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ABSTRACT A biocatalytic route for the synthesis of a potential B-blocker, (S)-moprolol is re-
ported here. Enantiopure synthesis of moprolol is mainly dependent on the chiral intermediate,
3-(2-methoxyphenoxy)-propane-1,2-diol. Various commercial lipases were screened for the
enantioselective resolution of (RS)-3-(2-methoxyphenoxy)propane-1,2-diol to produce the de-
sired enantiomer. Among them, Aspergillus niger lipase (ANL) was selected on the basis of both
stereo- and regioselectivity. The optimized values of various reaction parameters were deter-
mined such as enzyme (15 mg/mL), substrate concentration (10 mM), organic solvent (toluene),
reaction temperature (30°C), and time (18h).The optimized conditions led to achieving >49%
yield with high enantiomeric excess of (S)-3-(2-methoxyphenoxy)propane-1,2-diol. The lipase-
mediated catalysis showed regioselective acylation with dual stereoselectivity. Further, the
enantiopure intermediate was used for the synthesis of (S)-moprolol, which afforded the desired

B-blocker. Chirality 28:313-318, 2016. © 2016 Wiley Periodicals, Inc.
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Moprolol  (1-(isopropylamino)-3-(O-methoxyphenoxy)-2-
propanol), a nonselective p-blocker, is used in the treatment
of ocular hypertension, ischemic heart disease, congestive
heart failure, and certain arrhythmias. Although currently
marketed in the racemic form, the (S)-enantiomer of moprolol
is a eutomer while the (R)-enantiomer is a distomer. (S)-
moprolol acts as a B-blocker and is more potent than its
(RS)-form. The literature reveals the presence of quite a good
number of publications detailing the synthesis of the enantio-
enriched pure form of moprolol. Different synthetic ap-
proaches towards the synthesis of moprolol are summarized
in Scheme 1. Synthesis of (S)-moprolol by proline catalyzed
a-aminoxylation of aldehydes with 93% yield was reported by
Panchgalle et al. (Route A).! The Jacobsen type of hydrolysis
for the enantiospecific synthesis of (S)-moprolol with 16%
yield is also reported (Route B).>™* Stereoselective synthesis
of (S)-moprolol by tetrahydrosalen-Cu(I) complex catalyzed
the Henry reaction is reported with 96% yield.> Epoxide ring
opening with isopropylamine for the enantiospecific synthesis
of moprolol was reported by Kamal et al. (Route C).®” Syn-
thesis of (S)-moprolol by kinetic resolution of chlorohydrin
derivatives using Pseudomonas lipase was also discussed by
Ader et al. (Route D).® Chemical synthesis of enantiopure
guaifenesin for the production of (S)-moprolol was also
reported by Bredikihina et al. (Route E).° Moreover,
Pseudomonas cepacia lipase-mediated enantiopure synthesis
of (S)-3-hydroxy-4-(4-methoxyphenoxy)- butanenitrile (yield
43%, enantiomeric excess [ee/ =99%) and moprolol (88% yield)
was also discussed by Kamal et al. (Routes F, G).!° Interest-
ingly, a 7-step synthesis of moprolol via OsO4-catalyzed asym-
metric dihydroxylation was mentioned in the literature with
76% yield by Sayyed et al. (Route H).!* Most of the methods
described above have several disadvantages, including high
cost of chiral metal catalysts, toxicity of the catalysts used,
multiple reaction steps, issues associated with moisture
sensitivity, removal of major byproducts, and a tedious sepa-
ration process. The biocatalytic method reported previously
(Routes F, G)*° used a four-step chemical reaction to obtain
© 2016 Wiley Periodicals, Inc.

(S)-moprolol from the chiral intermediate. Here we report a
new chemo-enzymatic route for the synthesis of (S)-moprolol
from a different starting material with improved yield and
higher ee, which does not require costly and toxic chemicals.
Lipase, a highly versatile biocatalyst, has been extensively
used for the kinetic resolution of racemic alcohols for the syn-
thesis of enantiopure drugs and drug intermediates.'>** Due
to its high regio- and stereoselectivity, lipase was selected for
the biocatalytic resolution of intermediary diol in this study.
Here the chemical synthesis of (S)-moprolol from the chiral
intermediate was reduced to two steps, thus making it a
better method.

