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Abstract—A precise and versatile method was developed for the synthesis of threo amino epoxide derivatives, which are useful inter-
mediates for protease inhibitors. It involves the diastereoselective reduction of the carbonyl group of c-N,N-dibenzyl amino
a-hydroxy b-keto sulfide prepared from an amino acid, and its subsequent stereospecific conversion to an amino epoxide via acetoxy
halogenation in high yield.
� 2005 Elsevier Ltd. All rights reserved.
Optically active a-amino epoxides have been widely used
as key building blocks for pharmaceuticals, particularly
for HIV protease inhibitors. For instance, erythro (S,S)-
amino epoxide can be used as the key intermediate for
saquinavir,1 nelfinavir,2 and fosamprenavir,3 whereas
threo (R,S) can be used for atazanavir.4 Several methods
have been reported for the synthesis of threo amino
epoxides, for example, the halomethylation of optically
active amino aldehydes5 and the asymmetric epoxida-
tion of olefins.6 However, there are various difficulties
associated with the industrial application of these meth-
ods, such as the multi-step transformation required to
produce the amino aldehyde as the raw material, the
requirement for a cryogenic reaction, the use of expen-
sive reagents, etc. In the pursuit of synthetic approaches
to the intermediates for HIV protease inhibitors,7 we
recently reported a practical synthesis of a b-amino a-
hydroxy acid involving a Pummerer rearrangement of
a b-keto sulfoxide followed by a stereoselective acyl
migration.8 The a-hydroxy b-keto sulfide that is the
Pummerer product of this reaction can be reduced to
an amino diol which in turn forms the precursor for
an amino epoxide—the N-Cbz derivative thereof being
reduced by sodium borohydride to an erythro diol pref-
erentially in the ratio of erythro/threo = 2/1.9,10 In this
present paper, we report a new approach to the synthesis
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of the threo diol involving selective reduction followed
by efficient epoxidation.10

b-Keto sulfoxide 2 was prepared by the reaction
between N,N-dibenzyl LL-phenylalanine benzyl ester 1 and
dimsyl anion, followed by a Pummerer rearrangement
under HCl acidic conditions affording the a-hydroxy
sulfide 3.8 Crude 3 was easily reduced with sodium boro-
hydride in an alcoholic solvent to give the amino diol
derivative 4a, in which the threo (R,S)-isomer was pre-
dominantly formed in a ratio of about 10/111 (Scheme
1). Each diastereomer could be isolated by means of sil-
ica gel column chromatography. As the tert-butoxycar-
bonyl (Boc) group is more commonly utilized in the
synthesis of HIV protease inhibitor intermediates,4 the
N-Boc derivative (R,S)-4b was also prepared by hydro-
genolysis of the dibenzyl group of (R,S)-4a followed
by treatment with di-tert-butoxy dicarbonate (Scheme
1). Amongst the known procedures for the epoxidation
of 1,2-diols, methods involving Mitsunobu conditions12

