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A straightforward chemoenzymatic synthesis of rasagiline mesylate has been developed. The key steps
for the introduction of chirality involved kinetic enzymatic resolution with lipases via acetylation of rac-
indanol and an inversion configuration Mitsunobu reaction of the produced (S)-indanol. Immobilized
lipase from Thermomyces lanuginosus proved to be a robust biocatalyst in the kinetic resolution, leading
to (S)-indanol with high selectivity (e.e. >99%, E>200) in just 15 min, at 35 °C, in hexane, being reused for
ten-times without significant loss of the activity and selectivity.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Rasagiline mesylate (R-7) (Fig. 1), also known as R-(+)-N-
propargyl-1-aminoindan mesylate, is a commercially marketed
pharmaceutically active substance, under the brand name Azilect®,
indicated for treatment of Parkinson’s disease (PD) being effective
both as monotherapy in early PD and as adjunctive in patients with
advancing PD and motor fluctuations [ 1-9]. This chiral compound is
a potent second-generation propargylamine pharmacophore that
selectively and irreversibly inhibits the B-form of the monoamine
oxidase enzyme (MAO-B) over type A by a factor of fourteen [3-10].
European drug-regulatory authorities approved this potent MAO-
B inhibitor in February 2005 and the US FDA in May 2006 [11].
Although the S-(—)-enantiomer of N-propargyl-1-aminoindane still
exerts some neuroprotective properties, the potency of R-(+)-
enantiomer against the MAO-B enzyme is approximately 1000-fold
higher [12].

In the last years, many efforts have been focused on devel-
oping procedures to introduce chirality in the target molecule
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(R-7) by the synthesis of R-1-aminoindan or R-N-propargyl-1-
aminoindan (R-6). Some examples are the strategies based on
classical kinetic resolution with chiral acids [4,12-22], hydrosily-
lation in the presence of chiral rhodium [23] or ruthenium [24]
catalysts, asymmetric synthesis using chiral auxiliaries [25-28] or
asymmetric induction using chiral oxazaborolidine [29]. Biocat-
alyticroutes include deracemization with cyclohexylamine oxidase
(CHAO) [30], kinetic enzymatic resolution in the presence of subtil-
isin [31,32], w-transaminase [33], lipase from Candida antarctica B
[34] and more recently dynamic kinetic resolution by C. antarctica
B and Pd nanocatalyst [35]. Although less employed, an alterna-
tive approach to the introduction of chirality in rasagiline mesylate
(R-7) is the synthesis of the intermediate (S)-indanol followed
by conversion of the hydroxyl group into a leaving group, and
subsequent reaction with an appropriate nucleophile to promote
inversion of configuration [36,37].

Chemists have found great difficulties in the kinetic resolution
of small molecules via nonenzymatic systems, rac-indanol being
historically one of the most challenging alcohols to enrich via the
aforementioned methodology [38-41]. On the other hand, enzy-
matic processes have been utilized successfully in resolving both
enantiomers of rac-indanol with high selectivity, especially in the
presence of lipases [42-50].
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Fig. 1. Chemoenzymatic synthesis of rasagiline mesylate.

Particularly, lipases (EC3.1.1.3) have largely demonstrated their
powerful utility as a versatile tool for the synthesis of enan-
tiomerically pure compounds of great importance, and are the
most employed enzymes in the industrial process in the last three
decades. This fact is mainly based on their wide availability in
nature, their broad substrate acceptance and low cost, besides the
maintenance of high activity and selectivity in organic solvents,
and the fact of not requiring the addition of cofactors during the
biocatalytic process [51,52].

Herein, we wish to report the chemoenzymatic synthesis of
rasagiline mesylate (R-7) which had the introduction of the chi-
rality in the target molecule achieved by lipase-mediated kinetic
resolution of rac-indanol (rac-2) followed by Mitsunobu reaction.
We have especially focused on the optimization of the reaction
conditions including the enzymes recycling outcome.

