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Abstract:
An enantioselective synthesis of (2R,3R)-2-(tert-butoxycarbo-
nyl)amino-3-cyclohexyl-3-hydroxypropanoic acid has been de-
scribed starting from enantiomerically enriched ethyl 3-cyclo-
hexyl-2,3-dihydroxypropanoate, easily available by Sharpless
asymmetric dihydroxylation. The key reaction is the direct
preparation of a sulfate by diol treatment with sulfuryl chloride,
thus avoiding ruthenium-catalyzed sulfite oxidation.

â-Hydroxy-R-amino acids are constituents of many
biologically active natural products and medicinally impor-
tant compounds.1-4 Since both the relative and absolute
stereochemistry of their chiral centres is crucial for their
biological activity, many stereoselective syntheses of this type
of nonproteinogenic amino acids have been reported up to
now.2-5 Among these compounds, (2R,3R)-2-amino-3-hy-
droxy-3-cyclohexylpropanoic acid1 is particularly relevant
since it is a key component in the antiinflammatory and HIV
antagonist drug ONO-41282.6 Although some enantiose-
lective syntheses of this particular amino acid have been
described to date,7 a practical, reliable, and scalable stereo-
selective synthesis of this important amino acid would be
of great interest.

During the past decade we have been involved in a project
devoted to the asymmetric synthesis of biologically active
amino acids.8 In the present case, we envisaged that the
asymmetric Sharpless dihydroxylation of the unsaturated
ester3 to give the enantiomerically enriched diol4 would
to be a good procedure to establish the stereochemistry of
both centres, since absolute configuration would be controlled
by the ligand, and the nucleophilic introduction of the amino
function with inversion of configuration would afford the
requirederythro relative estereochemistry. For this general
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sequence, Sharpless developed a general methodology9 that
involves the following steps: (a) reaction of a vicinal diol
with thionyl chloride to give a cyclic sulfite, (b) oxidation
to sulfate with periodate and a catalytic amount of Ru-
containing compound, and (c) reaction with a nucleophile,
which in the synthesis of a hydroxy amino acid would be
azide. However, this sequence has the usual drawbacks
associated with the use of ruthenium: difficult workup and
generation of heavy metal residues. Somewhat surprisingly,
the direct transformation of diols into sulfates using sulfuryl
chloride has been scarcely described in the literature,
probably because in most cases the reaction conditions lead
to a complex mixture of compounds. The few reports using
this reagent10,11claimed that only cyclic or electron-deficient
substrates give good yields. We describe here the preparation
of sulfate5 from unsaturated amino ester3 by an advanta-
geous procedure based on Sharpless asymmetric dihydroxy-
lation and sulfuryl chloride treatment, (not involving
sulfite/sulfate oxidation), and the transformation of5 into
(2R,3R)-2-(tert-butoxycarbonyl)amino-3-hydroxy-3-cyclo-
hexylpropanoic acid,8, a useful precursor of pharmacologi-
cally important drugs such as ONO-4128,2.

Submitting the known12 unsaturated ester3 to the standard
Sharpless asymmetric dihydroxylation13 afforded the enan-
tiomerically enriched diol4 uneventfully. The preparation
of the sulfate was initially attempted in methylene chloride
in the presence of triethylamine under the typical condi-
tions.10 However at-78 °C the main product was the bis-
chlorosulfate9. By increasing the temperature up to 0°C

the reaction took place in very low yields. An extensive set
of solvents (toluene, isopropyl acetate, methyl isopropyl
ketone) and temperatures was then tested, but in most cases
the yields were disappointingly low. Attempted purification
of the sulfate by chromatography gave the rearranged ketone
10 as the main product of the reaction. Performing the
reaction in ethyl acetate, at-78 °C, also led to9 as the
major product. Nevertheless, the slow addition of sulfuryl
chloride into a diluted solution of diol4 and triethylamine
in ethyl acetate at 0°C11 afforded a clean reaction crude
that, after work up, gave sulfate5 in 93% yield. It is worth
noting that, to the best of our knowledge, this is the first
acyclic diol without electron-deficient substituents that has
been converted into sulfate by direct treatment with sulfuryl
chloride.

With sulfate5 in hand, the transformation into theN-Boc
derivative7 took place in 77% yield by regioselective ring-
opening with sodium azide, followed by hydrogenation over
Pd/C and in situ protection with Boc2O. The previously
unknown ethylN-Boc-2-amino-3-cyclohexyl-3-hydroxy ester
(7) was hydrolyzed under basic conditions to afford the
desired protected amino acid8. During the entire sequence
all intermediates were either isolated pure from the reaction
or purified by crystallization. Consequently, no chromato-
graphic separations were necessary. The final product was
obtained in very high chemical and optical purity (99% ee
as determined by chiral HPLC). In summary, we have
developed a practical and completely stereoselective syn-
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Scheme 1 a