appear the most efficient, but the use of expensive
reagents as well as safety concerns prohibit their appli-
cation on an industrial scale. Cyclization under basic
conditions after activation of either of the hydroxy
groups has been generally used,13 although the complete
regioselective introduction of the leaving group to the
specified hydroxy group is difficult to achieve and leads
to a reduction in diastereomeric purity during epoxida-
tion. Furthermore, threo (R,S)-amino epoxide is espe-
cially difficult to isolate as pure crystals having a
higher solubility than the corresponding erythro isomer.
The stereospecific conversion of (R,S)-amino diols to
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Scheme 1. Preparation of the N-protected threo (2R,3S)-amino diols 4a and b. Reagents and conditions: (i) DMSO, NaNH2, THF, 0 �C; (ii) 10%
citric acid aq; (iii) 2 M HCl, DMSO, ambient temp; (iv) NaBH4, EtOH, H2O, 0 �C; (v) 1 M HCl; (vi) H2, 5% Pd–C, MeOH, ambient temp; (vii)
(Boc)2O, Et3N, MeOH, ambient temp.
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(R,S)-amino epoxides is thus a target of significant inter-
est. Acetoxy halogenation reactions of vicinal hydroxy
groups are occasionally used for the derivatization of
nucleosides and sugars14—the most common methodol-
ogy being transformation with a-acetoxyisobutyryl
halide. Ghosh et al. reported the application of this
method to the synthesis of amino epoxides in moderate
yields.15 We had previously developed an efficient acet-
oxy bromination method that proceeds via the methoxy
ethylidene derivative for the synthesis of 2 0,3 0-dideoxy-
nucleosides.16 This selective reaction has advantages in
terms of the fact that the milder reaction conditions pro-
duce fewer by-products and thus presented itself as a
potentially promising means of producing (R,S)-amino
epoxides from (R,S)-amino diols (Scheme 2 and Table
1). The reaction of N,N-dibenzyl (R,S)-amino epoxide
4a with trimethyl orthoacetate in the presence of trifluo-
roacetic acid afforded the methoxy ethylidene derivative
5a. Acetyl bromide was then added to the reaction mix-
ture containing 5a. Regioselective bromination took
place at the less sterically hindered carbon and 2-acetoxy
1-bromide 6a was successfully obtained in 80% from 4a
in two steps. Compound 6a was treated with potassium
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Scheme 2. Preparation of the N,N-dibenzyl threo (2R,3S)-amino epoxide 8a.
temp; (ii) AcBr (X = Br) or Me3SiCl (X = Cl), CH2Cl2, ambient temp; (iii)

Table 1. Preparation of the threo amino epoxide from the threo amino diol

Entry Amino diol Acetoxy ha

1 (R,S)-4a (R,S)-6ab

2 (R,S)-4a (R,S)-7ab

3 (R,S)-4b (R,S)-6bb

4 (R,S)-4b (R,S)-7b + (S,S)-7c

a The optical purity (ee) and the diastereomeric excess (de) of each compoun
bDetailed analysis of the formation of regio isomers was not undertaken. No
carbonate in alcohol to give the desired (R,S)-amino
epoxide 8a in 98%.17 No other diastereomeric/enantio-
meric isomers of 8a were detected by HPLC. Compound
(R,S)-8a proved readily convertible to the diastereo-
meric isomer (S,S)-8b by Beaulieu and Wernic�s meth-
od.5c The same sequence of reactions using
chlorotrimethyl silane instead of acetyl bromide also
gave (R,S)-8a via the acetoxy chloride 7a. N-Boc
(R,S)-amino epoxide 8b was also synthesized from
(R,S)-4b, by using pyridinium p-toluenesulfonate for
methoxy ethylidene formation (Scheme 3). The lower
yield in the case of acetoxy bromination is likely to be
due to the partial degradation of the Boc group under
acidic conditions. The remarkable difference in the acet-
oxy chlorination reaction was the significant formation
of regio isomer (S,S)-7c, which was confirmed18 by sepa-
ration of each isomer by silica gel column (Scheme 4).

In conclusion, a practical synthesis of N-protected threo
(2R,3S)-3-amino-1,2-epoxy phenylbutane has been deve-
loped. It involves the diastereoselective reduction of c-
N,N-dibenzyl amino a-hydroxy b-keto sulfide followed
by stereospecific conversion to the amino epoxide via
Bn2N

Ph

X
OAc

Bn2N

Ph

O

(2R,3S)-6a (X = Br)
(2R,3S)-7a (X = Cl)

(2R,3S)-8a

ii iii

Reagents and conditions: (i) CH(OMe)3, CF3CO2H, CH2Cl2, ambient
K2CO3, MeOH, ambient temp.

lide Amino epoxide

X Yield (%) Yielda (%)