2. Experimental
2.1. Enzymes

(i) Immobilized lipases: C. antarctica lipase type B immobilized
on acrylic resin (CAL-B, Novozym 435, 7300.0U/g) and Rhizomu-
cor miehei lipase immobilized on anionic resin (RML, 150.0 U/g)
were purchased from Novozymes®. Thermomyces lanuginosus
lipase immobilized on immobead-150 (TLL, 250.0 U/g) and Rhizo-
pus oryzae lipase immobilized on immobead-150 (ROL, 340.0U/g)
were acquired from Sigma-Aldrich®. (ii) Free lipases: Pseudomonas
fluorescens lipase (AK, 22,100.0 U/g), Penicillium camemberti lipase
(G, 50.0 U/g), Aspergillus melleus lipase (Acylase I, 200.0U/g)
were acquired from Sigma-Aldrich®. Porcine pancreas lipase (PPL,
46.0U/g solid), and Candida rugosa lipase (CRL, 1.4U/g) were
obtained from Sigma®.

2.2. Chemical materials

Chemical reagents were purchased from different commercial
sources and used without further purification. Methanol, hexane,
ethyl acetate and dichloromethane were acquired from Synth®.
Toluene and diethyl ether were obtained from Vetec®. Acetoni-
trile and hexane, HPLC grade, were purchased from TEDIA® and

tetrahydrofuran was acquired from Sigma-Aldrich®. Solvents used
in the reaction of biocatalysis were distilled over an adequate des-
iccant under nitrogen. Analytical TLC analyses were performed on
aluminum sheets pre-coated with silica gel 60 F254 (0.2-mm thick)
from Merck®. Flash chromatographies were performed using silica
gel 60 (230-240 mesh).

2.3. Analysis

Melting points of the rac-indanol (rac-2) and (R)-Rasagiline
Mesylate (R-7) were determined in open capillary tube Mettler
Toledo model FP62 and are uncorrected. IR spectra were recorded
on a Perkin-Elmer 1720-X F7 using NaCl plates or KBr pellets
in. 'H, 13C NMR, and DEPT were obtained using Spectrometers
Bruker model Avance DPX 300 and Avance DRX-500, operating
at frequencies of 300 and 500 MHz for hydrogen and frequen-
cies of 75 and 125MHz for carbon, respectively. The chemical
shifts are given in delta (§) values and the coupling constants (J)
in Hertz (Hz). Measurement of the optical rotation was done in
a Perkin-Elmer 241 polarimeter. Gas chromatograph (GC) anal-
ysis were carried out in a Shimadzu chromatograph model GC
2010 with a flame ionization detector using a chiral column
CP-chirasil-dex (25 m x 0.25 mm x 0.25 pwm, 0.5 bar N, ). For the fol-
lowing of the reaction time courses: 110°C; 0.5 °C/min 130°C (hold
15 min); 5.0°C/min 140 °C (hold 5 min). Retention times were: (S)-
acetate (S-3) 32.68 min; (R)-acetate (R-3) 33.17 min; (S)-alcohol
(8-2) 37.95 min; (R)-alcohol (R-2) 38.98 min.

2.4. Calculation of enantiomeric excess, conversion and
enantiomeric ratio

The efficiency of kinetic resolution was evaluated based on
the optical purity of the compounds, expressed in terms of enan-
tiomeric excess of the substrate (e.e.s) and product (e.e.p ), using the
following Eqs. (1) and (2):

A-B

e.e.s = ATB @)
A-B

eep=7—% (2)
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A denote the majority enantiomer and B denote the minority
enantiomer represented by the chromatographic peak areas.
The conversion (c) is calculated using Eq. (3):
e.e.
C = 75
e.es+e.e.p

(3)
Enantioselectivity was expressed as enantiomeric ratio (E) and
calculated by Eq. (4):
_In[l—c(l+e.e.p)]
" In[l - c(1-e.e.p)]

The results of the e.e.s and e.e., are expressed in a percentage
using Eqs. (5) and (6):

E (4)

A-B

e.e.s = ATB x 100 (5)
A—B

e.ep= ATB x 100 (6)

Additionally, the conversion (c) is also calculated in a percent-
age, using (5) and (6).

