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An efficient synthesis of the (S)-3-amino-3-phenylpropanoic
acid enantiomer has been achieved by Carica papaya lipase
(CPL) catalysed enantioselective alcoholysis of the corre-
sponding racemic N-protected 2,2,2-trifluoroethyl esters in
an organic solvent. A high enantioselectivity (E > 200) was
achieved by two strategies that involved engineering of the
substrates and optimization of the reaction conditions. Based
on the resolution of a series of amino acids, it was found that
the structure of the substrate has a profound effect on the
CPL-catalysed resolution. The enantioselectivity and reac-
tion rate were significantly enhanced by switching the con-

ventional methyl ester to an activated trifluoroethyl ester.
When considering steric effects, the substituted phenyl and
amino groups should not both be large for the CPL-catalysed
resolution. The mechanism of the CPL-catalysed enantiose-
lective alcoholoysis of the amino acids is discussed to delin-
eate the substrate requirements for CPL-catalysed resolution.
Finally, the reaction was scaled up, and the products were
separated and obtained in good yields (= 80 %). The (S)-3-
amino-3-phenylpropanoic acid obtained was used as a key
chiral intermediate in the synthesis of (S)-dapoxetine with
very high enantiomeric excess (> 99 %).

Introduction

Chirality is a key feature in the efficiency of many drugs
and agrochemicals, and consequently the production of sin-
gle enantiomers of chiral intermediates has become increas-
ingly important for many industrial applications.!'-?
Enantiopure B-amino acids and their derivatives are impor-
tant ubiquitous structural motifs in natural products and
pharmaceuticals.?4-3%! In life sciences, chiral B-amino acids
have been widely found in biologically active peptides.l
Chiral B-amino acids are also widely used as key intermedi-
ates or chiral building blocks in the synthesis of pharmaceu-
ticals.l*4 3-Amino-3-phenylpropionic acid (BPA) is one of
the most valuable f-amino acids and a useful compound for
the synthesis of pharmaceuticals such as taxol, a complex
diterpene isolated from the bark of Taxus brevifolia that
possesses strong anticancer activity, and (S)-dapoxetine
[(S)-(+)-N,N-dimethyl-o-[2-(1-naphthalenyloxy)ethyl]benz-
enemethanamine; Figure 1], which is a potent selective sero-
tonin re-uptake inhibitor (SSRIs) used in the treatment of
depression and other disorders such as bulimia or anxiety.™
(S)-Dapoxetine was first launched in 2009 in Europe where
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it was used for the oral, on-demand treatment of premature
ejaculation (PE) in men between 18 and 64 years of age.
Nowadays, the asymmetric synthesis of (S)-dapoxetine has
been intensively investigated because the (S) and (R) iso-
mers usually display very different pharmacological or
physiological properties.[®7]
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Figure 1. Structure of (S)-dapoxetine.

As a key chiral building block for the enantioselective
synthesis of (S)-dapoxetine, f-amino acids can be obtained
in one step by the reaction of readily available aldehydes
with malonic acid and ammonium acetate; thus, chiral reso-
lution is one of the most efficient methods for the pro-
duction of optically pure B-amino acids and their deriva-
tives.®] Lipase is considered as an ideal tool for the prepara-
tion of enantiomerically pure compounds and has been
widely exploited for the resolution of racemic mixtures in
the preparation of pharmaceuticals. Some commercial li-
pases such as Candida antarctica lipase A (CAL-A), Can-
dida antarctica lipase B (CAL-B) and Pseudomonas cepacia
lipase (PCL) have been used in the kinetic resolution of
racemic BPA esters.[%?] However, the enantioselectivities
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Scheme 1. Chemoenzymatic synthesis of (S)-dapoxetine by CPL-catalysed enantioselective resolution of BPA and its derivatives.

and production yields were not very satisfactory, and
furthermore these lipases are expensive.

Carica papaya lipase (CPL), found in crude papain, is
available as a “natural immobilized” biocatalyst at a com-
petitive price, and is an emerging and promising biocata-
lyst.l'% It is more active, enantioselective and thermally
more stable than Candida rugosa lipase, and is known to
show high enantioselectivity towards carboxylic acids.'!l In
recent years it has been used as an excellent biocatalyst in
asymmetric synthesis, including in the kinetic resolution of
racemic secondary alcohols,['?2] non-steroidal anti-inflam-
matory drugs,'?®! mandelate esters!'>*! and o-amino ac-
ids.[12d]

Herein we report our work on the CPL-catalysed kinetic
resolution of 3-amino-3-phenylpropionic acid (BPA) and its
derivatives in terms of substrate structure, acyl donor, sol-
vent and other parameters that have an influence on biocat-
alysis processes. The CPL enantiorecognition mechanism
was investigated from an experimental point of view to gain
an understanding of the results obtained during these in-
vestigations. Finally, one of the valuable intermediates ob-
tained by this methodology was employed as the starting
material for the synthesis of (S)-dapoxetine with high enan-
tiomeric purity, highlighting the importance and potential
of the methodology described in this work (Scheme 1).