Br 80 (R,S)-8a 98
Cl 71 (R,S)-8a 80
Br 57 (R,S)-8b 99
Cl 76 (R,S)-8b 89

d were higher than 98%, as determined by chiral HPLC.
impurity larger than 5% (peak area vs. product) was detected in HPLC.
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Scheme 3. Preparation of the N-Boc threo (2R,3S)-amino epoxide 8b. Reagents and conditions: (i) CH(OMe)3, p-TsOH–pyridine, CH2Cl2, ambient
temp; (ii) AcBr (X = Br) or Me3SiCl (X = Cl), CH2Cl2, ambient temp; (iii) K2CO3, MeOH, ambient temp. (aSee Scheme 4.)
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Scheme 4. Formation of the regio isomers 7b and c. Reagents and conditions shown in Scheme 3.
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acetoxy halogenation. This method also represents a
potential industrial manufacturing process for threo
amino epoxides, providing a versatile synthesis using
safe and inexpensive reagents without the need for a
cryogenic reaction.
References and notes

1. Parkes, K. E. B.; Bushnell, D. J.; Crackett, P. H.;
Dunsdon, S. J.; Freeman, A. C.; Gunn, M. P.; Hopkins,
A.; Lambert, R. W.; Martin, J. A.; Merrett, J. H.;
Redshaw, S.; Spurden, W. C.; Thomas, G. J. J. Org.
Chem. 1994, 59, 3656–3664.

2. Kaldor, S. W.; Kalish, V. J.; Davies, J. F.; Shetty, B. V.;
Fetz, J. E.; Appelt, K.; Burgess, J. A.; Campanale, K. M.;
Chigadze, N. Y.; Clawseon, D. K.; Dressman, B. A.;
Hatch, S. D.; Khalill, D. A.; Kosa, M. B.; Lubbehusen, P.
P.; Muesing, M. A.; Patick, A. K.; Reich, S. H.; Su, K. S.;
Tatlock, J. H. J. Med. Chem. 1997, 40, 3979–3985.

3. Tung, R. D.; Hale. M. R.; Baker, C. T.; Furfine, E. S.;
Kaldor, I.; Kazmierski, W. W.; Spaltenstein, A.R. Vertex
Pharmaceuticals; U.S. Patent 6 559 137, 2003.

4. Xu, Z.; Singh, J.; Schwinden, M. D.; Zheng, B.; Kissick,
T. P.; Patel, B.; Humora, M. J.; Quiroz, F.; Dong, L.;
Hsieh, D.-M.; Heikes, J. E.; Pudipeddi, M.; Lindrud, M.
D.; Srivastava, S. K.; Kronenthal, D. R.; Mueller, R. H.
Org. Proc. Res. Dev. 2002, 6, 323–328.

5. (a) Reetz, M. T.; Binder, J. Tetrahedron Lett. 1989, 30,
5425–5428; (b) Ng, J. S.; Przybyla, C. A.; Liu, C.; Yen, C.;
Muellner, F. W.; Weyker, C. L. Tetrahedron 1995, 51,
6397–6410; (c) Beaulieu, P. L.; Wernic, D. J. Org. Chem.
1996, 61, 3635–3645; (d) Ng, J. S.; Przybyla, C. A.;
Mueller, R. A.; Vazquez, M. L.; Getman, D. P.; G.D.
Searle and Co., USA; Monsanto Co.; PCT Int. Appl., WO
9323388, 1993.

6. (a) Luly, J. A.; Dellaria, J. F.; Plattner, J. J.; Soderquist, J.
L.; Yi, N. J. Org. Chem. 1987, 52, 1487–1492; (b) Sham,
H. L.; Betebenner, D. A.; Zhao, C.; Wideburg, N. E.;
Saldivar, A.; Kempf, D. J.; Plattner, J. J.; Norbeck, D. W.
J. Chem. Soc., Chem. Commun. 1993, 1052–1053; (c)
Malik, A. A.; Clement, T. E.; Palandoken, H.; Robinson,
J.; Stringer, J. A.; Aerojet Fine Chemicals LLC; Eur. Pat.
Appl., EP1050532, 2000.

7. (a) Onishi, T.; Otake, Y.; Hirose, N.; Nakano, T.; Torii,
T.; Nakazawa, M.; Izawa, K. Tetrahedron Lett. 2001, 42,
5887–5890; (b) Honda, Y.; Katayama, S.; Kojima, M.;
Suzuki, T.; Izawa, K. Org. Lett. 2002, 4, 447–449; (c)
Honda, Y.; Katayama, S.; Kojima, M.; Suzuki, T.;
Kishibata, N.; Izawa, K. Org. Biomol. Chem. 2004, 2,
2061–2070.

