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Abstract

Racemic 2-methyl-4-hexynic acid, which is a starting material for the o-side chain of the PGI2
derivatives, Beraprost and Iloprost, was e�ciently resolved on a preparative scale by diastereomeric salt
formation using quinine and cinchonidine as resolving agents. Their absolute con®guration was
determined by X-ray analyses of Beraprost derivatives. # 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

2-Methyl-4-alkynic acids 1 and 2 are important as starting materials for the o-side chain in the
PGI2 derivatives, Beraprost, Iloprost, and Cicaprost (Figs. 1 and 2).1ÿ3 In particular, Beraprost
has been developed as an anti-platelet drug by us and consists of a mixture of four isomers, which
are (8S,9S,16S)-form, (8S,9S,16R)-form, (8R,9R,16R)-form, and (8R,9R,16S)-form (Fig. 3).4ÿ7 In
order to synthesize each isomer, it is necessary to obtain the corresponding enantiomers (S)-1 and
(R)-1 of 2-methyl-4-hexynic acid (Fig. 1).

0957-4166/00/$ - see front matter # 2000 Elsevier Science Ltd. All rights reserved.

PI I : S0957-4166(00 )00251-2

Tetrahedron: Asymmetry 11 (2000) 2981±2989

Figure 1. 2-Methyl-4-alkynic acid
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Figure 2. PGI2 and its derivatives

Figure 3. Four isomers constituting Beraprost

Figure 4. Optically active amines used for resolution of the carboxylic acid (RS)-1
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There are a few reports using asymmetric synthesis or commercially available homochiral
starting materials for the synthesis of the enantiomer 2 of 2-methyl-4-heptynic acid.8ÿ10

However, there is no report for optically active 2-methyl-4-hexynic acid.11 We have studied the
synthesis of homochiral 2-methyl-4-hexynic acid (S)-1 and (R)-1 in order to synthesize optically
active Beraprost and have succeeded in obtaining its enantiomers on a preparative scale. We
disclose here the results of the study of its resolution and absolute con®guration.

Table 1

Results of recrystallization of diastereomeric salts formed from 2-methyl-4-hexynic acid (RS)-1 and a
variety of homochiral aminesa

Scheme 1. The synthesis, from (^)-2-methyl-4-hexynic acid (S)-1, of Beraprost derivatives 5 and 6
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2. Results and discussion

We tried to resolve (RS)-1 using seven chiral amines, that is to say, (+)-cis-N-benzyl-2-(hydro-
xymethyl)cyclohexylamine ((+)-cis-amine), (^)-cis-amine, quinine, cinchonine, strychnine,
brucine, and cinchonidine, in various solvents (MeOH, EtOH, MeOH/H2O, EtOH/H2O, EtOAc,
acetone, acetone±H2O) on a small scale (Fig. 4). Among these chiral amines, only cis-amine,
quinine and cinchonidine gave crystalline salts. The results of recrystallization of the
diastereomeric salts are summarized in Table 1. The resolution yields and the enantiomeric
excesses of cis-amine were low. On the other hand, recrystallization using commercially available
quinine and cinchonidine gave moderately high enantiomeric excesses for (^)-2-methyl-4-hexynic
acid (S)-1 and (+)-2-methyl-4-hexynic acid (R)-1, respectively. Then these resolutions on a

Figure 5. X-Ray structure of Beraprost derivatives 5 and 6. Selected bond distances (AÊ ) and angles (�). Compound 5:
C(19)±O(5): 1.432(6); C(19)±C(20): 1.540(6); C(20)±C(21): 1.528(7); C(20)±C(22): 1.522(6); C(19)±C(20)±C(21):
111.6(4); C(19)±C(20)±C(22): 110.7(4); C(21)±C(20)±C(22): 110.2(4). Compound 6: C(19)±O(5): 1.439(7); C(19)±C(20):