Results and Discussion

Effect of Substrate Structure on CPL-Catalysed
Enantioselective Resolution of f-Amino Esters

The CPL-catalysed resolution of N-protected BPA con-
ventional aliphatic esters showed moderate enantio-
selectivity (Table 1). For example, when N-acetyl-BPA
558
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methyl ester 7b was used as the substrate, moderate selectiv-
ity was observed (£ = 14). A number of strategies (engineer-
ing of the reaction medium, substrate molecule or enzyme)
for enhancing the enantioselectivity have been reported.!!3]
Among these strategies, engineering of the substrate is a
useful and simple method, as reported by Miyazawa et
al.l4 In their work, non-protein amino acid esters were
enantioselectively hydrolysed by microbial protease, and a
significant increase in enantioselectivity was obtained by
using esters with longer alkyl chains. Thus, to improve the
enantioselectivity of the CPL-catalysed resolution, similar
reactions were performed by using esters with longer alkyl
chains. However, no marked increase in enantioselectivity
was obtained, as shown in Table 1 (Entries 1-4). Analysis
of the reaction parameters shows that the moderate
enantioselectivities may be caused by the low reaction rates
of the (S) substrates, which contrast the normally accepted
results.!>! As the enantioselectivity E is the quotient of Vg
and Vi [Equation (1) in which Vg and Vj are the reaction
rates of the (S)- and (R)-esters, respectively, and k»r and
k»s are the kinetic constants for the (S) and (R) substrates,
respectively], increasing the (S) substrate reaction rate or
decreasing the (R) substrate reaction rate can both result in
an increase in the enantioselectivity. As the reaction rate of
(R)-7b is low (Vg = 1.03 X 10°% mm/h), the key point was to
find a way to increase the reaction rate of (S)-7b effectively.
In the following experiments, we substituted trifluoroethyl
ester for longer alkyl esters.

E = VslVg = kasKur/karKus (D

Initially, B-phenylalanine (3-amino-3-phenylpropionic
acid, BPA) was chosen as a model amino acid. In a general
experimental procedure, the 2,2,2-trifluoroethyl ester of N-
protected BPA [(RS)-3a] was allowed to react with an
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Table 1. CPL-catalysed resolution of BPA alkyl esters (RS)-7a—e with

NHR? O

R3
CPL45°C

MeOH/n-hexane

e

O

Ta—e

COOH
O/\/ .

(S)-8a—e

European Journal
of Organic Chemistry

different alkyl chain lengths.

NHR?2 HRZ2 O

R3

(R)-7Ta—e

7a:R?=H,R®=Me 7d:R?=Ac, R®= CH,CH,CH,
7b: R? = Ac, R® = Me 7e: R% = Ac, R® = CH,CH,CH,CH,

7c:R2=Ac, R® = Et

Entry Compound Vg [1075 mm/h](! Vg [107% mm/h] EP
1 7b 1.44 1.03 14
2 Te 1.32 1.10 12
3 7d 1.30 1.08 12
4 Te 1.21 1.01 12

[a] Reaction rate of the (S) isomer. [b] E = In[(1 — C)(1 — eey)}/In[(1 —
substrate.

Table 2. CPL-catalysed resolution of BPA alkyl esters (RS)-3a, 4a-d a

NHR? O
o M cpLasec
—ee
MeOH/n-hexane
3a, 4a-d (S)-5a,

3a:R2=Ac 4c: R? = Pac (phenylacetyl) 5a: R? = Ac
4a: R2 = Boc 4d: R? = Fmoc

O)(1 + eey)]. C is the reaction conversion and ee, is the ee of the

nd 7a with different protecting groups.

NHR? O HR? O

CH CH,CF.
O/ 3+ O/ -3

6a—d (R)-3a, 4a—d

6¢c: R? = Pac

6a: R2 = Boc 6d: R2 = Fmoc

4b:R?=7 6b:R?2=Z7
Entry Compound Vs [mm/h] Vi [107° mm/h] E

1 3a 6.40x1073 2.80 230
2 4a 4.15%1073 2.02 205
3 4b 4.60x 104 1.15 40
4 4c 2.58 %104 1.03 25
5 4d n.d.[l n.d. n.d.
6 7al®! 1.01x10°72 5.36 189

[a] n.d. = no reaction detected. [b] For the structure of 7a, see Table 1.

alcohol (10 equiv.) in an organic solvent in the presence of NREE o

CPL at a constant temperature (Table 2). The reaction con-

version and enantiomeric excess were monitored by HPLC R3

on a chiral column. As shown in Table 2 (Entry 1), the reac- R! 0"

tion rate Vg and enantioselectivity E for compound 3a were
greatly improved to 6.40 X 10 mm/h and 230, respectively.
Compared with the methyl ester 7b, the reaction rate for
(S)-3a was enhanced 440 times. Switching the conventional
methyl ester to activated esters such as the trifluoroethyl
ester not only changed the enantioselectivity of the CPL,
but also improved the reaction rate of the (S) isomer signifi-
cantly, which resulted in excellent enantioselectivity. From
the above results it can be concluded that the R? group, that
is, the ester group, has a profound effect on CPL-catalysed
resolution (Figure 2). In the following experiments the ef-
fect of the other two groups R' (substituents on the aro-
matic ring and size of the R! group) and R? (the size of the
protecting group and the relative position of the amino
group with respect to the R! group) was systematically in-
vestigated.
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Figure 2. Structure of the substrate.