8. (a) Suzuki, T.; Honda, Y.; Izawa, K.; Williams, R. M. J.
Org. Chem. 2005, 70, in press; (b) Suzuki, T.; Honda, Y.;
Izawa, K.; Ajinomoto Co., Inc.; U.S. Patent 6 169 200,
2001.; (c) Suzuki, T.; Honda, Y.; Izawa, K.; Ajinomoto
Co., Inc.; Eur. Pat. Appl., EP767168, 1997.

9. Awaji, H.; Kaneka Corp.; Japan Kokai Tokyo Koho,
JP08259519, 1996.

10. Suzuki, T.; Honda, Y.; Izawa, K.; Ajinomoto Co., Inc.;
Japan Kokai Tokkyo Koho, JP9323960, 1997.

11. Typical procedure: to a solution of 2 (94.3 mg,
0.233 mmol) in dimethyl sulfoxide (1.6 mL) was added
2 M HCl (0.4 mL). After the mixture had been stirred for
15 h at ambient temperature, it was cooled in an ice bath
and saturated NaHCO3 aqueous solution (1.5 mL) was
added. Water (4 mL) and ethyl acetate (8 mL) were added
to the mixture and extracted. After the organic layer had
been separated, the resulting aqueous layer was extracted
twice with ethyl acetate (3 mL). The combined organic
layers were washed with water (5 mL) and saturated NaCl
aqueous solution (5 mL), then dried over anhydrous
Na2SO4, and concentrated under reduced pressure to give
crude 3a. To a solution of crude 3a in a mixed solvent of
ethanol (2 mL) and water (0.2 mL) was added sodium
borohydride (18.4 mg, 0.48 mmol) at 0 �C. After the
mixture had been stirred for 50 min at 0–5 �C, 1 M HCl
was added to adjust pH to 4.8, and the mixture was
concentrated under reduced pressure. Water (5 mL) and
ethyl acetate (20 mL) were added to the concentrate and
extracted, and the organic layer was washed with satu-
rated NaCl aqueous solution (5 mL), then dried over
anhydrous Na2SO4, and concentrated under reduced
pressure. HPLC analysis revealed a diastereomeric ratio
of about 10/1. The resulting residue was purified through
preparative silica gel thin-layer chromatography to obtain
(2R,3S)-4a (56.2 mg, 0.155 mmol, 67% from 2) and
(2S,3S)-4a (7.0 mg, 0.019 mmol, 8% from 2). 1H NMR
for (2R,3S)-4a (300 MHz, CDCl3) d = 2.7 (m, 1H), 3.06–
3.23 (m, 3H), 3.42 (d, 2H), 3.52–3.60 (m, 2H), 3.99 (d, 2H),
7.21–7.36 (m, 15H). Mass (ESI) m/z 362 (MH+).

12. (a) Braanalt, J.; Kvarnstroem, I.; Classon, B.; Samuelsson,
B.; Nillroth, U.; Danielson, U. H.; Karlen, A.; Hallberg,
A. Tetrahedron Lett. 1997, 38, 3483–3486; (b) Aguilar, N.;
Moyano, A.; Pericas, M. A.; Riera, A. J. Org. Chem. 1998,
63, 3560–3567.



5814 T. Suzuki et al. / Tetrahedron Letters 46 (2005) 5811–5814
13. (a) Bennett, F.; Girijavallabhan, V. M.; Patel, N. J. Chem.
Soc., Chem. Commun. 1993, 737–738; (b) Kang, S. H.;
Ryu, D. H. Bioorg. Med. Chem. Lett. 1995, 5, 2959–2962;
(c) Aguilar, N.; Moyano, A.; Pericas, M. A.; Riera, A.
Tetrahedron Lett. 1999, 40, 3913–3916.