MATERIALS AND METHODS
Analytical Methods

Reactions were analyzed by 'H NMR and **C NMR spectra, obtained
with a Bruker (Billerica, MA) DPX 400 (‘H 400 MHz and *C
100 MHz), and chemical shifts are expressed in & units relative to the
tetramethylsilane (TMS) signal as an internal reference in CDCls. IR
spectra (wave number in cm’l) were recorded on a Nicolet (Madison,
WI) FT-IR impact 400 instrument. Analytical thin-layer chromatography
(TLC) of all the reactions was carried out on Merck (Darmstadt,
Germany) plates. SRL silica gel (60-120 mesh) was used in column chro-
matography. The enantiomeric excesses (ee) were determined by HPLC
(Shimadzu, Japan, LC-10AT ’pump, SPD-10A UV-VIS detector) using a
Chiralcel OD-H column (0.46 x 250 mm; 5 pm, Daicel, Japan) at 254 nm,
with mobile phase, hexane:2-propanol (9:1); flow rate, 1 mL/min, and col-
umn temperature of 25 °C.

Reagents

(RS)/ (R)/ (S)-2-methoxyphenol, glycidol, isopropylamine, and the li-
pase preparations from Candida antarctica (CAL) in acrylic resin, C.
rugosa 62316 (CRL 62316), C. rugosa 90860 (CRL 90860), C. rugosa
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Scheme 1. Various synthetic strategies for (S)-moprolol.

1-1754 (CRL L1754), C. cylindracea (CCL), Aspergillus niger (ANL), cross-
linked enzyme aggregates (CLEA) of C. antarctica, lipase from Pseudomo-
nas cepacia (PCL), immobilized lipase from Mucor miehei (MML), and
lipase from porcine pancreas (PPL) were purchased from Sigma
(St. Louis, MO), and Fluka (Buchs, Switzerland). Lipase AY “Amano”30
was purchased from Amano Chem (USA). The reagent-grade solvents such
as hexane, ethyl acetate, etc., were procured from various commercial
sources. Solvents of high-performance liquid chromatography (HPLC)-
grade such as hexane and 2-propanol were obtained from J.T. Baker
(Phillipsburg, NJ).

Synthesis of (RS)-3-(2-methoxyphenoxy) Propane-1,2-diol 3

(RS)-3 was prepared by the reaction of 2-methoxy-phenol 1 (10 mmol,
leq.) with (RS)-oxiran-2-yl-methanol 2 (10 mmol, 1eq.) in the presence
of KoCO3 (2.07g, 1.5eq.) in MeCN (20mL) at 65-70°C for 12h
(Scheme 3). The reaction mixture was filtered and the filtrate was dried
under vacuum. Further, it was solubilized in ethyl acetate and extracted
against water. The organic layer was isolated and dried in rotavapor.
The dried fraction was then subjected to column chromatography (silica
60-120, hexane: ethyl acetate:: 9:1) to isolate the pure product.

(RS)-3-(2-methoxyphenoxy) propane-1,2-diol 3, a yellowish white solid
(90% vield, 3.76g); 'H NMR (400 MHz, CDCL): d 3.72-3.79 (m, 2H),
3.82 (s, 3H), 3.98-4.04 (m, 2H), 4.09-4.15 (m, 1H) 6.86-6.94 (m, 4H);
3¢ NMR (100 MHz, CDCly): & 55.8, 63.8, 69.9, 72.1, 111.8, 120.7, 121.2,
122.2, 147.9, 149.6; MS (m/2): 199.28.

Enantioselective Transesterification of (RS)-3

Commerecial lipases from different sources such as Candida antarctica,
C. rugosa 90860, C. rugosa 62316, C. rugosa 1-1754, C. cylindracea,
Aspergillus niger, porcine pancreas, AY “Amano”30, and the immobilized
lipases like sol-gel-Ak from Pseudomonas cepacia, immobilized lipozyme
from Mucor micehei, lipase acrylic resin from C. antarctica CLEA, were
individually put into separate 5mL conical flasks. Substrate (RS)-3
(10 mM) in 0.9 mL toluene along with 0.1 mL vinyl acetate (acyl donor)
was added into each flask. The flasks were then capped and placed in
an incubator shaker at 37 °C (200 rpm). Reactions were worked up after
24 h and conversion and the ee were monitored by HPLC.