2.5. Synthesis of rac-indanol (rac-2)

To a solution of indanone (1) (1000 mg, 7.50 mmol) in methanol
(75.5mL), sodium borohydride (1142.3mg, 30.20 mmol) was
slowly added at 0°C. The reaction mixture was stirred at 0°C for
30 min and then for 2.5h at room temperature, after which the
solvent was evaporated under reduced pressure. The resulting sus-
pension was acidified with 10 mL of 1N HCl and extracted with
EtOAc (3 x 50 mL). Organic phases were combined and dried over
Na, S0y, filtered and the solvent was evaporated under reduced
pressure, and the resulting crude purified after flash chromatogra-
phy (10-90% EtOAc/hexane) to afford rac-indanol (rac-2) as a white
solid in 86% yield.

2.6. Synthesis of rac-indanyl acetate (rac-3)

DMAP (143.8 mg, 1.25mol) and acetic anhydride (1185.6 p.L,
12.48 mmol) were added to a rac-indanol (rac-2), 500 mg,
4.16 mmol) solution in dichloromethane (40 mL). The reaction was
stirred at room temperature during 4h and after that time, the
solvent was evaporated under reduced pressure. The resulting
crude was purified by flash chromatography on silica gel (5-95%
EtOAc/hexane) to afford the desired rac-indanyl acetate (rac-3) as
a yellow liquid in 80% yield.

2.7. Synthesis of (R)-azidoindane (R-4)

Over a solution under a nitrogen atmosphere of (S)-indanol
(8-2) (500 mg, 3.70 mmol) in dry toluene (37 mL), DPPA (956 u.L,
4.44mmol) was added for 10 min at 0°C, after DBU (663.0 L,
4.44 mmol) was added dropwise at 0°C for 2h and the resulting
mixture was stirred at room temperature for 20 h. After this time,
the solvent was evaporated under reduced pressure and the crude
product was purified by flash chromatography on silica gel (hexane)
to afford (R)-azidoindane (R-4) as a yellow liquid in 70% yield.

2.8. Synthesis of (R)-indanamine (R-5)

A suspension of (R)-azidoindane (R-4) (200 mg, 1.26 mmol),
PPhj3 (366.8 mg, 1.40 mmol) and KOH (70.56 mg, 1.26 mmol) in THF
(9.45 mL) and water (3.15 mL) was stirred at room temperature for
24 h. After this time, the solvent was evaporated under reduced
pressure and the crude product was diluted with 5 mL of a 25% HCl
solution to pH 2. The resulting aqueous solution was washed with
Et,0 (3 x 50 mL) and treated with 8 mL of 25% NaOH solution to pH

14. After, the aqueous solution was extracted with Et;O (3 x 50 mL)
and the organic phases were combined and washed with brine
(30mL), dried with Na;SOy, filtered and the solvent evaporated
under reduced pressure affording (R)-indanamine (R-5) as a brown
oil in 70% yield.

2.9. Synthesis of (R)-N-propargyl-1-aminoindan (R-6)

A suspension of (R)-indanamine (R-5) (70mg, 0.53 mmol),
K,CO3 (76mg, 0.53mmol) and propargyl chloride (39.4 L,
0.53 mmol) in acetonitrile (5.3 mL) was stirred at 60°C for 16 h.
After this time, the solvent was evaporated under reduced pres-
sure and the crude product was diluted with 10 mL of a 10% NaOH
solution. The resulting aqueous solution was extracted with CH,Cl,
(3x50mL) and the organic phases were combined and dried
with Na,S0y, filtered and the solvent evaporated under reduced
pressure. The reaction crude was finally purified by flash chro-
matography on silica gel (40-60% EtOAc/hexane) affording the
corresponding (R)-N-propargyl-1-aminoindan (R-6) as an orange
liquid in 79% yield.

2.10. Synthesis of (R)-rasagiline mesylate (R-7)

A suspension of (R)-N-propargyl-1-aminoindan (R-6) (50 mg,
0.29 mmol)in 5 mL of isopropanol and 3 L of methanesulfonic acid
was heated to reflux for 1 h. After, the mixture was allowed to cool
to 5 °C.The obtained suspension was filtered, and the collected solid
was washed with 1.5 mL of isopropanol, affording the correspond-
ing optically active (R)-rasagiline mesylate (R-7) as a white solid in
98% yield.

