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Abstract: Highly enantioselective and facile synthesis of a-hy-
droxy-b-amino acids has been achieved using the Claisen and
Curtius rearrangements as key reactions. Chiral allylic alcohols
were employed, which can be prepared by asymmetric catalysis in
both E- and Z-forms; both anti- and syn-a-hydroxy-b-amino acids
have been synthesized.
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sis, Claisen rearrangement, Curtius rearrangement

a-Hydroxy-b-amino acids are common structural units
found in many biologically active compounds, including
both naturally occurring and synthetic pharmaceuticals.1

As one can see in Figure 1, a-hydroxy-b-amino acids or
their derivatives reside in key structural elements of bio-
logically active molecules, including Taxol,2 a potent an-
titumor agent; bestatin,3 an aminopeptidase inhibitor; and
KNI-272,4 a highly potent HIV-protease inhibitor. Due to
their widespread occurrence in biologically active mole-
cules, much synthetic effort has been devoted to the devel-
opment of efficient stereoselective routes to prepare
enantiopure a-hydroxy-b-amino acids.5–8 Traditional syn-
thetic methods toward these molecules have depended
heavily on the use of chiral pools, such as amino acids or
carbohydrates. In these types of syntheses, diastereoselec-
tive addition of nucleophiles to a-aminocarbonyl or a-hy-
droxyimino compounds is typical. In these syntheses,
however, it was hard to obtain both syn- and anti-a-hy-
droxy-b-amino acids and thus Mitsunobu inversion of a
secondary alcohol was required to obtain both forms of a-
hydroxy-b-amino acids.5 There are some good methods to
synthesize a-hydroxy-b-amino acids through asymmetric
synthesis. However, in these cases, expensive chiral aux-
iliaries are needed to obtain enantioenriched products.6

Recently, some methods employing asymmetric catalysis
were reported,7,8 they include well-known examples of
nucleophilic epoxide ring-opening reactions7 and asym-
metric aminohydroxylations.8 However, in these catalytic
systems, substrates that can be used or the stereochemistry
of products are quite limited. Also, in the case of amino-
hydroxylations, the regioselectivity is sometimes prob-
lematic. Thus, the development of efficient synthetic
routes to a-hydroxy-b-amino acids, which can give prod-

ucts with well-defined stereochemistry (R/S and syn/anti)
in high yields is urgently needed.

Our synthetic routes are based on both highly stereoselec-
tive Claisen rearrangements9 and stereospecific Curtius
rearrangements10 as shown in Scheme 1. Both E-and Z-
chiral allylic alcohols are starting materials for our syn-
thesis. These allylic alcohols are well-known and easily
prepared by various methods including catalytic reac-
tions.11,12 The stereochemistry of a-hydroxy-b-amino
acids will be established through the Claisen rearrange-
ment.9b Curtius rearrangement of carboxylic acids is
known to introduce nitrogen functionality in a stereospe-
cific manner from carboxylic acids with retention of the
stereochemistry of the carboxylic acid, and as a result, the
Curtius rearrangement has been employed in the stereo-
selective synthesis of amino acids.10a–c

The starting allylic esters can be easily prepared from sim-
ple starting materials in high ee by asymmetric catalysis
(Scheme 2). The Z-allylic esters were prepared in three
steps by initial asymmetric alkynylation developed by
Carreira et al.,11 followed by Lindlar hydrogenation, and
subsequent acylation with commercially available benzyl-
oxyacetyl chloride. The E-allylic esters were prepared in
two steps through the enantioselective addition of a di-
ethyl zinc reagent to a,b-unsaturated aldehydes catalyzed
by (1S,2R)-dibutylnorephedrine,12 followed by acylation
with benzyloxyacetyl chloride. Starting from the corre-
sponding aldehydes, E/Z-allylic esters can be prepared in
high optical purity (Table 1, up to 96% ee) and good
yields (>70% in every case).