Preparative-Scale Transesterification Reaction of (RS)-3

The resolution of (RS)-3 was carried out in preparative scale under the
optimized condition. The transesterification was performed with 20 mmol

Chirality DOI 10.1002/chir

(3.96 g) substrate and ANL lipase at 30 °C using vinyl acetate as the acyl
donor in 50mL toluene. The reaction mixture was filtered and
enzyme preparation was washed with toluene when the transformation
was ~50% in 18 h (52.4% conversion for (R)-4; 50% conversion for
(S)-5). The solvent was evaporated under vacuum and the resulting
dried residue was subjected to flash chromatography (hexane:
ethyl acetate:: 17:3).

(R)-3-(2-methoxyphenoxy) propane-1,2-diyl diacetate 4, a yellow liquid
@27% yield, 1.1g); 'H NMR (400 MHz, CDCly): § 2.04 (s, 6H), 3.8 (s, 3H),
4.14-4.18 (m, 2H), 4.28-4.33 (m, 1H), 4.47 (dd, J=15.8, 12, 1H), 5.35-5.39
(m, 1H), 6.86-6.98 (m, 4H); "*C NMR (100 MHz, CDCI3): 5 20. 9, 55.9,
61.9, 66.8, 69.3, 111.8, 120.6, 121.1, 122.1, 147.9, 149.5, 169.5; MS (APCI)
(m/2): 283.39. The product was then subjected to chiral HPLC analysis
using chiral OD-H column, the (R)-enantiomer was eluted at tg =7 min
(hexane: 2-propanol:: 9:1) with >99% ee.

(S)-1-hydroxy-3-(2-methoxyphenoxy) propan-2-yl acetate 5, a colorless
liquid (18% yield, 0.7g); 'H NMR (400 MHz, CDCLy): 5 2.04 (s, 3H),
3.72-3.79 (m, 1H), 3.82 (s, 3H), 4.14-4.18 (m, 2H), 4.28-4.33 (m, 1H),
4.42-447 (m, 1H), 4.55-4.59 (m, 1H), 6.866.98 (m, 4H); *C NMR
(100 MHz, CDCly): & 21. 4, 55.8, 61.5, 66.8, 73.1, 111.8, 120.7, 121.1,
122.1, 147.9, 149.6, 169.5; MS (APCI) (m/2): 241.37. The product was then
subjected to chiral HPLC analysis using chiral OD-H column, the
(S)-enantiomer was eluted at tgs=11min (hexane: 2-propanol:: 9:1)
with >99% ee.

Deacylation of (R)-4 and (S)-5

A solution of K,CO5 (0.27 g, 2mmol) in deionized water (1 mL) was
added separately to (R)-4 and (S)-5 (1 mmol) in methanol (5mL) and
the reaction mixture was kept under stirring for 2 h at room temperature
(25-30°C). After completion, the reaction mixture was extracted with
ethyl acetate (3 x 15mL) and water (10 mL). The combined organic layer
was dried over Na,SO, and concentrated under vacuum to obtain the
crude product, which was purified by column chromatography (hexane:
ethyl acetate:: 17:3) on silica gel (100-200 mesh) to obtain the corre-
sponding alcohol.

(R)-3: a grayish white solid, (90% yield, 0.243 g); 100% ee. [alf) 9.43
(c 1.0, MeOH) ' The product was then subjected to chiral HPLC analysis
using a Chiralcel OD-H column, the enantiomer was eluted at tg = 7.6 min
(hexane: 2-propanol:: 9:1).

(9)-3: a light yellow liquid, (91% yield, 0.246 g); 100% ee. [a]} +9.16
(c 1.0, MeOH).6 The product was then subjected to chiral HPLC analysis
using a Chiralcel OD-H column, the enantiomer was eluted at
ts=13.7 min (hexane:2-propanol:: 9:1).
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Scheme 2. Retrosynthetic pathway for the chemoenzymatic synthesis of (S)-moprolol.