2.11. General procedure for the lipase-catalyzed hydrolysis of
rac-indanyl acetate (rac-3) (screening)

A suspension of rac-indanyl acetate (rac-3) (30 mg, 0.17 mmol)
and lipase (ratio 2:1 in weight respect to the rac-3) in a mixture
of phosphate buffer 100 mM pH 7.0/THF (80/20, v/v) was shaken
at 30°C and 250 rpm for 24 h. After this time, the products were
extracted with EtOAc (3 x 10mL) and the organic phases were
combined and dried with Na,SOy,, filtered and the solvent evap-
orated under reduced pressure. The reaction crude was purified by
flash chromatography on silica gel (5-95% EtOAc/hexane), yielding
(S)-indanyl acetate (S-3) and (R)-indanol (R-2) being their enan-
tiomeric excess determined by GC.

2.12. General procedure for the lipase-catalyzed acetylation of
rac-indanol (rac-2)

To a suspension of the rac-2 (30mg, 0.22 mmol) and lipase
(15mg) indry organic solvent (2.2 mL) under nitrogen atmosphere,
vinyl acetate (103 L, 1.10 mmol) was added, and the reaction was
shaken at temperatures ranging from 30 to 50°C and 250 rpm.
Aliquots were regularly analysed by GC analysis and after the ade-
quate time, the reaction was stopped and the enzyme filtered off
and washed with the respective solvent (50 mL). The solvent was
evaporated under reduced pressure and the reaction crude puri-
fied by flash chromatography on silica gel (5-95% EtOAc/hexane),
yielding (S)-indanol (§-2) and (R)-indanyl acetate (R-3), being their
enantiomeric excess determined by GC.

rac-Indanol (rac-2): Solid. Ry (10% EtOAc/hexane): 0.25. m.p.:
52-55°C. IR Umax (cm~1): 3209, 1475, 1455, 1326, 1053, 760 and
738 cm~!. TH NMR (500 MHz, CD30D) § (ppm): 1.9 (m, 1H), 2.4 (m,
1H), 2.8 (m, 1H), 3.0 (m, 1H), 5.1 (t, 1H, J=6.2Hz), 7.2 (m, 3H) and
7.4 (dd, 1H, J= 6.0Hz and 2.6 Hz). 13C NMR (125 MHz, CD30D) §
(ppm): 29.9 (CH,), 35.9 (CH,), 76.4 (CH), 124.3 (CH), 125.0 (CH),
126.8 (CH), 128.4 (CH), 143.4 (C) and 145.1 (C).
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Fig. 2. GC chromatograms of rac-indanyl acetate tg 32.68 min. (S) tg 33.17 min. (R) and rac-indanol tg 37.95 min. (S) tg 38.98 min. (R).

rac-Indanyl acetate (rac-3): Liquid. Rf (5% EtOAc/hexane): 0.53.
IR Umax (cm~1): 1730, 1232, 1479, 1462 and 751 cm-!. 'H NMR
(300 MHz, CDCl3) § (ppm): 2.0 (s, 3H), 2.1 (m, 1H), 2.5 (m, 1H), 2.9
(m, 1H),3.1(m, 1H), 6.2 (t, 1H,] = 6.8 Hz), 7.2 (m, 3H) and 7.4 (dd, 1H,
J=7.9 and 2.3 Hz). 13C NMR (75 MHz, CDCl3) § (ppm): 21.5 (CH3),
30.4(CH,), 32.5 (CH,), 78.6 (CH), 125.0 (CH), 125.7 (CH), 126.9 (CH),
129.1 (CH), 141.3 (C), 144.6 (C) and 171.3 (C).

(R)-azidoindane (R-4): Liquid. R (hexane): 0.55. IR Umax (cm~1):
2086, 1479, 1478, 1235 and 751 cm~". "H NMR (300 MHz, CDCl3) &
(ppm): 2.1 (m, 1H), 2.4 (m, 1H), 2.9 (m, 1H), 3.0 (m, 1H), 4.9 (dd, 1H,
J=9.0Hz and J=4.9Hz), 7.3 (m, 3H) and 7.4 (dd, 1H, J=6.5Hz and
2.0Hz). 13C NMR (75 MHz, CDCl3) § (ppm): 30.5 (CH5), 32.5 (CH,),
65.9 (CH), 124.6 (CH), 125.1 (CH), 126.9 (CH), 128.9 (CH), 140.7 (C)
and 143.7 (C). [«]p2? =+28.7 (c 1.5, hexane) for 95% e.e. of the (R)-
enantiomer. Lit [o]p20 =+29.3 (c 1.61, hexane) for 94.1% e.e. of the
(R)-enantiomer [53].