Protecting groups play a pivotal role in organic chemis-
try, and especially in peptide, carbohydrate and nucleic acid
synthesis. In peptide synthesis, amine functionalities are
usually protected as acid amides.['®) N-Protected esters have
the advantage of affording compounds ready for further
synthetic manipulation and improved solvent solubility.
The substituents at the stereocentre have a very significant
influence on the lipase-catalysed resolution of carboxylic
acids.'”l However, to the best of our knowledge, there are
no reports on the influence of different N-protecting groups
on enantioselectivity. This led us to investigate the influence
of the N-protecting groups (R? groups) on the CPL-cata-
559
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lysed resolution of B-BPA esters. As shown in Table 2 (En-
tries 1-5), the reaction rate and enantioselectivity increased
with decreasing size of the N-protecting group. Note that
CPL could not catalyse the alcoholysis of the 2,2,2-tri-
fluoroethyl ester of N-Fmoc-B-BPA (4d). When switching
the large N-protecting group Fmoc to the relatively small
protecting group acetyl (3a), it was found that the acetyl
group increased the alcoholysis rate (6.4 X 1073 mM/h) and
gave excellent enantioselectivity (Table 2, Entries 1 and 5).
Alcoholysis of the N-Boc, Pac (phenylacetyl), and Z-B-BPA
2,2,2-trifluoroethyl esters (4a, 4¢, 4b) also gave moderate
reaction rates and good to excellent enantioselectivities
(Table 2, Entries 2-4). This phenomenon can be explained
by the fact that the reaction rate is considerably influenced
by the size of the substituents at the stereocentre. Large
substituents, for example, the Fmoc group, hindered the
formation of the substrate-enzyme (CPL) intermediate and
resulted in either no reaction or a low reaction rate. This
phenomenon was also reported for lipase CAL-B, for which
catalysed alcoholysis of N-Bz-, Cbz-, and Fmoc-protected
B-BPA methyl esters occurred with very low reaction ra-
tes.'2d1 The decrease in the reaction rate was caused by
steric effects exerted by the Pac or Fmoc group. It can be
concluded that the size of the protecting group has an im-
portant effect on the CPL-catalysed resolution of B-BPA,
not only on the reaction rate, but also on the enantio-
selectivity. From the point of view of steric effects, the R!
and R? groups should not both be large groups for CPL-
catalysed resolution. Janes and Kazlauskas reported that
high enantioselectivity required a protonated amino group
(NH;")!® for lipase-catalysed resolution of amino acids. In
their research, by changing the pH of the reaction solvent,
the enantioselectivity was greatly changed; but in our work,
CPL-catalysed resolution of the N-protected BPA ester
(NH) 7a and N-unprotected BPA ester (NH,) 3a both gave
good enantioselectivities (Table 2, Entries 1 and 6), which
indicates that a protonated amino group may not be needed
for CPL-catalysed resolution of amino acids.

Based on the above results, 2,2,2-trifluoroethyl esters of
N-Ac-(RS)-B-BPA and its analogues 9a-9c¢ were resolved by
CPL to investigate the steric effect between the amino and
R! groups (Table 3). The distance between the amino and
R! groups increases in the order 9a < 9b < 9c¢. Thus, for
the CPL-catalysed resolution of compounds 9a-¢, steric
hindrance decreases in the order 9a > 9b > 9c. The reaction
rate was observed to increase with decreasing steric hin-
drance, which indicates that the relative distance between
the amino and R! groups has a profound effect on the reac-
tion rate. In comparison with 9a—¢, CPL also shows excel-
lent enantioselectivity towards 3a, which is a B-amino acid.
Thus, it can be concluded that CPL shows high specific
activity towards this kind of amino acid with a phenyl side-
chain, no matter whether it is an a- or B-amino acid.

Next, the scope of the reaction was examined with re-
spect to the tolerance of substituents on the aromatic ring.
N-Ac-BPA 2.2 2-trifluoroethyl esters with different substit-
uents on the benzene ring were subjected to CPL-catalysed
alcoholysis. The alcoholysis of the 2,2,2-trifluoroethyl esters
of N-protected, halogenated B-BPA proceeded about 10
times more slowly than that of the corresponding non-halo-
genated esters (Table 4, Entry 1). In the case of the Cl-sub-
stituted B-BPAs, the ortho-substituted B-BPA reacted faster
than the corresponding meta- and para-substituted esters.
Substitution of the CI with more or less electron-donating
groups such as NO, and Br or with large or small groups
such as OCH; and F had no significant effect on the reac-
tion rate. One explanation for this might be that the pres-
ence of substituent groups on the benzene ring makes the
substrates too large to be accumulated at the active site,
and this steric effect reduces the reaction rate markedly. In
addition to steric effects, the non-steric properties (e.g.,
charge distribution, polarizability) of the substituent group
also have an important effect on the reaction rate, because
CPL-catalysed alcoholysis exhibits different reaction rates
with bromo, methyl and methoxy substituents, which are of
a similar size (Table 4, Entries 6, 7 and 9). Thus, it is reason-

Table 3. CPL-catalysed resolution of the 2,2,2-trifluoroethyl ester of N-Ac-BPA (RS)-3a and its analogues (RS)-9a—c.

NHAc l;lHAC NHAc
. 0 o)
R O\CchFBM»W/ﬁ]/ \CH3+R1/H‘/ CH,CF,
MeOH/n-hexane
(o] (o)
9a-c (S)-10a—c (R)-9a—c

93:R1=© 96:R1=©/\
9b:R1=©/

Entry Compound Vs [103 mm/h] Vg [107° mm/h] E
1 3alal 6.40 2.80 230
2 9a 5.46 2.60 210
3 9b 6.56 2.70 243
4 9¢ 8.01 3.00 267

[a] For the structure of 3a, see Table 2.
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Table 4. CPL-catalysed resolution of 2,2,2-trifluoroethyl esters of N-Ac-BPA with different substituents on the aromatic ring (RS)-3a-i.l2!

Entry Compound  Aromatic substituent Vg [10~* mm/h] Vg [107° mm/h] Conversion [%0] Reaction time [h] E
1 3a H 64.0 28.0 50.0 10 230
2 3b 2-Cl 6.80 3.05 46.5 90 223
3 3c 3-Cl 5.83 2.75 45.0 90 212
4 3d 4-Cl 5.54 2.70 44.5 90 205
5 3e 3-NO, 5.64 2.30 40.5 120 245
6 3f 2-Br 6.32 2.60 44.0 90 243
7 3g 3-CH;0 5.95 2.50 43.0 90 238
8 3h 4-F 5.04 2.40 43.6 120 210
9 3i 3-CH;3 19.4 6.70 47.5 40 290

[a] Reaction conditions: 45 °C in n-hexane with methanol as nucleophile.