Synthesis of (S)-6

The enantiopure alcohol, (S)-3 (0.3g, 1.5mmol, 1eq.) in 15mL of
CH,Cl, was kept under stirring conditions in an ice bath for 10 min and
subsequently DBU (300 uL, 2 mmol, 2eq.) and p-TsCl (0.38¢g, 1 mmol,
2eq.) was added. After 20 min, the reaction mixture was removed from
the ice bath and concentrated under vacuum to afford the desired
tosylated derivative. The intermediate was directly used in the next step
without further purification and characterization. The tosylated intermedi-
ate (1 mmol, 1eq.) was treated with isopropylamine (1 mmol, 1.5eq.) in
methanol (2mL) at room temperature (25-30°C) for 4 h. After comple-
tion, the reaction mixture was extracted with ethyl acetate. The combined
organic layer was dried with Na,SO, and concentrated under vacuum.
The residue was then taken for purification by column chromatography
using silica gel (60-120 mesh) and eluted with hexane:ethyl acetate
(17:3) to obtain (S)-6: a white solid (35% yield in two steps, 43 mg);
[0]y=-7.5 (c 0.9, CHCl3);'"H NMR (400 MHz, CDCls): & 1.01-1.09
(s, 6H), 2.66-2.68 (m, 2H), 2.72-2.74 (m, 2H), 3.8 (s, 3H), 3.9-4.04
(m, 2H), 4.07-4.08 (m, 1H) 6.88-6.90 (m, 4H),: *C NMR (100 MHz,
CDCls): & 18.23, 53.87, 54.64, 55.95, 68.13, 68.71, 71.75, 112.73, 113.68,
121.30, 148.80, 149.51; MS (APCI) (m/z): 239.29.

RESULTS AND DISCUSSION

In the present day’s context, the use of green chemistry
tools in the design of a new synthetic route is highly desir-
able.!”® Introduction of biocatalysis for the synthesis of
drug-drug intermediates is a graceful approach towards
green chemistry.'® Enzymatic kinetic resolution of various ra-
cemic secondary alcohols?®?? encouraged us to design a new
chemoenzymatic route for (S)-moprolol. Retrosynthetic path-
way for the synthesis of (S)-moprolol is shown in Scheme 2.

Synthesis of (RS)-3-(2-methoxyphenoxy) Propane-1,2-diol (3)

(RS)-3-(2-methoxyphenoxy)propane-1,2-diol (3) is a key
intermediate for the preparation of enantiopure moprolol.
Among the various methods reported in the literature
(Scheme 1, Routes A-H), only one group (Route B) used
this alcohol as a precursor to moprolol. However, their
approach did not involve any biocatalytic pathway.
Following a reported procedure with modification,® the ra-
cemic alcohol (RS)-3 was prepared by the reaction of
2-methoxyphenol 1 with (RS)-oxiran-2-yl-methanol 2 in the
presence of Ky,CO; in MeCN at 65-70°C for 12h
(Scheme 3). The desired racemic product was obtained
with 90% yield and was characterized by NMR spectros-
copy, mass spectrometry, and chiral HPLC (see Supporting
Information for HPLC chromatogram).

MeCN 65-70°C

OH
O e oo

Scheme 3. Synthesis of (RS)-3-(2-methoxyphenoxy)propane-1,2-diol (3).

Biocatalytic Route for the Kinetic Resolution of (RS)-3

Biocatalysis is an important methodology for the Kinetic
resolution of key racemic intermediates. This method gives
easy access to enantiopure drugs or drug intermediates that
are difficult to synthesize otherwise. Lipase is an important
bicatalytic enzyme that can play key role in kinetic resolution
of racemic diols. Among various biocatalysts, lipases gained
immense popularity for their versatile use in producing
enantiopure compounds.