(R)-indanamine (R-5): Oil. Ry (10% MeOH/CHCl;): 0.25. IR Umax
(cm—1): 2920, 2849, 1476, 1457, 1059 and 740cm~'. 'H NMR
(300 MHz, CDCl3) § (ppm): 1.7 (m, 1H), 1.8 (s, 2H), 2.5 (m, 1H),
2.8 (m, 1H), 2.9 (m, 1H), 4.4 (t, 1H, J=7.4Hz), 7.2 (m, 3H) and 7.3
(dd, 1H, J=9.0Hz and 2.2 Hz). 13C NMR (75 MHz, CDCl3) & (ppm):
30.3(CH,),37.5(CH,), 57.4 (CH), 123.5 (CH), 124.9 (CH), 126.7 (CH),
127.4 (CH), 143.7 (C) and 147.6 (C). [@]p2° = —19.6 (¢ 1.0, CHCl3) for
92% e.e. of the (R)-enantiomer. Lit [a]p2? = —20.0 (c 1.0, CHCI3) for
96% e.e. of the (R)-enantiomer [27].

(R)-N-propargyl-1-aminoindan  (R-6) Liquid. Ry (40%
EtOAc/hexane): 0.40. IR Umax (cm~1): 3290, 2926, 2848, 1477,
1456 and 742cm~!. 'TH NMR (300 MHz, CDCl3) § (ppm): 1.7 (s,

H), 1.85 (m, 1H), 2.25 (s, 1H), 2.4 (m, 1H), 2.8 (m, 1H), 3.1 (m, 1H),
3.5 (s, 2H), 4.4 (t, 1H, J=6.2 Hz), 7.2 (m, 3H), 7.4 (dd, 1H, J=7.9 and
2.7Hz). 13C NMR (75 MHz, CDCl3) § (ppm): 30.7 (CH5), 33.5 (CHy),
36.4 (CH,), 62.1 (CH), 71.6 (CH), 82.7 (C), 124.4 (CH), 125.1 (CH),
126.5 (CH), 127.8 (CH), 144.0 (C) and 144.7 (C). [«]p2° =+17.6 (c
1.0, CHCI3) for 92% e.e. of the (R)-enantiomer. Lit [a]p2° =+18.8 (c
1.7, CHCI3) for 94% e.e. of the (R)-enantiomer [54].

Rasagiline mesylate (R-7): Solid. Mp: 156-158°C. IR Umax
(cm~1): 3292, 3050 2920, 2847, 1471, 1458, 1351, 1180, 985, 890,
752, 740, 518 and 492 cm~'. 'H NMR (300 MHz, CD;0D) § (ppm):
2.0(s,1H),2.3(s,1H),2.5(m, 1H), 2.6 (s, 3H), 2.7 (m, 1H), 2.9 (m, 1H),
3.1(m, 1H),3.8(s,2H),4.0(t, 1H,J=6.2 Hz), 7.1 (m, 3H), 7.45 (dd, 1H,
J=7.8Hzand 3.0Hz). 3CNMR (75 MHz, CDCl3) § (ppm): 30.0 (CH,),
33.1 (CHy), 37.2 (CH,), 38.0 (CH3), 62.8 (CH), 80.7 (CH), 84.0 (C),

124.6 (CH), 125.0 (CH), 126.8 (CH), 128.0 (CH), 144.8 (C) and 145.1
(). [a]p29=+19.0 (c 2.0, EtOH) for 92% e.e. of the (R)-enantiomer.
Lit [a]p20=+21.46 (c 2.0, EtOH) for 99% e.e. of the (R)-enantiomer
[55].

3. Results and discussion

The straightforward chemoenzymatic synthesis of rasagiline
mesylate (R-7) is depicted in Fig. 1. The key steps for the intro-
duction of the R-configuration in the target molecule (R-7) were
the kinetic enzymatic resolution of racemic indanol (rac-2), and
subsequent Mitsunobu reaction in the obtained (S)-indanol (§-2).