Table 5. CPL-catalysed enantioselective alcoholysis of (RS)-N-Z-amino acid 2,2,2-trifluoroethyl ester (RS)-1 and methanol.

H R
R CO,CH,CF5 RalZ COxCH; He § CO,CH,CFs
VL"’/ + CHyOH ——» Y + Y
NHZ NHZ NHZ
(RS)-1 (S)-2 (R)1
Compound R Conversion [%0] eep [%0) E
la CHj; 55.6 78.4 38
1b CH;CH, 50.8 95.6 >200
1c CH,4(CH,), 46.3 >99.8 >200
1d CH4(CH,); 50.2 99.2 >200
1e (CH;),CHCH, 43.6 >99.8 >200
1f CH4(CH,), 46.8 >99.8 >200
1g (CH;),CH(CH,), 48.0 >99.8 >200
1h Cyc[O'C(,Hl lCHZ 26.0 >99.8 >200
1i CH,SCH,CH, 50.2 99.2 >200
1j CH,CH,SCH,CH, 47.7 >99.8 =200

able to assume that non-steric interactions between CPL
and the substrate play an important role.'”! Alcoholysis of
the CHs-substituted 2,2,2-trifluoroethyl ester of N-Ac-BPA
(3i) was conducted to verify this. The reaction rate and
enantioselectivity are in accord with our explanation; com-
pared with compound 3b, the reaction rate is enhanced
nearly three-fold and gives excellent enantioselectivity.

CPL did not only show excellent enantioselectivity
towards aromatic amino acids, but also towards aliphatic
amino acids.?1 As shown in Table 5, the R group of these
amino acids are C, to Cs aliphatic chains (the one exception
is 1h with a cyclohexyl group; Z = benzyloxycarbonyl). In
almost all the cases examined, the reactions were almost
completely enantioselective (£ > 200). Only slight differ-
ences were observed in terms of enantioselectivity for com-
pounds la—1j with increasing length of the side-chain. One
exception is the result for compound 1h; the conversion af-
ter incubation for 24 h was sharply reduced to 26.0%, but
a high enantioselectivity was still obtained. In compound
1h, the R group is cyclohexyl and therefore, combined with
the Z group, compound 1h has two large groups. Thus, this
lower conversion could be ascribed to steric hindrance. As
stated above, the R and amino substituent should not both
be large for CPL-catalysed resolution.

Eur. J. Org. Chem. 2013, 557-565
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Optimization of the Reaction Conditions

As reported previously, the enantioselectivity of the li-
pase-catalysed resolution is greatly affected by the alcohol
nucleophile.?!1 The effect of the alcohol nucleophile on the
CPL-catalysed alcoholysis of (RS)-3a was investigated in n-
hexane. The reaction proceeded in an almost completely
enantioselective manner (Table 6). The (S)-methyl ester (S)-
5a was solely formed until the reaction reached 50% con-
version, the (R)-trifluoroethyl ester (R)-3a remaining nearly
intact. In this case, the enantiomeric ratio E was evaluated
to be more than 200. There was almost no difference ob-
served between methanol, ethanol, propanol and butanol
with regard to reaction rate or enantioselectivity. When the

Table 6. CPL-catalysed resolution of (RS)-3a using different chain
length alcohols as the nucleophile.[

Entry Alcohol Conversion [%0] eep [%0] E
1 methanol 50.0 99.2 >200
2 ethanol 50.5 98.5 >200
3 propanol 45.0 98.0 >200
4 butanol 44.5 98.0 >200

5 hexanol 50.2 96.0 161

[a] Reaction conditions: 45 °C in n-hexane.

WWW.EUrjoc.org 561
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Table 7. Solvent effect on the CPL-catalysed resolution of (RS)-3a.[

Entry Solvent ee, [%0] Conversion [%0] Reaction time [h] E
1 n-hexane >99 50 10 >200
2 cyclohexane >99 49 10 >200
3 isooctane 94.5 51 10 45
4 tert-amyl alcohol >99 12 40 >200
5 tetrahydrofuran >99 10 40 >200
6 diethyl ether 72 44 10 11
7 toluene >99 23 40 >200

[a] Reaction conditions: 45 °C with methanol as nucleophile.

chain length of the alcohol became longer, the conversion
decreased, with hexanol serving as the poorest nucleophile.
On the basis of these results, methanol was chosen as the
best nucleophile for CPL-catalysed resolution.

We next investigated the CPL-catalysed resolution of
(RS)-3a in different solvents, the most commonly used or-
ganic solvents for lipase-catalysed resolution. Both the reac-
tion rate and enantioselectivity were significantly affected
by the solvent employed. The reactions were highly enantio-
selective (E > 200) but extremely slow in relatively polar
solvents (Table 7, Entries 4, 5 and 7). The use of non-polar
solvents such as n-hexane and cyclohexane resulted in a
marked increase in the reaction rate and excellent enantio-
selectivities (Entries 1 and 2). In the case of isooctane, the
reaction rate also increased significantly, but the value of E
decreased to 45 (Entry 3). The use of Et,O proved to be
useless due to its low enantioselectivity, its E value sharply
dropping to 11. In conclusion, n-hexane and cyclohexane
proved to be the most efficient solvents.