1.526(8); C(20)±C(21): 1.521(8); C(20)±C(22): 1.548(7); C(19)±C(20)±C(21): 111.1(6); C(19)±C(20)±C(22): 109.1(5);
C(21)±C(20)±C(22): 110.7(5)
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preparative scale for (RS)-1 were carried out recrystallizing 10 times in aqueous methanol with
quinine to give enantiomerically pure (S)-1 (99.9% e.e.). From the mother liquid of the ®rst and
the second recrystallizations, (R)-1 (49.0% e. e.) was recovered and again recrystallized nine times
with cinchonidine to give enantiomerically pure (R)-1 (99.6% e.e.).
The absolute con®guration of resolved (S)-1 was determined by X-ray analysis of Beraprost

derivative 5, which is the epimer at C-15 of the (8S,9S,16S)-form in the four isomers constituting
Beraprost, and 6, which is the (8R,9R,16S)-form of the four isomers constituting Beraprost
(Scheme 1).13 The two Beraprost derivatives 5 and 6 were synthesized by using (^)-carboxy-
cyclopenta[b]benzofuran 3 and (+)-carboxycyclopenta[b]benzofuran 4,12 respectively, as starting
materials.
Fig. 5 shows a perspective view of the structure of the Beraprost derivatives 5 and 6. Both the

absolute con®gurations at C-16 proved to be S.
Figs. 6 and 7 show crystal structures of the Beraprost derivatives 5 and 6. In both of the

crystals of 5 and 6, two kinds of hydrogen bonding are found. In the case of 5, one was the
intermolecular hydrogen bonding between the hydroxyl group at C-11 and the carbonyl group at
C-1 in another molecule in the 21 screw position and observed on the a±c plane. The other
hydrogen bonding in 5 is the intermolecular hydrogen bonding between the hydroxyl group at
C-15 and the hydroxyl group at C-15 in another molecule in the 21 screw position and exits along
the b-axis. In the case of 6, one is the intermolecular hydrogen bonding between the hydroxyl

Figure 6. Crystal structure of 5
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group at C-11 and the hydroxyl group at C-11 in another molecule in the 21 screw position and
observed along the b-axis. The other hydrogen bonding in 6 is the intermolecular hydrogen
bonding between the hydroxyl group at C-15 and the carbonyl group at C-1 in another molecule
in the translation position and exits on the a±c plane. These di�erences of the hydrogen bonding
cause the di�erence between the conformation of the side chain of 5 and that of the side chain of
6. For example, with regard to conformation of the a-side chain, positional relation of four
atoms, that is to say, O1±C2±C3±C4, in 5 is trans (Fig. 5). On the other hand, positional relation
of O1±C2±C3±C4 in 6 is almost eclipsed. With regard to conformation of the o-side chain,
positional relation of six atoms, that is to say, C17±C18±C19±C20±C22±C23, in 5 is gauche±
gauche±trans (Fig. 5). On the other hand, the positional relation of C17±C18±C19±C20±C22±C23
in 6 is gauche±trans±trans.

3. Conclusion

The resolution of 2-methyl-4-hexynic acid (S)-1 and (R)-1was e�ciently achieved by diastereomeric
salt formation using quinine and cinchonidine as resolving agents. Their absolute con®gurations
were determined by X-ray analyses of Beraprost derivatives.

Figure 7. Crystal structure of 6
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4. Experimental

4.1. General

1H NMR spectra of CDCl3 solution were recorded with a JEOL GX270 spectrometer at 270
MHz. IR spectra were recorded with a JASCO A-3 spectrophotometer. MS spectra were recor-
ded with a Hitachi RML 7-M or JEOL JMS D-300 spectrometer. Speci®c rotations were mea-
sured with a JASCO DIP-140 polarimeter and recorded at 20�C.

4.2. Study of optical resolution on a small scale

A mixture of (RS)-12 (1.0 g) and chiral amine was dissolved in a mixture (1:1) of MeOH and
H2O or MeOH only. The solution was allowed to stand at ^15�C. The precipitate was ®ltered and
a part of the salt was acidi®ed to give free carboxylic acid. The enantiomeric excess of the
obtained acid was measured by the method described below. The results on this small scale are
shown in Table 1.