3.1. Synthesis of racemic indanol (rac-2) and its acetate (rac-3)

Initially, the reduction of indanone (1) was carried out by using
sodium borohydride in MeOH to yield the racemic alcohol (rac-2)
in 86% yield after flash chromatography [56]. Next, the chemical
acetylation (Ac;O/DMAP/CH,Cl,) of rac-2 at room temperature
allowed the preparation of the corresponding racemic acetate
(rac-3) with 80% isolated yield. Adequate chiral GC analyses were
developed for both alcohol and acetate in order to achieve a reli-
able method to measure the enantiomeric excess values of both
remaining substrate and the final product from the lipase-catalyzed
resolution, Fig. 2.

3.2. Kinetic resolution of rac-indanyl acetate (rac-3) via
hydrolysis reaction

For initial screening, nine commercially available lipases (ratio
2:1 in weight respect to rac-3) were tried in the resolution of rac-
3 at 30°C and 24 h of time reaction. This hydrolytic approach is
depicted in Fig. 3 (Path a) and all the experimental data are sum-
marized in Table 1.

Asresult, lipases from R. oryzae immobilized on immobead-150,
C. antarctica type B immobilized on acrylic resin, A. melleus and R.
miehei immobilized on anionic resin led to low values of enan-
tiomeric ratio (E 1-14), conversion (c 3-18%) and enantiomeric
excess of the substrate (e.e.s 1-15%) and product (e.e., 14-86%),
respectively (Table 1 entries 3, 5, 8 and 9). Meanwhile, lipases from
P. camemberti and porcine pancreas led to high values of enan-
tiomeric excess of the product (e.e.,, 96% and 89%), but low values of
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R = H; rac-2
R = OAc; rac-3
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R=0Ac R=H
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CO - Co

A = lipase; buffer P042‘ (pH 7); THF; 30°C; 24 h
B = lipase; organic solvent; VinOAc; 250 r.p.m.

Fig. 3. (Path a) Kinetic enzymatic resolution of rac-3 via hydrolysis reaction; (Path
b) kinetic enzymatic resolution of rac-2 via acetylation reaction.

Table 1
Kinetic resolution via hydrolysis of rac-indanyl acetate using lipases.?
Entry  Lipase ees’ (%) eep’ (%) (%) E!
1 P. camemberti 40 96 29 76
2 P. fluorescens 90 94 49 111
3 R. oryzae immobilized 15 78 16 9
on immobead-150
4 T. lanuginosus 93 96 49 167
immobilized on
immobead-150
5 CAL-B immobilized on 3 14 18 1
acrylic resin
6 C. rugosa® 82 86 51 28
7 Porcine pancreas 21 89 19 23
8 Acylase | from A. 1 37 3 2
melleus
9 R. miehei immobilized 6 86 7 14

on anionic resin

2 Conditions: 30°C, 24 h and lipase:rac-3 (2:1) at 250 r.p.m.
b Determined by GC.

¢ Conversion, c=e.e.s/(e.e.s +e.e.p).

4 Enantiomeric ratio, E=In[1—c(1+e.e.;)]/In[1—c(1 —e.e.p)].
¢ Conversion of 51% reached at 14 h.

enantiomeric excess of the substrate (e.e.s 40% and 21%), low con-
version values (c 29 and 19%) and moderate to low enantiomeric
ratio (E 76 and 23), respectively (Table 1, entries 1 and 7). Conver-
sion value of 60% was achieved in the presence of lipase from C.
rugosa, after 24 h of reaction. With this result, enantiomeric excess
values of both substrate and product could not be analyzed. Thus,
we monitored the reaction until a conversion of 51% in 14h was
reached. As a result enantiomeric excess values of substrate and
product of 82% and 86%, respectively, and enantiomeric ratio (E) of
28, were obtained (Table 1, entry 6).

The most effective lipases in the kinetic resolution of indanyl
acetate (rac-3) were lipase from P. fluorescens Amano AK and the
lipase from T. lanuginosus, with conversion close to 50%, enan-
tiomeric excess values of the substrate (e.e.s 90% and 93%) and
product (e.e., 94% and 96%), respectively and the enantiomeric ratio
(E)>100 (Table 1, entries 2 and 4).