14. (a) Russell, A. F.; Greenberg, S.; Moffatt, J. G. J. Am.
Chem. Soc. 1973, 95, 4025–4030; (b) Robins, M. J.; Jones,
R. A.; Mengel, R. J. Am. Chem. Soc. 1976, 98, 8213–8217;
(c) Norman, D. G.; Reese, C. B. Synthesis 1983, 304–306;
(d) Liu, C. M.; Warren, C. D.; Jeanloz, R. W. Carbohydr.
Res. 1985, 136, 273–284; (e) Kempf, D. J.; Norbeck, D.
W.; Sham, H. L.; Zhao, C.; Sowin, T. J.; Reno, D. S.;
Haight, A. R.; Abbott Laboratories; U.S. Patent 6 667
404, 2003.

15. Ghosh, A. K.; Hussain, K. A.; Fidanze, S. J. Org. Chem.
1997, 62, 6080–6082.

16. (a) Honda, Y.; Arai, M.; Kaida, M.; Iwagami, H.;
Ajinomoto, Co., Inc.; Japan Kokai Tokkyo Koho,
JP01224390, 1989; (b) Shiragami, H.; Ineyama, T.; Uch-
ida, Y.; Izawa, K. Nucleosides Nucleotides 1996, 15, 47–58.

17. Typical procedure: to a solution of (2R,3S)-4a (569.4 mg,
1.575 mmol) in dichloromethane (16 mL) were added
trimethyl orthoacetate (0.5 mL) and trifluoroacetic acid
(0.13 mL). After the mixture had been stirred for 4 h at
ambient temperature, it was concentrated under reduced
pressure. To a solution of the resulting residue in
dichloromethane (14 mL) acetyl bromide (1.29 mL) in
dichloromethane (2 mL) was added dropwise for 4 min.
After the mixture had been stirred for 5 h at ambient
temperature, saturated NaHCO3 aqueous solution
(16 mL) and dichloromethane (10 mL) were added to the
mixture and extracted. The organic layer was washed with
saturated NaCl aqueous solution (15 mL) and dried over
anhydrous Na2SO4, and concentrated under reduced
pressure. The resulting residue was purified through silica
gel column chromatography to obtain (2R,3S)-6a
(588.4 mg, 1.262 mmol, 80% from (2R,3S)-4a). 1H NMR
(300 MHz, CDCl3) d = 2.16 (s, 3H), 2.66 (dd, 1H), 3.10
(dd, 1H), 3.17–3.25 (m, 2H), 3.49 (d, 2H), 3.59 (dd, 1H),
4.04 (d, 2H), 5.05 (m, 1H), 7.14 (m, 2H), 7.19–7.35 (m,
13H). Mass (ESI) m/z 466 (MH+). To a solution of
(2R,3S)-6a (75.1 mg, 0.161 mmol) in methanol (1.6 mL)
was added potassium carbonate (45 mg). After the mixture
had been stirred for 2 h at ambient temperature, sus-
pended matter was removed by filtration, and the filtrate
was concentrated under reduced pressure. Water (5 mL)
and ethyl acetate (10 mL) were added to the residue and
extracted. The organic layer was washed with saturated
NaCl aqueous solution (5 mL), dried over anhydrous
Na2SO4, and concentrated under reduced pressure to
obtain (2R,3S)-8a (54.1 mg, 0.158 mmol, 98% from
(2R,3S)-6a). 1H NMR (300 MHz, CDCl3) d = 2.20 (dd,
1H), 2.59 (dd, 1H), 2.69–2.80 (m, 1H), 2.98 (m, 1H), 3.15
(m, 1H), 3.82 (d, 2H), 3.88 (d, 2H), 7.00–7.04 (m, 2H),
7.17–7.33 (m, 13H). Mass (ESI) m/z 344 (MH+).

18. The structure of 7c, which only consists of a single
diastereomer was determined by NMR. Absolute config-
uration is based on the original configuration in LL-Phe.


	An efficient synthesis of N-protected threo (2R,3S)-3-amino-1,2-epoxy phenylbutane
	References and notes