a Reagents and conditions: (a) K3Fe(CN)6, (DHQD)2PHAL, 0.4% mol
K2OsO2(OH)2, CH3SO2NH2 (76% yield). (b) SO2Cl2, NEt3, AcOEt, 0°C (93%
yield). (c) NaN3, acetone:H2O (5:1) 0°C, 2 h. (d) H2SO4, 20% Et2O (1:1) o.n.
(e) Pd/C, AcOEt, H2, Boc2O (77% three steps). (f) KOH, THF (80% yield).
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thesis of (2R,3R)-2-(tert-butoxycarbonyl)-amino-3-hydroxy-
3-cyclohexylpropanoic acid,8, using the Sharpless asym-
metric dihydroxylation as a source of chirality. The process
has been done on multigram scale without any chromato-
graphic purification. The key step of the synthesis is the
preparation of sulfate5 from enantiomerically enriched diol
4 using sulfuryl chloride in ethyl acetate, instead of the usual
conditions that involve sulfite/sulfate oxidation with ruthe-
nium reagents.

Experimental Section

General. Optical rotations were measured at room tem-
perature (concentration in g/100 mL).1H NMR spectra were
obtained at 400 MHz (s) singlet, d) doublet, t) triplet,
dt ) double triplet, m) multiplet, and b) broad)13C NMR
spectra were obtained at 75 MHz.1H chemical shifts are
quoted relative to TMS and13C shifts relative to solvent
signals. 3-Cyclohexylacrylic acid ethyl ester, 2, was prepared
according to the literature procedures.12

Ethyl (2S, 3R)-2,3-Dihydroxy-3-cyclohexylpropanoate
4. To a mixture of (DHQD)2PHAL (800 mg, 1.03 mmol),
K3Fe(CN)6 (101.5 g, 308 mmol), K2CO3 (42.6 g, 308 mmol)
in H2O: tBuOH (1:1, 1000 mL) cooled to 0°C was added
K2OsO4(OH)4 (158 mg, 0.411 mmol) followed by methane-
sulfonamide (9.8 g, 102.8 mmol). After stirring 10 min at 0
°C, 3-cyclohexylacrylic acid ethyl ester (2) (18.7 g, 102.8
mmol) was added in one portion. The reaction mixture was
stirred at 0°C for 18 h and then quenched with sodium sulfite
(154 g). Stirring was continued for 1 h atroom temperature
and the solution extracted with CH2Cl2 (3 × 300 mL). The
organic layer was washed with KOH 2 N, dried over MgSO4,
and evaporated to give4. Crystallization in heptane afforded
17.0 g of4 as a white solid (76% yield). Mp 75.5-76.0°C.
[R]D +12.5 (c1.0, CHCl3). IR: 3461(b), 2924, 2851, 1737,
1448, 1261 cm-1. 1H NMR (400 MHz, CDCl3): 4.29 (q,
2H), 3.55 (t, 1H), 3.05 (s broad, 1H), 2.04 (d broad, 1H),
1.55-1.86 (m, 4H), 1.32 (t, 3H), 0.9-1.27 (m, 6H) ppm.
13C NMR (75 MHz, CDCl3): 174.4 (CO), 77.0 (CH), 71.0
(CH), 62.2 (CH2), 40.5 (CH), 31.3 (CH), 29.4 (CH2), 29.2
(CH2), 26.4 (CH2), 26.0 (CH2), 14.3 (CH3) ppm.

(4S,5R)-4-Ethoxycarbonyl-5-cyclohexyl-1,3,2-dioxathi-
olane-2,2-dioxide 5.To a solution of diol4 (14.3 g, 66
mmol) in dry AcOEt (2600 mL) was added NEt3 (110.4 mL,
792 mmol). The reaction mixture was cooled to 0°C under
stirring, and SO2Cl2 (26.5 mL, 330 mmol) was added
dropwise. After 2 h ofstirring at this temperature, the reaction
mixture was extracted with water (3× 800 mL) and NaCl
(2 × 500 mL). The combined organic extracts were dried
(MgSO4) and concentrated to give an oil. The crude was
crystallized in hexane to give 17.1 g of sulfate5 as a white
solid (93% yield). Mp 84.5-85.0°C. [R]D +71.07 (c1.0,
CHCl3). IR: 2933, 2858, 1767, 1745, 1397, 1210 cm-1. 1H
NMR (400 MHz, CDCl3): 4.96 (d, 1H,J ) 6.4 Hz), 4.79
(t, 1H, J ) 6.4 Hz), 4.35 (q, 2H), 1.70-2.00 (m, 5H), 1.36
(t, 3H), 1.00-1.30 (m, 6H) ppm.13C NMR (75 MHz,
CDCl3): 165.6 (CO), 87.6 (CH), 78.0 (CH), 63.4 (CH2), 40.4

(CH), 28.2 (CH2), 27.5 (CH2), 25.9 (CH2), 25.5 (CH2), 25.2
(CH2), 14.1 (CH3) ppm. Anal. Calcd for C11H18O6S: C,
47.47; H, 6.52; S, 11.52. Found: C, 47.30; H, 6.56; S, 11.69.

