, (£)-9 and (+)-10]. Considering enantioselectivity, the enzyme
seems to be very tolerant towards the substrate structure with modifications at
position 2 or 6 at the THAC ring. The reaction rate of O-acylation, however, was
strongly dependent on the structure of substrates studied (Figure 6 and 7). We
could note that the decrease in reaction rate of substrates, bearing a substituent at
the aromatic ring at position 6, was higher (difference between the highest and the
lowest conv. was 14%, Figure 6). In contrast, the PGs at position 2 induced a
lower difference of 6% (Figure 7). We should also mention that no correlation was
found between the size of the PG and the reaction rate. We could conclude that N-
Boc [(+£)-5] was a suitable protecting group in the KR of (+)-73 regarding E and

reaction rate.
4.2.4. Preparative-scale resolutions

The preparative-scale enzymatic O-acylations of (+)-5—(+)-7, (£)-9 and (+)-
10 were performed under the optimized reaction conditions with CAL-B enzyme
and acetic anhydride as acyl donor [2 equiv. for (£)-5, 8 equiv. for (+)-6, 6 equiv.
for (+)-7 and 4 equiv. for (+)-9 and (+)-10, toluene, 60 °C, incubator shaker]
(Table 12). All scale-up reactions, with the exception of the resolution of (+)-9,
gave excellent E values (>200) and vyields (>43%). The preparative-scale
resolution of (£)-9 occurred with a lower E (94) (entry 4) than that observed
previously in the small-scale experiment (E >200, ee >97%, 20 min, 51% conv.).
Results of the preparative-scale resolutions are summarized in Table 12.

Table 12. Preparative-scale resolutions of (+)-5—(+)-7, (+)-9 and (+)-10°

Amino alcohols Amino esters
[(R)-5-(R)-7, (R)-9, (R)-10]  [(S)-11(S)-13, (5)-15, (S)-16]
: ee, Yield [a]p” ee, Yield [a]p”
Entry Substrate  Time (%)° (%) (EtOH) (%)° %) (EtOH)
1 (+)-5 1.5h 98 47 +107.5° 98 46 -102.2°
2 (+)-6 25h 98 47 +82° 98 43 -92.3
3 ()-7 2h 96 47 +97% 98 46 -131.8"
4 (£)-9 15 min 88 48 +77.2' 94 45 -84.3
5 (#-10 50min 99 44 +54 96 44 -57.8'

30 mg mL™? CAL-B; acetic anhydride; toluene; 60 °C. "According to HPLC. °c = 0.34. % = 0.32.
¢ =0.23.c=0.61.% =0.21. "c = 0.38. 'c = 0.52. Ic = 0.625. kc = 0.28. 'c = 0.80.
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4.2.5. Further transformations

The amino ester products [(S)-11—(S)-13] of preparative resolutions of (+)-5-
(+)-7 were transformed into their corresponding amino alcohol enantiomers [(S)-
5—(S)-7] through methanolysis (K,CO3 in MeOH at 60 °C) without changes in ee

values (ee 98%, Scheme 34).

The N-Boc protecting group of (R)-5—(R)-7 and (S)-11—(S)-13 enantiomers
was removed with an MW-assisted method in water at 100 °C (Scheme 34).[169'171]
The PG removal gave the desired unprotected enantiomers [(R)-73-75 and (S)-73—
75] with high ee values (>96%). Removal of Cbz PG of (R)-9 was performed by
catalytic hydrogenation in the CF reactor (H-Cube®) with the use of 10% Pd/C
using a filled cartridge.*™? In this case, however, both a significant decrease in the
ee of (R)-73 (from 88% to 78%) and a low yield of 50% were experienced. The N-
Fmoc group of (R)-10 was removed in DMF mixed with 20% piperidine. The
reaction provided (R)-73 without change in the ee (99%) and with a yield of 75%
in 8 h.

Products of the enzymatic
resolutions

O-deacylation N-d tecti
NR2 NR2 eprotection . A

/Ilu-
/Illu-

OH \Oacyl OH
$)-5-7 $)-11-13 (8)-73-75

50r11: R' = H, R*= Boc R! R!
6 or 12: R' = OMe, R>=Boc
7 or13: R' = F, R?=Boc

8: R' = H, R?=acetyl
9:R'=H, R?=Cbz N NR? N-deprotection N NH
10: R' = H, R?= Fmoc H - H

73:R'=H
74:R! = OMe
75: R =F

OH OH
(R)-5-10 R)-73-75

Scheme 34.
4.2.6. Determination of absolute configuration

To determine the absolute configuration, the enantiomer of 73 was
transformed by a known literature method™” into its N-acetyl derivative (8)
(Scheme 35) with a known absolute configuration and optical rotation reported

earlier.*”® A comparison of the optical rotation value of 8 measured {[o]p> =
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+164 (c = 0.2 in EtOH)} with the literature data for (R)-8 {ee = 98%, lit.'"! [0]p?
= +17.3 (c = 0.2 in ethanol) showed a considerable difference. The reason for this
difference in specific rotations was an error in the placement of the decimal point}.
The direction of the optical rotation indicated that the CAL-B-catalysed O-

acylation of (£)-5 is S-selective.

| ACzO
N NH NaOH
OH
(R)-73 (R)-8
Scheme 35.