In an attempt to shorten the reaction time, reactions were
performed at different temperatures. The initial reaction
rates of the two enantiomers and the E value at each tem-
perature were estimated and are summarized in Table 8.
CPL showed excellent enantioselectivity with values of E
more than 200 below 50 °C. CPL also showed good thermal
stability, and this can be attributed to the lipase being natu-
rally bound to the non-soluble matrix of the papaya la-
tex.[??] Increasing the temperature to 70 or 75 °C resulted
in a clear decrease in the value of E (E = 32 and 26). When
the reaction was carried out at these temperatures (70 or
75 °C), the colour of CPL gradually changed from pale yel-
low to dark brown, which implies that the CPL is deacti-
vated above 50 °C.

Table 8. CPL-catalysed resolution of (RS)-3a at different tempera-
tures.[

Entry Temperature [°C] Vg[103 mm/h] Vg [10° mm/h]  E
1 35 5.80 2.15 270
2 45 6.40 2.80 230
3 50 6.75 3.29 205
4 55 7.05 4.15 170
5 65 7.60 6.90 110
6 70 7.90 24.7 32
7 75 8.35 32.1 26

[a] Reaction conditions: in n-hexane with methanol as nucleophile.
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Mechanistic Analysis

In this work we found that CPL shows moderate
enantioselectivity with N-Ac-B-BPA methyl ester 7b, and no
enhancement of enantioselectivity was obtained when using
esters with longer alkyl chains (7c¢—e). Changing the conven-
tional methyl ester to the trifluoroethyl ester 3a gave excel-
lent enantioselectivity. The N-protecting group (R? group)
also plays an important role in the CPL-catalysed resolu-
tion of N-protected B-BPA esters. The value of E increases
in the order of Fmoc < Pac < Cbz < Boc < Ac. Thus,
large protecting groups have a negative effect on the
enantioselectivity and reaction rate. For example, CPL
showed no activity towards the Fmoc-protected B-BPA es-
ter 4d. When considering the effect of the size of the pro-
tecting group, Kazlauskas’ rule seemed valid for CPL-cata-
lysed resolution. The lipase CPL contains a large hydro-
phobic binding hole, which is open to the solvent, and this
hole can accommodate a large substituent. However, it is
difficult to explain why protecting groups with a size similar
to the benzene ring, for example Cbz (4b) and Pac (4c), also
gave good enantioselectivities. Furthermore, very similar
enantioselectivities were obtained when the resolution of
BPA methyl ester 7a and N-Ac- and N-Boc-B-BPA 2,2,2-
trifluoroethyl esters 3a and 4a, respectively, were conducted
in n-hexane (Table 2, Entries 1, 2 and 6). The above results
imply that within a certain size range the enantioselectivity
is not determined by the relative size of the substituents.
When attention was paid to the phenyl substituent (R'),
similar results were obtained. For the CPL-catalysed resolu-
tion of N-protected o-amino acids (Table 5), the R' groups
were C, to Cs aliphatic chains and showed no difference in
enantioselectivity, as judged by the E values.?”] These re-
sults are in accord with the work of Janes and
Kazlauskas;'® they reported that several carboxylic acids
containing similarly sized substituents also gave good to ex-
cellent enantioselectivity, the enantioselectivity of ANL-cat-
alysed (ANL = Aspergillus niger lipase) resolution of car-
boxylic acids being independent of the size of the substitu-
ents. Instead, they found that steric effects and the charge of
the amino acid had a profound effect on the ANL-catalysed
resolution. Similar results have also been reported for other
lipases,[!7-?3] for example, the CAL-B-catalysed resolution
of N-protected B-amino acid methyl esters. Thus, we have
concluded that it is difficult to ascribe the enantioselectivity
to the relative size of the substituents at the stereocentre for
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CPL-catalysed resolution of amino acids. The general rule
used to predict the preferred enantiomers of secondary
alcohols or carboxylic acids might not be valid for amino
acids. Thus, there might be a different mechanism to ac-
count for their behaviour. As the amino acid sequence and
structure of CPL remain unknown, it is difficult to employ
molecular modelling techniques to qualitatively or even
quantitatively elucidate the lipase activity and enantio-
selectivity.

Synthesis of (S)-Dapoxetine

Following the preliminary results, the gram-scale resolu-
tion of (RS)-3a was performed in n-hexane with 10 mmol
of N-Ac-BPA 2,2,2-trifluoroethyl ester 3a and 10 equiv. of
methanol in the presence of 3.0 g of CPL preparation at
50 °C. The faster-reacting enantiomer (S)-3a was trans-
formed into its N-Ac-protected derivative (S)-5a. When the
reaction conversion reached 50%, CPL was separated by
centrifugation, and the solvent was evaporated. Esters (.S)-
5a and (R)-3a were separated by column chromatography.
(S)-Dapoxetine was synthesized with (S)-N-Ac-BPA methyl
ester (S)-5a in 99% ee as the intermediate, which was then
hydrolysed with 6 M HCI to the corresponding amino acid
(S)-2a (72%; Scheme 1). Initially, we attempted to obtain
(S)-11 by reducing (S)-5a with NaBH,, as the methyl ester
is more susceptible to reduction than the acid. Unfortu-
nately, this failed to yield the desired compound (S)-11 as
the protecting group was also reduced. Consequently, the
methyl ester and N-protecting group were deprotected in
HCI solution. Then (S)-2a was chemically reduced with
lithium aluminium hydride (LiAlH,) in dry THF at 65 °C
to the amino alcohol (S)-11 followed by Eschweiler—Clarke
methylation, leading to the formation of (S)-12 in high yield
(87%). (S)-Dapoxetine (S)-13 was synthesized by treating
the intermediate (S)-12 with [-fluoronaphthalene, pre-
treated with HCI/EtOAc, in dry THF under nitrogen to
yield (S)-dapoxetine [(S)-13]. One clear advantage of this
chemoenzymatic method is that (S)-dapoxetine could be
obtained with higher enantiopurity (nearly enantiomer-
ically pure, 99 %).