Ethyl (2R, 3R)-2-Azido-3-hydroxy-3-cyclohexylpro-
panoate 6. Cyclic sulfate 5 (5.18 g, 18.6 mmol) was
dissolved in a mixture of acetone:water (5:1, 150 mL) and
cooled to 0°C. NaN3 (2.42 g, 37.2 mmol) was added, and
the stirring was continued for 3 h. The solvent was
evaporated, and the crude was dissolved in Et2O (90 mL)
and 20% H2SO4 (90 mL). After stirring overnight, excess
NaHCO3 was added to the reaction mixture. The aqueous
layer was extracted with Et2O (3 × 250 mL), and the
combined organic extracts were dried (MgSO4). The solvent
was concentrated, and the solution (ca. 50-100 mL) was
directly used in the next step. A small sample was evaporated
to dryness for characterization to give azide6 as an oil. IR:
3488 (b), 2927, 2853, 2109, 1737, 1449, 1261, 1192, 1024
cm-1. 1H NMR (400 MHz, CDCl3): 4.30 (q, 2H), 3.95 (d,
1H, J ) 6 Hz), 3.70 (t, 1H,J ) 6 Hz), 2.63 (b, 1H), 1.90-
1.50 (m, 5H), 1.34 (t, 3H), 1.00-1.30 (m, 6H) ppm.13C
NMR (75 MHz, CDCl3): 169.7 (CO), 76.1 (CH), 63.5 (CH2),
62.2 (CH), 40.1 (CH), 29.6 (CH2), 27.2 (CH2), 26.3 (CH2),
26.2 (CH2), 26.0 (CH2), 14.3 (CH3) ppm.

Ethyl (2R,3R)-2-(tert-Butoxycarbonyl)amino-3-hydroxy-
3-cyclohexylpropanoate 7.A solution of crude azide6 and
Boc2O (5.3 g, 24.2 mmol) in ethyl acetate (30 mL) was added
to a stirred suspension of 10% Pd/C (448 mg) in ethyl acetate
(60 mL) under hydrogen. The mixture was stirred under
hydrogen until the starting material could not be detected
by TLC (20 h). Then, the suspension was filtered through
Celite, washing with ethyl acetate. Solvent was evaporated
at reduced pressure to give crude7 as an oil. Crystallization
in heptane gave 4.5 g of7 as a white solid (77% yield from
sulfate5). Mp 76-78 °C. [R]D -15.6 (c1.0, CHCl3). IR:
3440 (b), 2978, 2925, 2852, 1717, 1502, 1163 cm-1. 1H
NMR (400 MHz, CDCl3): 5.50 (bd, 1H,J ) 6.8 Hz), 4.43
(bd, 1H,J ) 4.8 Hz), 4.15-4.27 (m, 2H), 3.50 (bd, 1H,J )
5.2 Hz), 2.56 (b, 1H), 1.93 (bd, 1H,J ) 12 Hz), 1.80-1.60
(m, 4H), 1.45 (s, 9H), 1.28 (t, 3H), 0.9-1.3 (m, 6H) ppm.
13C NMR (75 MHz, CDCl3): 171.4 (CO), 146.9 (CO), 85.3
(CH), 77. 9 (C), 61.6 (CH2), 56.0 (CH), 40.9 (CH), 29.2
(CH2), 29.1 (CH2), 28.4 (CH3), 26.3 (CH2), 26.0 (CH2), 25.9
(CH2), 14.9 (CH3) ppm. Anal. Calcd for C16H29NO5: C,
60.93; H, 9.27; N, 4.44. Found: C, 60.80; H, 9.52; N, 4.42.

(2R,3R)-2-(tert-Butoxycarbonyl)amino-3-hydroxy-3-cy-
clohexylpropanoic Acid 8. To a stirred solution of7 (2.5
g, 7.9 mmol) in THF, a KOH aqueous solution (0.9 g, 15.8
mmol in 60 mL) was added. After 2 h, no starting material
was detected by TLC. The mixture was concentrated under
vacuum, cooled to 0°C, acidified with 0.1 M HCl, and
filtered to afford 1.8 g of8 as a white solid (80% yield).
Mp 142.5-143°C. [R]D -15.2 (c1.0, CHCl3). IR: 3442
(b), 3319 (b), 2926, 2852, 1692, 1512, 1366, 1166 cm-1. 1H
NMR (400 MHz, CDCl3): 6.41 (broad, 1H), 5.64 (broad,
1H), 4.47 (s broad, 1H), 3.54 (s broad, 1H), 2.01 (d broad,
1H), 1.80-1.60 (m, 4H), 1.46 (s, 9H), 0.9-1.30 (m, 6H)
ppm.13C NMR (75 MHz, CDCl3): 174.5 (CO), 156.3 (CO),
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80. 8 (C), 78.1 (CH), 55.8 (CH), 40.4 (CH), 29.4 (CH2),
29.0 (CH2), 28.4 (CH3), 26.4 (CH2), 26.0 (CH2), 25.9 (CH2)
ppm. Optical purity: amino acid8 was converted into its
methyl ester which was analyzed by HPLC (Chiralcel OD,
hexane:2-propanol, 98:2; 0.5 mL/min,λ ) 220 nm;tR (2R,3R
isomer)) 28.0 min,tR (2S,3S isomer)) 31.1 min) showing
an enantiomeric purity of 99% ee.
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