Figure 1
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Scheme 2 Preparations of E- and Z-allylic esters. Reagents and con-
ditions: (a) Zn(OTf)2, (–)-N-methylephedrine, Et3N, toluene, 25 °C,
(b) Lindlar catalyst (5 wt%), quinoline (45 wt%), H2 (1 atm), MeOH,
25 °C, (c) BnOCH2COCl (1.1 equiv), pyridine (3 equiv), THF, 25 °C,
(d) Et2Zn (3 equiv), (1S,2R)-dibutylnorephedrine (5 mol%), hexane,
0 °C.

Then, the allylic esters were treated with a strong base
such as LDA and quenched with TMSCl to induce a
Claisen rearrangement. The Claisen rearrangement took
place in high yields with excellent diastereoselectivity. In
each case, only one diastereomer could be observed. Also,
the enantiopurity of the starting allylic ester was main-
tained in every case. This is in accordance with previous
reports which showed that the Claisen rearrangement of
allylic esters, containing chelating elements such as
oxygen, gave g,d-unsaturated esters almost stereospecifi-
cally.9 The Claisen rearrangement of allylic esters 1a and
1c containing a phenyl group directly attached to a double
bond gave the best results when a mixture of 1a or 1c and
TMSCl were treated with an excess amount of KHMDS.
Alternatively, when 1b and 1d were employed, the best
results were obtained when the allylic esters were treated
with 1.1 equivalents of LDA and 1.5 equivalents of
TMSCl (Table 2). The crude carboxylic acids were treat-
ed with TMS–diazomethane to give methyl esters 2a–d,
which were purified by silica gel column chromatogra-
phy. This reaction proceeded uneventfully to give 2a–d in
good yields with excellent stereoselectivity.13 Their abso-
lute and relative stereochemistries were determined by
comparison with the reported data of known compounds. 

To synthesize a-hydroxy-b-amino acids from these g,d-
unsaturated esters, the double bonds could be cleaved to
give carboxylic acids, which could then be converted to
the amino acids stereospecifically using the Curtius
rearrangement. Although various methods to cleave the
double bond in 2 were tested, ozonolysis followed by
NaClO2 oxidation proved to be optimal to give the car-
boxylic acid in excellent yields with high purity with no
purification required before the final Curtius rearrange-
ment. Using a variant of the Curtius rearrangement devel-
oped by Shioiri,10d,e 3 was converted to a-hydroxy-b-
amino acid 4 in a stereospecific manner (Scheme 3,
Table 3).

This three-step sequence worked remarkably well regard-
less of the nature of R (R = Ph, CH2Ph) or the relative
stereochemistry (syn or anti) of the substrates. Thus, in
every case examined, yields were excellent (total yield
>67%, 3 steps) and there was no reduction of either dia-
stereopurity or enantiopurity, giving stereochemically
pure a-hydroxy-b-amino acids 4a–d efficiently.

Scheme 1
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Table 1 Preparation of E- and Z-Allylic Esters

Entry Product Configuration (R/S) Configuration (E/Z) R Yield (%)a ee (%)b

1 1a S Z Ph 74 95

2 1b S Z CH2Ph 71 94

3 1c S E Ph 83 96

4 1d S E CH2Ph 86 95

a Isolated yields based on starting aldehydes.
b Determined by chiral HPLC analysis by DAICEL OD-H column.
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To determine the absolute configurations of 4a–d and
examine the applicability of this route to a practical syn-
thesis, 4a–d were converted to benzoylated a-hydroxy-b-
amino acids 5a–d. Thus, 4a–d were debenzylated by
hydrogenolysis and carefully benzoylated to give N-
benzoyl-a-hydroxy-b-amino acids 5a–d.14 Among these
compounds, 5a is the enantiomer of the side chain of
Taxol, one of the most famous, a-hydroxy-b-amino acids
(Scheme 4). This method can be applied to the preparation
of the Taxol side chain.