Lipase-Mediated Kinetic Resolution of (RS)-3

Among the various lipases screened, Aspergillus niger lipase
(ANL) exhibited the best selectivity for the conversion of
(RS)-3 to diacylated derivative (R)-4 and monoacylated deriv-
ative (S)-5 (Scheme 4) which lead to the kinetic resolution of
the racemic diol. A high regioselectivity for the mono- and
diacylation along with stereoselectivity was observed. It
showed an (R)-selective diacylation and (S)-selective
monoacylation with enantiomeric ratio (E) of 307 (Table 1).

On the basis of better conversion and enantioselectivity of
ANL over other lipases, all the subsequent experiments were

C[vb

(R) 4
@[0\)\/0}' Lipase
o Toluene, Vinyl acetate
o)\o
(RS)-3 : ;:O\A/
)5

Scheme 4. Lipase-mediated kinetic resolution of (RS)-3.
Chirality DOI 10.1002/chir
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TABLE 1. Transesterification of (RS)-3 with lipases in toluene’

d

Lipase ee’s(%) ee’5i(%) €€ mono (%) C'ai%) Cmono (%) Eq
ANL 100 79.7 100 55.6 50.0 307
CAL 13.2 33.0 100 28.5 11.6 2.24
CRL 62316 38.7 12.9 100 74.8 27.9 1.77
CRL 90860 10.0 86.9 34.1 10.3 22.7 15.8
CRL L1754 434 14.2 100 75.3 30.3 1.89
CLEA 100 25.3 100 79.8 50 0

MML 26.9 36.1 100 42.7 21.2 2.73
PCL 53.4 79.1 73.8 40.3 41.9 14.5
CCL 7.20 22.7 13.3 24.2 35.3 1.70
Amano 28.5 30.5 48.8 48.3 36.9 2.43
Porcine 8.90 38.2 28.3 19.0 24.1 2.44

#Conditions: (RS)-3(20 mM) in 2 mL toluene was treated with vinyl acetate (5.4 mmol) at 30 °C in the presence of enzyme 15 mg/mL.

PEnantiomeric excess of substrate was determined by HPLC analysis (Daicel Chiralcel OD-H column) 90:10; hexane: 2-propanol, 1 mL/min flow rate at 254 nm.
“Enantiomeric excess of product was determined by HPLC analysis (Daicel Chiralcel OD-H column) 90:10; hexane: 2-propanol, 1 mL/min flow rate at 254 nm.
dConversions were calculated from enantiomeric excess of substrate (ees) and product (eeq; and eemono) using the formula: Conversion (C) = ees/ (ees + eeq) and

C = ees/ (ees + eemono)

®Values were calculated using the formula: E=[In (1 - C (1+eep)]/ [In 1 -C (1 - eep)].

carried out with this enzyme preparation (Table 1). In order
to optimize the yield of lipase-mediated kinetic resolution, var-
ious reaction parameters were screened including: solvent
types, reaction time, temperature, and enzyme and substrate
concentration (see Supporting Information S1).

Optimization of Physicochemical Parameters for the
Lipase-Catalyzed Transesterification of (RS)-3

Effect of solvents on transesterification by lipases is one
of the crucial parameter because of their versatility and
higher stability in organic solvents.'>"'41727 The effect of
different organic solvents on activity and enantioselectivity
of ANL for the kinetic resolution of (RS)-3 was studied.
Among them, toluene was selected as the ideal reaction
medium due to the higher enantiomeric ratio (E=215,
see Supporting Information S8) and better conversion.
The course of reaction was studied and the maximum con-
version (Cg;=52%; Cmono=50%) and enantiomeric excess
(eeq;i=91% and eeon, = 100%) was achieved after 18 h of re-
action (see Supporting Information S1 Fig. 1a). This result
was found to be better than literature methods, which
reported 30% and 43% yield, respectively.!®!® The influence
of temperature on the activity and enantioselectivity of
ANL catalyzed resolution of (RS)-3 was determined (see
Supporting Information S1 Fig. 1b). The best conversion
of 49.7% and ee of 92.7% was obtained at 30°C for
diacylated product. Although there was no variation in en-
antiomeric excess for mono-acylated product. It is evident
from (see Supporting Information S1 Fig. 1c) that the
highest ee (91.5%) and conversion (50.7%) for the
diacylated product was achieved at enzyme concentration
of 15mg/mL. The best conversion for diacylated product
(51%) was obtained with 10mM substrate with ee of 90%
see Supporting Information S1 Fig. 1d). Under optimized
conditions, the biocatalytic resolution showed ~50% conver-
sion and 90% ee.