Conclusions

We have chemically synthesized a family of racemic -
amino esters in good overall yields, which were then sub-
jected to CPL-catalysed kinetic resolution. CPL showed
moderate enantioselectivity towards the N-Ac-BPA-methyl
ester. The enantioselectivity was not enhanced by switching
the conventional methyl ester to long-chain alkyl esters.
However, the enantioselectivity and reaction rate were
greatly enhanced by employing 2,2,2-trifluoroethyl esters.
This indicates that the ester group has a profound effect on
the CPL-catalysed resolution. The effect of the other two
groups, the phenyl (R!) and nitrogen (R?) substituents, was
also systematically investigated. It was found that the size
of the R! and R? groups is important for CPL-catalysed
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resolution. To obtain excellent enantioselectivity, the R!
and R? groups should not both be large. It is the actual
size of the substituents R! and R? that is important to the
enantioselectivity of CPL-catalysed resolution, rather than
their relative size. By optimizing the reaction conditions,
high enantioselectivity (E > 200) was observed when the
CPL-catalysed reactions were performed with methanol as
the nucleophile in n-hexane at 50 °C. The products were
separated and obtained in good yields (=80%). The (S)-3-
amino-3-phenylpropanoic acid [(S)-2] obtained was the key
chiral intermediate for the synthesis of (S)-dapoxetine [(S)-
13] with very high enantiomeric excess (>99%).

Experimental Section

General: Crude Carica papaya lipase was obtained from Shanghai
Bairui Biotech Co., Ltd. Before use it was purified by the following
procedure: deionized water (200 mL) was added to the crude Car-
ica papaya lipase (20 g) at 4 °C with gentle stirring for 30 min. The
resultant solution was centrifuged at 10000 rpm for 15 min, and the
supernatant was discarded. This procedure was repeated three
times. The remaining precipitate was then collected, fast-frozen by
using liquid nitrogen and then lyophilized for 8 h. This preparation
was used as CPL in this work. All other chemicals and reagents
were obtained commercially and were of analytical grade. NMR
spectra were obtained at 300 MHz with a Varian Unity 300 spec-
trometer by using [D]chloroform as the solvent with TMS as the
internal standard.

General Procedure for the Alcoholysis Reactions: A solution of N-
protected amino acid 2,2,2-trifluoroethyl ester (0.1 mmol) and an
alcohol (1 mmol) in an organic solvent (5 mL) was mixed with the
CPL preparation (10 mg) in a 25-mL screw-capped vial in a ther-
mostatted shaker. The reaction was monitored and the ee of the
newly formed ester assessed by HPLC analysis on the chiral col-
umns as stated in the HPLC Analysis section. Aliquots (100 pL) of
the reaction mixture were withdrawn at frequent intervals, diluted
with hexane/2-propanol (9:1, 900 uL), centrifuged and the superna-
tant was then injected onto the column.

General Procedure for the Preparative-Scale Resolution of 3a: Race-
mic compound 3a (10 mmol) was dissolved in methanol (5 mL).
Lipase CPL (1.0 g) and n-hexane (100 mL) were added, and the
mixture was shaken in an incubator shaker at 45 °C for 24-36 h.
The reaction was stopped by filtering off the CPL at 50% conver-
sion. The solvent was removed by evaporation, and the residue was
purified by column chromatography on silica gel with petroleum
ether/ethyl acetate (4:1—8:1) as eluent to obtain 5a and 6a.

HPLC Analysis: Alcoholysis reactions were monitored at 254 nm
by chiral HPLC on a Chiralcel OD column (4.6 mm i.d. X 250 mm)
or AD column (Daicel Chemical Industries) by using hexane/2-
propanol as eluent. The liquid chromatograph employed was an
Agilent 1100 instrument equipped with a DAD detector. The tem-
perature of the column was maintained at 20 °C. The enantiomers
of the methyl esters of N-Z-amino acids or the 2,2,2-trifluoroethyl
esters were separated well enough for the accurate determination of
the ee values on either of the columns by choosing an appropriate
proportion of hexane/2-propanol for each compound. In general,
the enantiomeric separations of the corresponding 2,2,2-trifluoro-
ethyl esters were inferior to those of the methyl esters on either
column. The separations of the enantiomers of the N-Z-amino acid
2,2,2-trifluoroethyl esters and methyl esters on the columns are pre-
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sented in Table S1 in the Supporting Information. The ee values of
the amino acids were determined on a Chirobiotic T column
(4.6 mm i.d. X 250 mm) (Advanced Separation Technologies Inc).
Diluted samples were subjected to HPLC analysis, eluted at 20 °C
with 60% (v/v) phosphate sodium buffer (20 mm, pH = 4.0) and
40% (v/v) methanol at 1 mL/min, and monitored at 210 and
254 nm.

Preparation of Substrate: Benzaldehyde was purchased from Sino-
pharm Chemical Reagent Co., Ltd. (RS)-Phenylalanine, (RS)-
homophenylalanine, (RS)-phenylglycine, 3-CI-BPA and N-Fmoc-
BPA were purchased from Shanghai Hengbai Biotech Co., Ltd.