To determine the stereochemistry of the N-Cbz (9) and N-Fmoc (10)
enantiomers, the optical rotations of their unprotected form (73) {[a]o* = - 22 and
- 35.4 in EtOH} were compared with the specific rotation of (R)-73 {lit.*, [a],2:
-37.8 in EtOH}. Thus, CAL-B catalysed S-selectively the O-acylation of N-Cbz-
and N-Fmoc-protected substrates [(+)-9 and (+)-10] similar to that of N-Boc
protected derivative (+)-5.
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5. Summary

CAL-B-catalysed DKR hydrolysis of 6-methoxy-1,2,3,4-
tetrahydroisoquinoline-1-carboxylic acid ethyl ester (+)-1 was performed in
DIPE/MeCN (3:2) in the presence of 2 equiv. of H,0, 0.25 equiv. of Pr,NH at 25
°C. (R)-2 was produced with an ee of 91% at a conversion of 35% after 2 days.
When DKR of (£)-1 was carried out in aqueous NH,OAc buffer at pH 8.5 only
traces of (R)-2 were obtained (ee of 66% at a conv. of 90% after 2 days). To
circumvent the problem of the decomposition of substrate (+)-1, the DKR was
performed from its hydrochloride salt [(+)-1-HCI] in NH4OAc buffer, at pH 8.5, at
25 °C and the desired amino acid (R)-2 was isolated with an excellent ee of >99%
and yield of 91% after 3 h.

R-Selective DKR hydrolysis of the hydrochloride salt of 1,2,3,4-tetrahydro-
fS-carboline-1-carboxylic acid ethyl ester [(+)-3-HCl] with CAL-B in 0.1 M
NH4OAc buffer (pH 8.0, 30 °C) afforded the product amino acid [(R)-4-HCI] with
an ee of 98% and a yield of 90% after 20 min. Alcalase-catalysed DKR of (+)-
3-HCI for the preparation of the corresponding S-amino acid was carried out in 0.1
M NH;OAc buffer, pH 8.0 at 30 °C, but low selectivity was observed (ee = 53% at
a conv. of 99% after 24 h). Changing the pH from 8.0 to 9.0 caused an increase in
the reaction rate but resulted in a decrease in the ee. Lowering the temperature, in
turn, had an opposite effect on the reaction. A change of the NH,OAc buffer to
borate buffer led an optimized reaction medium (Alcalase, 0.1 M borate buffer, pH
8.0, 30 °C). This allowed preparative-scale resolution and isolation of (S)-4-HCI
with an ee of 60% and a yield of 66% after 45 h.

The KR of (£)-5 with CAL-B, in toluene, with 2 equiv. of acetic anhydride
as acyl donor in a batch process at 60 °C afforded an excellent E (>200) and
products (R)-5 and (S)-11 were isolated with an ee of 98% and a yield of >46%
after 1.5 h. The optimized reaction conditions, after slight modification, could be
extended to compounds (+)-6 and (+)-7 in a batch system (CAL-B, 8 equiv. acetic
anhydride for (+)-6 and 6 equiv. acetic anhydride for (+)-7, toluene, 60 °C). KR
gave (R)-6 and (S)-12 with an ee of 98% and a yield of >43% after 2.5 h. (R)-7 and
(S)-13 were also isolated with high ee (>96%) and yields (>45%) after 2 h.
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The KR of N-acetyl- [(£)-8], N-Cbz- [(£)-9] and N-Fmoc-protected [(+)-10]
substrates was carried out with CAL-B, 2 equiv. acyl donor, in toluene, at 60 °C.
We found that N-acetyl [(+)-8] was an inadequate PG because of N—O and O—N
acyl migrations. Preparative-scale resolutions of (£)-9 and (+)-10 (with 4 equiv.
acetic anhydride) gave amino alcohol enantiomers (R)-9 and (R)-10 and esters (S)-
15 and (S)-16 with good ee (>88%) and high yields (>44%).

A systematic study under the same reaction conditions (CAL-B, 2 equiv.
acetic anhydride, toluene, 60 °C, 60 min) was performed to investigate the effect
of different substituents at position 6 [(+)-5, (+)-6 and (%)-7] and N-protecting
groups at position 2 [(£)-5, (£)-9 and (+)-10] on the reaction rate and E. The use of
the SE concept revealed that substituents at position 2 and 6 had a significant
effect on the reaction rate but only limited effect on the E of the reactions.

Amino esters of (S)-11-(S)-13 were transformed into (S)-5-(S)-7 via
methanolysis (in the presence of K,CO3; in MeOH at 60 °C) without changes in the
ee (98%) and yields of 75-90%. MW-assisted N-Boc PG removals for (R)-5—(R)-7
and (S)-11-(S)-13 were carried out in water at 100 °C and product enantiomers
(R)-73-75 and (S)-73-75 were isolated maintaining high ee values (>96%) and
with vyields of 38-79%. The N-Cbz group of (R)-9 was removed by catalytic
hydrogenation in a CF reactor and (R)-73 was isolated with an ee of 78%
(decreased from 88%) and a yield of 50%. The removal of the N-Fmoc group of
(R)-10 was performed in DMF containing 20% piperidine and product (R)-73 was
obtained with an ee of 99% and with a yield of 75% after 8 h.

19 new enantiomers were prepared and characterized by ee, optical rotation,

'H and *C NMR, elemental analysis and melting point measurements.""
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