3.3. Kinetic resolution of indanol (rac-2) via acetylation reaction

With the aim of improving enzymatic kinetic resolution and pro-
duce indanol with the desired S-configuration (S-2), we turned our
attention to the acetylation reaction in organic solvents by using
the most efficient enzymes (ratio 2:1 in weight respect to rac-2)
from the previous screening, Fig. 3 (Path b). The acetylation reac-
tions were carried out in the presence of vinyl acetate (VinOAc)
as acyl donor and organic solvents as acetonitrile (MeCN), toluene,
tetrahydrofuran (THF) and hexane at temperatures ranging from
30 to 50°C. All the experimental data are summarized in Table 2.

The kinetic resolution of rac-indanol (rac-2) in the presence
of lipase Amano AK from P. fluorenscens was more efficient using
hexane at 30°C in 15 min of reaction, obtaining the S-2 with 98%
enantiomeric excess and the remaining acetate R-3 with 97% enan-
tiomeric excess, conversion of 50%, and enantiomeric ratio (E) > 200
(Table 2, entry 7). A slightly better enantiopreference was observed
when the reaction was carried out in the presence of lipase from
T. lanuginosus in hexane, attaining 50% conversion after 15 min at
35°C, and yielding both S-indanol (S-2) and R-indanyl acetate (R-
3) with enantiomeric excess > 99%, and enantiomeric ratio (E) > 200
(Table 2, entry 16). It is noteworthy that the kinetic resolution in the
presence of T. lanuginosus in hexane at 30°C reached a conversion
of 50% after 6 h, but an increase in temperature of 5°C (35°C) was
responsible for achieving 50% conversion in just 15 min of reac-
tion. Low or moderate activity and selectivity were observed in

Table 2
Kinetic resolution via acetylation of rac-indanol using lipases in organic solvents.?
Lipase Entry Solvent T(°C) Time (min) e.es (%)° e.e.p, (%)° c (%) Ed
Lipase AK from P. fluorescens 1 MeCN 30 360 94 96 49 >200
2 MeCN 50 60 92 94 49 116
3 Toluene 30 360 82 >99 45 >200
4 Toluene 50 360 51 >99 34 >200
5 THF 30 360 3 >99 3 >200
6 THF 50 360 71 >99 42 >200
7 Hexane 30 15 98(78) 97(85) 50 >200
8 MeCN 30 360 32 >99 24 >200
T. lanuginosus lipase immobilized 9 MeCN 50 360 77 >99 44 >200
on immobead-150 10 Toluene 30 360 9 >99 8 >200
11 Toluene 50 360 17 >99 14 >200
12 THF 30 360 3 >99 3 >200
13 THF 50 360 1 >99 1 >200
14 Hexane 30 360 >99 96 51 >200
15 Hexane 50 60 >99 92 52 126
16 Hexane 35 15 >99(80) >99(89) 50 >200

2 Conditions: 5 equiv. of vinyl acetate and lipase:rac-2 (2:1) at 250 r.p.m.
b Determined by GC and isolated yields in brackets.
¢ Conversion, c=e.e.s/(e.e.s +e.e.p).