Synthesis of BPA and Its Derivatives: Compounds 2a—i were pre-
pared by a modification of the Rodionov synthesis from corre-
sponding 1a—i (5 mmol) by condensation with malonic acid (1.36 g,
10 mmol, 2 equiv.) in the presence of NHyAc (0.77 g, 10 mmol,
2 equiv.) in EtOH at reflux for 12 h.?*! The reaction mixture was
allowed to cool to room temperature before the white solid was
collected by filtration. This white solid was then recrystallized twice
from hot MeOH to afford 2a-i as white crystals (yield: 25-85%).

Synthesis of N-Protected BPA and Its Derivatives: N-Protected BPA
and its derivatives were prepared under Schotten—-Baumann condi-
tions.[3

Synthesis of N-Pac-BPA and N-Z-BPA: Phenylacetyl chloride or
benzyloxycarbonyl chloride (1.72 mL, 13 mmol) in acetone (5 mL)
was added dropwise to a stirred solution of 3-amino-3-phenyl-
propanoic acid (2a; 1.65 g, 10 mmol) and Et;N (3.35 mL, 24 mmol)
in water (15 mL) and acetone (5 mL) at -5 °C. The mixture was
stirred at -5 °C for 2 h and then at room temperature for 3 h. Then
the precipitate was filtered off, the acetone was removed under re-
duced pressure, and the residue was extracted twice with ethyl acet-
ate. A 2 M HCI solution was added to the aqueous layer until pH
= 2 was reached, and then the solution was extracted with ethyl
acetate (3 X 10 mL), dried with Na,SO, and concentrated to give
compound N-Pac-BPA (2.09 g,78 % yield) or N-Z-BPA (2.34 g,78%
yield).

Synthesis of N-Boc-BPA: A 100ml flask was charged with a solu-
tion of sodium hydroxide (0.44 g, 11 mmol) in water (10 mL). Stir-
ring was initiated and (RS)-B-phenylalanine (2a; 1.65 g, 10 mol)
was added at ambient temperature. The mixture was then diluted
with zert-butyl alcohol (7.5 mL). Di-zert-butyl dicarbonate (2.23 g,
10 mol) was added dropwise to the well-stirred, clear solution. A
white precipitate appeared during the addition of the di-zerz-butyl
dicarbonate. After a short induction period, the temperature rose
to about 30-35°C. The reaction was brought to completion by
stirring at room temperature overnight. The reaction mixture was
extracted with n-hexane (2 X 5 mL), and the n-hexane phases were
then discarded. The aqueous layer was acidified to pH = 1.0-1.5
by careful addition of a solution of potassium hydrogen sulfate
(2.24 g, 16.5 mmol) in water (15 mL). The turbid reaction mixture
was then extracted with diethyl ether (3 X 10 mL). The combined
organic layers were washed with water (2 X 5 mL), dried with anhy-
drous sodium sulfate and filtered. The solvent was removed under
reduced pressure. The white precipitate N-Boc-BPA (2.24 g, 85%
yield) was collected.

Synthesis of N-Ac-BPA: A solution of 2a (4.53 g, 30 mmol) in water
(18.2 ml) was basified with 25% sodium hydroxide solution to raise
the pH to 11. Acetic anhydride (5.8 ml) and 25% sodium hydroxide
solution were added while adjusting the pH to 11-12. The reaction
mixture was then heated to 40 °C and stirred for 8 h, adjusting the
pH to 11-12. Insoluble matter was removed by filtration, and the
mother liquor was cooled in an ice bath. Concentrated HCI
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(10.5 ml) was added to adjust the pH to 2, and the reaction mixture
was crystallized for 2 h. The crystallized solid was separated and
washed under vacuum to obtain N-Ac-B-BPA (6.2 g, 95% yield).

Synthesis of N-Protected BPA Esters and Its Derivatives: The amine
group in compounds 2b-i was protected with acetic anhydride.
DCC (5mmol) and 1-hydroxybenzotriazole (HOBt; 2.5 mmol)
were then added to an ice-cooled solution of the N-protected amino
acid (5 mmol) and trifluoroethanol (5 mmol) in anhydrous CH,Cl,
(10 mL). 4-(Dimethylamino)pyridine (DMAP; 0.8 mmol) was then
added dropwise.?® The mixture was stirred at room temperature
overnight, and CH,Cl, was removed in vacuo. The residue was dis-
solved in EtOAc (30 mL), and then the precipitate was filtered off.
EtOAc was washed with 10% HCI (in the case of N-Boc-BPA, 5%
citric acid was used instead of 10% HCI), 5% NaHCOj; and satu-
rated NaCl, and dried with MgSQO,. The solvent was removed, and
the residue was recrystallized from EtOAc/hexane to give com-
pounds 3a-i in yields of 90%. The 2,2,2-trifluoroethyl esters of
phenylglycine, phenylalanine, homophenylalanine and N-Fmoc-,
Pac-, and Z-BPA were prepared by a similar procedure.

Synthesis of Compounds 7a—e: For compound 7a, (RS)-B-phenylal-
anine (2a; 3 g, 18 mmol) was added with stirring at 0 °C in portions
to methanol (100 mL), to which had previously been added SOCl,
(8 mL, 22 mmol). In the cases of compounds 7b-e, 3a was used
instead of 2a with methanol, ethanol, propanol and butanol. The
mixture was kept at room temperature for 24 h and then concen-
trated to dryness under vacuum. The residue was taken up in meth-
anol and the mixture concentrated, repeating the operation three
times. The solid residue was suspended in CH,Cl, (100 mL) and
treated with acetic anhydride (10 g, 0.098 mol) followed by pyridine
(15 g; 0.189 mol) whilst stirring at 0 °C. After 24 h at room tem-
perature, the reaction mixture was poured onto crushed ice con-
taining NaHCO; (5 g, 0.059 mol). The organic phase was sepa-
rated, and the aqueous phase was extracted with CH,CIl,
(2 X 100ml). The combined organic layers were washed with cold
5% HCI (2X 100 mL), saturated aqueous NaHCO; and water
(100 mL each), dried (Na,SO,), and the solvents were evaporated.
The residue was crystallized from hexane/ethyl acetate to give the
desired 7a (3 g, 75%).