4.3. Method for determination of the enantiomeric excess of (S)-1 or (R)-1

A part (ca. 100 mg) of (S)-1 or (R)-1 was converted into acid chloride using thionyl chloride
(ca. 100 mL) in toluene (2 mL). The acid chloride was added to a mixture of (S)-(^)-a-methyl-
benzylamine (ca. 250 mg), Et3N (280 mL), and THF (2.5 mL) at 0�C in order to convert the acid
into its amide. The reaction mixture was monitored by TLC (EtOAc:cyclohexane=1:2, Rf value
of the acid and the amide=0.57 and 0.26, respectively). The reaction mixture was treated with
H2O and extracted with EtOAc. The organic layer was washed with 1N HCl and brine and dried
over MgSO4. The organic layer was ®ltered and evaporated. A part (ca. 20 mg) of the residue was
dissolved in EtOH (1 mL) and analyzed by use of HPLC column (YMC A-014 (6 mm I.D. �30
cm), n-hexane:CH2Cl2:EtOH=88:10:2, detection at 254 nm, ¯ow rate 0.8 mL/min, column
temperature 40�C). The peaks of (R)-1 and (S)-1 were detected at retention times 32 and 40 min,
respectively.

4.4. (^)-2-Methyl-4-hexynic acid (R)-1

(þ)-2-Methyl-4-hexynic acid (RS)-1 (155.6 g, 1.23 mol) and quinine (400 g, 1.23 mol) were dis-
solved in MeOH (500 g) under re¯ux. To the solution was added H2O (500 g) and the solution
was allowed to stand at ^10 to +5�C. The precipitate was ®ltered and dried under reduced pres-
sure to give the 1st crop (226.0 g, 81.4% yield). The e.e.s of the 1st crop and its mother liquid
were (^)-67.6% and (+)-49.0%, respectively. The 1st crop (225 g, 0.500 mol) was dissolved in
MeOH (225 g) under re¯ux. After the dissolution of the salt, H2O (225 g) was added and the
solution was cooled at 0�C. The precipitate was ®ltered and dried under reduced pressure to give
192 g (85.3% yield, (^)-88.1% e.e.).
The 2nd crop was recrystallized eight times from MeOH±H2O to give diastereomer salt, 35.0 g

(12.6% yield, (^)-99.9% e.e., [�]D=^143.3 (c 1.95, EtOH)).
The 10th crop (34 g) was acidi®ed by using 2N sulfuric acid (200 mL) and the mixture was extracted

with EtOAc (500mL). The organic layer was washed with brine (500mL). The organic layer was dried
over MgSO4 and evaporated. Distillation from the residue gave (^)-2-methyl-4-hexynic acid (S)-1
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(9.1 g, 0.072 mol, 11.7% yield, 99.9% e.e.): bp 82.5±84.0�C/1.5±2 mmHg; 1H NMR � 1.28 (3H, d,
J=6.9 Hz), 1.78 (3H, t, J=2.5 Hz), 2.25±2.43 (1H, m), 2.43±2.78 (2H, m); IR (neat) 3100±3000,
2978, 1707, 1701, 1464, 1418, 1292, 1243, 1208 cm^1; [�]D=^0.72 (c 10.0, EtOH); LRMS (EI) m/e
126 (M+); HRMS calcd for C7H10O2 126.0681, found 126.0652.

4.5. (+)-2-Methyl-4-hexynic acid (R)-1

The (+)-2-methyl-4-hexynic acid (351.5 g, 2.79 mol, (+)-49.0% e.e., bp 115±118�C/9±10
mmHg), which was obtained by acidi®cation of the mother liquid of the 1st and 2nd crops of
(^)-2-methyl-4-hexynic acid, and cinchonidine (820 g, 2.79 mol) were dissolved in MeOH (1 kg)
under re¯ux. To the solution was added H2O (1.1 kg) and the solution was allowed to stand at 0±5�C
for 5 days. The precipitate was ®ltered and dried under reduced pressure to give 532 g (1.27 mol,
45.4% yield, (+)-76.1% e.e.). The 1st crop (531 g, 1.27 mol) was dissolved in MeOH (800 g) under
re¯ux. After the dissolution of the salt, H2O (800 g) was added and the solution was allowed to
stand at 0±5�C for 7 days. The precipitate was ®ltered and dried under reduced pressure to give
361 g (67.9% yield, (+)-89.3% e.e.).
The 2nd crop was recrystallized seven times from MeOH±H2O to give diastereomer salt, 80.0 g