Table 2 Claisen Rearrangement of Allylic Esters

Substrate Product R1 R2 R3 Conditionsa Yield (%)b dr (syn/ anti)c ee (%)c

1a 2a H Ph i-Pr A 81 1:99 95

1b 2b H CH2Ph i-Pr B 79 1:99 94

1c 2c Ph H Et A 86 99:1 96

1d 2d CH2Ph H Et B 77 99:1 95

a Conditions A: TMSCl (4.5 equiv) was added to a solution of 1 in THF at –78 °C. Then, KHMDS (4 equiv) was added and stirred for 10 min. 
The mixture was allowed to warm to r.t. and stirred for an additional 2 h. Conditions B: LDA (1.1 equiv) was added to a THF solution of 1 at 
–78 °C. After 3 min, TMSCl (2.0 equiv) was added and then allowed to warm to r.t. After work-up, the crude carboxylic acids were treated 
with TMS–diazomethane to give the corresponding methyl esters.
b Isolated yields. 
c Determined by HPLC analysis with a chiral AD-H column (DAICEL). 
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Table 3 Stereoselective Synthesis of a-Hydroxy-b-amino Acids

Product R Yield 
(%)a

dr 
(syn/anti)b

Configura-
tionc

ee (%)d

4a Ph 71 99:1 (S,S) >95

4b CH2Ph 67 99:1 (S,S) >95

4c Ph 73 1:99 (R,S) >95

4d CH2Ph 68 1:99 (R,S) >95

a Isolated yields over 2 steps. 
b Determined from derivatives 5a–d prepared by a known proce-
dure.5a 
c Determined from derivatives 5a–d. 
d Determined from derivatives 5c, 5d, ent-5c, and ent-5d prepared by 
a known procedure.5a,15

Scheme 4 Deprotection and derivatization
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(i) Pd(OH)2, H2 (1 atm)
MeOH, 25 °C

(ii) Bz-Cl (1.1 equiv)
Py (3 equiv)
THF, 0 °C

5a: R = Ph, 81%, >95% ee
5b: R = CH2Ph, 86%, >95% ee
5c: R = Ph, 83%, >95% ee
5d: R = CH2Ph, 87%, >95% ee
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In conclusion, we have developed new routes for the high-
ly enantioselective synthesis of a-hydroxy-b-amino acids,
including the unnatural enantiomer of the Taxol side
chain. Starting from allylic alcohols, a-hydroxy-b-amino
acids can be prepared in four steps in better than 45% total
yield. The enantiopurity of allylic alcohols are thoroughly
reflected in the enantiopurity of the resulting products.
There are a lot more E- and Z-allylic alcohols that can be
prepared in high enantiopurity, this newly developed
route can be applied to the synthesis of a diverse range of
a-hydroxy-b-amino acids.
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crude 5a, which was purified by silica gel column 
chromatography (EtOAc–hexane, 1:2) to give pure 5a in 
81% yield (overall yield from 3a: 58%) The spectra were in 
accordance with the known compound. [a]D

23 +47.1 (c 1.00, 
MeOH) {lit.5b [a]D

23 –50.2 (c 1.00, MeOH)}; 1H NMR (400 
MHz, CD3OD): d = 3.26 (d, 1 H), 3.86 (s, 3 H), 4.65 (dd, 1 
H), 5.75 (dd, 1 H), 6.97 (br d, 1 H), 7.28–7.55 (m, 8 H), 7.78 
(d, 2 H). To check the enantiopurity of 5a, it was converted 
to the ent-5c. To a CH2Cl2 solution of 5a, NMO (2.5 equiv) 
was added, followed by TPAP (10 mol%). After stirring for 

1 h, the reaction mixture was filtered through a short pad of 
silica gel to give the corresponding a-amino ketone. This 
compound was treated with tetrabutylammonium 
borohydride as reported previously15 to give ent-5c, whose 
spectral data are identical to those of the known compound 
5c. Then ent-5c was reacted with Mosher reagent as 
described.5a The enantiomeric purity of 5c was determined 
by 1H and 19F NMR spectroscopy.

(15) Li, W.-S.; Thottathil, J. K. US Patent US 5602272 A 
19970211, 1997.
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