Synthesis of Compound (S)-2a: In a typical experiment, (S)-N-Ac-
BPA methyl ester 5a (1.11 g, 5 mmol) was added to 6 m HCI solu-
tion (20 mL). The reaction mixture was heated at reflux for 10 h
and then concentrated to dryness under vacuum. The residue was
taken up in water at 80 °C, and Et;N was added to give pH = 5.0.
A four-fold volume of anhydrous alcohol was then added to the
solution. The reaction mixture was cooled to room temperature,
and the solid was collected by filtration and washing with EtOH
to afford (S)-2a as a white solid (0.82 g, 72%). The ee was deter-
mined by HPLC (ee 99%).

Synthesis of p-Amino Alcohol (S)-11: A solution of B-amino acid
(S)-2a (1.00 g, 6.0 mmol) in dry THF (21.6 mL) was cooled to 0 °C,
and LiAIH,; (460 mg, 12.11 mmol) was added in small portions.
The reaction mixture was heated at reflux for 12 h, and then the
reaction mixture was cooled to 0 °C, and excess hydride was de-
stroyed by dropwise addition of H,O. The mixture was extracted
with EtOAc (3 X 10 mL), and the organic phases were combined,
dried with Na,SO, and concentrated under reduced pressure. The
crude product was purified by flash chromatography on silica gel
(100% MeOH), isolating the B-amino alcohol (S)-11 as a white
solid (yield 87%). Ry = 0.16 (100% MeOH); m.p. 76-77 °C. [a]¥ =
21.9 (¢ = 1.0, CHCls) for 99% ee. '"H NMR (CDCl;, 300 MHz): 6
=7.38-7.23 (m, 5 H, Ar), 4.13 [dd, 3J(H,H) = 5.2, 3Jyq = 7.9 Hz,
1-H], 3.87-3.78 (m, 2 H, 3-H), 2.72 (br. s, 3 H, NH,, OH), 1.98-
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1.82 (m, 2 H, 2-H) ppm. MS (ESI+): m/z (%) = 152 (100)
[M + HJ*, 174 (5) [M + Nal*, 285 (45) [2 M — H,O + HJ*.

Synthesis of (S)-3-(Dimethylamino)-3-phenylpropan-1-ol (12): A
30% aqueous solution of formaldehyde (1.5 mL, 16 mmol) was
added to a solution of (S)-11 (755 mg, 3 mmol) in formic acid
(0.6 ml), and the mixture was heated at reflux for 8 h. After this
time, the solution was basified with 3 M NaOH solution until pH
= 12. The mixture was extracted with EtOAc (3 X 15 mL), and the
organic phases were combined, dried with Na,SO, and concen-
trated under reduced pressure. The crude product was purified by
flash chromatography (65 % MeOH/EtOAc) to afford a hygroscopic
solid (0.47 g, 84% isolated yield). Ry = 0.21 (60% MeOH/EtOAc).
[a]) = +36.5 (¢ = 0.5, CHCl;) for 99% ee. '"H NMR (CDCls,
300 MHz): 0 = 7.38-7.15 (m, 5 H, Ar), 3.86-3.75 (m, 2 H, 1-H),
3.75 (dd, 3Jyy = 10.50, 3Jyy = 3.75 Hz, 1 H, 3-H), 2.50-2.38 (m,
1 H, 2-H), 2.18 (s, 6 H, CH3), 1.70-1.60 (m, 1 H, 2-H) ppm. MS
(ESI+): m/z (%) = 180 (100) [M + H]J*, 202 (12) [M + Na]*.

Synthesis of (S)-Dapoxetine (13): 1-Naphthol (0.6 mL, 5 mmol) was
added to a solution of (5)-12 (0.9 g, 5 mmol) in dry THF (5.0 mL)
under nitrogen. The mixture was cooled to 0 °C, and PPh; (1.43 g,
5.5mmol) and DEAD (0.87 mL, 5.5 mmol) were successively
added. The solution was warmed to room temperature and stirred
for 15h. The solution was concentrated and the crude product
purified by flash chromatography (gradient eluent 100% EtOAc to
10% MeOH/EtOAC) to yield colourless (S)-13 (1.07 g, 73 % isolated
yield). Ry = 0.35 (20% MeOH/EtOAc). [a]® = +59.5 (¢ = 0.5,
CHCI3) for 99% ee. "H NMR (CDCls, 300 MHz): 6 = 8.28-8.25
(m, 1 H, Ar), 7.80-7.77 (m, 1 H, Ar), 7.59-7.50 (m, 2 H, Ar), 7.46—
7.30 (m, 7 H, Ar), 6.72-6.71 (m, 1 H, Ar), 4.17-4.02 (m, 1 H, 1-
H), 3.98-3.92 (m, 1 H, 1-H), 3.70-3.65 (m, 1 H, 3-H), 2.75-2.63
(m, 1 H, 2-H), 2.39-2.310 (m, 1 H, 2-H), 2.33 (s, 6 H, CH3) ppm.
MS (ESI+): m/z (%) = 306 (100) [M + H]*, 261 (35) [M —
NMe,]*.

Supporting Information (see footnote on the first page of this arti-
cle): Seperation conditions of the substrates by chiral column and
NMR data for key intermediates.
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