(6.8% yield, (+)-99.6% e.e., [�]D=^98.1 (c 2.15, EtOH)).
The 9th crop (79 g) was acidi®ed by using 2N sulfuric acid (375 mL) and the mixture was

extracted with EtOAc (500 mL). The organic layer was washed with brine (500 mL). The organic
layer was dried over MgSO4 and evaporated. Distillation from the residue gave (+)-2-methyl-4-
hexynic acid (R)-1 (21.9 g, 0.174 mol, 6.2% yield, 99.6% e.e.): bp 79.0±81.0�C/1.5 mmHg; 1H
NMR � 1.28 (3H, dd, J=6.9, 1.0 Hz), 1.78 (3H, t, J=1.7 Hz), 2.25±2.42 (1H, m), 2.42±2.75 (2H,
m); IR (neat) 3100±3000, 2978, 1707, 1465, 1420, 1293, 1244, 1208 cm^1; [�]D=+0.97(c 10.1,
EtOH); LRMS (EI) m/e 126 (M+); HRMS calcd for C7H10O2 126.0681, found 126.0679.

4.6. Crystallography

The di�raction was measured at room temperature on a Rigakudenki AFC-5R 4-circle
di�ractometer using graphite-monochromated Cu-Ka radiation (l=1.54178 AÊ ) with an !±2�
scan method. The data were corrected for Lorenz-polarization. No signi®cant changes were
observed in the intensities of three standard re¯ections measured periodically throughout the data
collection. The structure was solved by direct method using SHELXS-86 and non-hydrogen
atoms were re®ned by anisotropic temperature factors. The hydrogen atoms attached to the
oxygen atoms were located from di�erence Fourier maps and re®ned by isotropic temperature
factors. The remaining hydrogen atoms attached to the carbon atoms were located by calculation
(C±H=0.95 AÊ ) and not re®ned. The structure was re®ned by full-matrix least squares. The
absolute con®guration of 5 and 6 was determined based on the con®guration of the
cyclopenta[b]benzofuran skeleton.12,13

4.7. Crystal data for 5

The compound crystallized as needles. A crystal of dimensions 0.5�0.08�0.04 mm was used
for X-ray study; it belonged to the monoclinic space group P21. Principal cell parameters were as
follows: a=15.044(2) AÊ , b=4.8467(6) AÊ , c=17.074(2) AÊ , �=113.809(8)�, V=1139.0(2) AÊ 3,
D=1.203 g/cm3 for Z=2, F(000)=444 and absorption coe�cient �=6.3 cm^1. Of the 2016
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re¯ections which were collected, 1935 were unique and 1403 observed for I greater than 3�(I0)
were used for the re®nement. The ®nal discrepancy factors were R=0.037 and wR=0.038.

4.8. Crystal data for 6

The compound crystallized as needles. A crystal of dimensions 0.5�0.1�0.05 mm was used
for X-ray study; it belonged to the monoclinic space group P21. Principal cell parameters were as
follows: a=14.602(3) AÊ , b=4.817(2) AÊ , and c=17.515(3) AÊ , �=113.74(1)�, V=1127.7(4) AÊ 3,
D=1.215 g/cm3 for Z=2, F(000)=444 and absorption coe�cient �=6.3 cm^1. Of the 2011
re¯ections which were collected, 1928 were unique and 1025 observed for I greater than 3�(I0)
were used for the re®nement. The ®nal discrepancy factors were R=0.037 and wR=0.038.
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