4 Enantiomeric ratio, E=In[1 —c(1+e.e.;)]/In[1—c(1 —e.e.p)].
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the presence of solvents with higher dielectric constant as MeCN
(37.5), THF (7.5) and toluene (2.4) when compared with hexane
(1.9) even at higher temperatures. In fact, Fitzpatric and Klibanov
[57] showed that the dielectric constant of a solvent maintains an
inverse relationship with enantioselectivity of an enzyme. Accord-
ing to these authors, the increase of the dielectric constantincreases
the flexibility of the enzyme and with this, the steric constraints
become more forgiving, thereby allowing for a great reactivity
of both enantiomers and, in turn, relaxed enantioselectivity. In
addition, it is known that the structure of a solvent exerts some
influence in the enantioselectivity. Generally, linear solvents are
more effective than those with a branched chain in transesterifi-
cation mediated by a lipase [58]. Besides dielectric constant and
the structure of solvent, 1-octanol-water partition constant (log P)
is an important solvent property that was proposed as a quantita-
tive measure of solvent polarity. In general, the enzyme activity for
lipase catalyzed reactions increases with increasing the log P value
of the solvent. Polar solvents strips-off the essential hydration layer
on the enzyme surface and thus caused the enzyme inactivation,
whereas apolar solvents preserves the microaqueous layer around
the enzyme, thereby retaining the activity [59,60]. Thus, n-hexane
(log P 3.5) was more effective in comparison with solvents with
lower log P such as toluene (2.5), THF (0.46) and MeCN (—0.34). It is
noteworthy that the relationship between log P of the solvent and
the ability of a lipase to mediate a specific reaction is not so straight-
forward suggesting an in-depth analysis of the reaction system is
required taking into account an appropriate juxtaposition of polar-
ities of substrate, product, solvent, and enzyme-solvent interphase
[61,62].

3.4. Optimization of enzyme:substrate ratio

Based on the results achieved with lipase from T. lanuginosus,
this enzyme was chosen for subsequent experiments. An attempt
was also made to improve the enzyme loading (enzyme:substrate).
Consequently, a set of preliminary experiments were performed
with decreasing amount of enzyme (1:1, 0.5:1 and 0.25:1), which
led to identical results when 1:1 and 0.5:1 (e.e.s and e.e., >99%,
c=50%) enzyme:substrate ratios were used. A decrease in the enzy-
matic activity and selectivity (e.e.s=75%; e.e., >99% and c=43%)
was observed with the ratio of 0.25:1.

3.5. Reuse of the immobilized enzyme

The next step was to study the recycling of the lipases from
T. lanuginosus immobilized on immobead-150 by performing the
acetylation of rac-indanol (rac-2) with vinyl acetate in hexane at
35°Cand using aratio of 0.5:1 (enzyme:substrate, w/w) for 15 min
of reaction. Reproducible results were observed, over ten reuse
cycles, in terms of enantioselectivity (E >200), conversion (50-51%)
and enantiomeric excess values (97% to >99%).

3.6. Synthesis of rasagiline mesylate (R-7)

Once the potential of the kinetic enzymatic resolution of
rac-indanol via acetylation reaction was demonstrated to obtain
enantiomerically pure $-2, we turned our attention to the synthesis
of rasagiline mesylate (R-7). Starting from S-2, a modified Mitsunobu
reaction [63] was performed, which yielded (R)-azidoindane (R-4)
in 70%. This compound was subjected to Staudinger reaction in a
similar protocol described by Hanessian et al. [64], in the presence
of PPh; and THF/H;O0, and afforded (R)-indanamine (R-5) in mod-
erate yield (45%). While searching for suitable reaction conditions
[65,66], we found that adding base (KOH) in the reaction medium
and using saturated NaCl solution (brine) in the extraction step
improves the yield of (R)-indanamine (R-5) to 70%.

Finally, reaction between R-indanamine (R-5) and propar-
gyl chloride afforded (R)-N-propargyl-1-aminoindan (R-6) in 79%
yield. Subsequent treatment of R-6 with methanesulfonic acid
afforded rasagiline mesylate (R-7) in 98% yield.

4. Conclusion

In summary, we have successfully developed a chemoenzymatic
synthesis of rasagiline mesylate (R-7). The key steps for introduc-
tion of chirality in the target molecule with R-configuration were
achieved by lipase-mediated kinetic resolution via acetylation reac-
tion of rac-indanol (rac-2) followed by Mitsunobu reaction. The
most effective lipases in kinetic resolution of rac-indanol were
Amano AK from P. fluorenscens and lipase from T. lanuginosus. The
latter proved to be a robust biocatalyst since in only 15 minutes of
reaction, a ratio enzyme:substrate (0.5:1), under mild conditions,
led to the desired enantiomer (S)-indanol (S-2) with e.e. > 99% at full
conversion of 50%. Finally, this synthetic strategy to obtain rasag-
iline mesylate can be considered environmentally benign, since a
commercially available, low cost, stable, reusable for multiple reac-
tion cycles and highly enantioselective biocatalyst was used.
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