Deacylation of (R)-4 and (S)-5 to Synthesize Enantiopure Diol

After optimizing important reaction parameters for the prepa-
ration of compound (R)-4/(S)-5 by lipase-mediated selective
Chirality DOI 10.1002/chir

acylation, we focused on synthesizing the enantiopure diol.
Liberation of the parent alcohol [ (R)/(S)-3] from the acetylated
intermediate (R)-4 and (S)-5 was achieved by deacylation in
aqueous K,COs3 at room temperature (25-30°C) for 2h with
90% yield (Scheme 5).28

Synthesis of (S)-moprolol 6 From the Enantiopure Diol

Synthesis of enantiopure moprolol can be easily achieved
from compound (S)-3. Since the primary hydroxyl group of
(S)-3 does not react with a secondary amine, a better leaving
group (e.g., halide, tosyl, etc.) can be introduced. Following a
general procedure with modification,?**° the compound (S)-3
was treated with para-toluene sulphonyl chloride (p-TsCl)
and DBU in dichloro-methane at 4°C, which afforded the
tosylated intermediate. This reactive intermediate was further
treated with iso-propylamine in methanol at room tempera-
ture (25-30°C) for 4h to produce the desired product
(S)-moprolol 6 with 35% yield (in two steps, Scheme 6). It
should be noted that despite the presence of both primary
and secondary alcohols in compound (S)-3, the tosyl group
selectively replaced the primary hydroxyl group. This claim
is supported by comparing the 'H NMR data of starting
material (S)-3 with the desired product (S)-6. The chemical
shift of the methine bridge proton remained unchanged

oy
(j():/k/o\f]/

0
(R4

OH

()\/‘\/()n
: :()/

(R)-3

aqueous K,CO,

MeOH, RT,2 h

oAog
@E()\/k/m‘ aqueous K,COj3
—*

jat

on

0\)\/0H
L,

($)-3

(&) MeOH, RT,2 h

($)-5

Scheme 5. Deacylation of (R)-4 (top panel) and (S)-5 (bottom panel).
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Scheme 6. Synthesis of (S)-moprolol 6 from the enantiopure diol.

(at ~4.1 ppm) at the final stage, indicating that the secondary
alcohol remained intact or unreacted. 'H NMR signal of meth-
ylene protons adjacent to primary hydroxyl group appeared at
~3.7 ppm as a multiplate. In final compound (S)-6, the proton
signal shifted upfield (~2.7ppm) due to the change in the
chemical environment due to being adjacent to a secondary
amine. This is an improved methodology for the synthesis
of enantiopure moprolol, which can be further extended to
large-scale production. Here we have significantly reduced
the reaction steps (four steps reported by Kamal et al.'%) from
the chiral intermediate to (S)-moprolol to two steps, which
adds value to this method in terms of process economy.

CONCLUSION

Efficient chemoenzymatic synthesis of the enantiomerically
pure (S)-moprolol is reported in this study with improved over-
all yield and high ee. Among the various commercial lipases
screened, ANL showed both regio- and stereoselectivity for
the transesterification of (RS)-3 with vinyl acetate as the acyl
donor to afford the key intermediate (S)-3 for the synthesis
of (S)-moprolol. Various reaction parameters were optimized
such as reaction time, solvent, temperature, enzyme, and
substrate concentration for the kinetic resolution of (RS)-
3-(2-methoxy-phenoxy)propane-1,2-diol (3). Under the opti-
mized conditions the yield was significantly improved for the
diacylated derivative (R)-4 (51%) and monoacylated derivative
(5)-5 (50%) with high ee. By the deacylation of enantiopure
acylated derivative, the chiral diol intermediate was obtained,
which was further used for the synthesis of (S)-moprolol.
Synthesizing the enantiopure diol by enzymatic resolution is
comparatively cheaper over the chemical route, which makes
the process cost-effective. The enzymatic switch towards the
synthesis of (S)-moprolol sets an excellent example of green
synthesis.
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