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Abstract: The 4-ulose and the 3-ulose, both derived
in two steps from the a-methyl glycoside of N-
acetyl-d-glucosamine (GlcNAc), act as organocata-
lysts in the asymmetric epoxidation of alkenes, with
unprecedented complementary enantioselectivity.
The best results are found with a,b-unsaturated
esters as substrates, with enantiomeric ratios up to
90:10 and 11:89, respectively.
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Chiral epoxides are important building blocks for the
synthesis of enantiomerically pure complex structures,
in particular biologically active compounds. Catalytic
enantioselective epoxidation, based on transition
metal complexes, is well known.[1] Thus, allylic alco-
hols can be epoxidized in excellent enantioselectivity
and yield with the titanium complexes introduced by
Sharpless et al. ,[2] Katsuki et al.,[3] and Jacobsen
et al.[4] found very efficient catalysts for the epoxida-
tion of unfunctionalized cis-alkenes using manganese
salen systems.[5a,6]

Highly reactive oxo-metal (M=O) intermediates
based on chiral, catalytically active metalloporphyrins
like those of Fe, Ru, Mn etc. are also good agents for
the asymmetric epoxidation of styrene derivatives and
non-conjugated terminal alkenes.[7] For a,b-unsaturat-
ed ketones lanthanum- or ytterbium-BINOL systems
with hydroperoxides as oxidants gave excellent re-
sults, as shown by Shibasaki[7] and others.[8,9b–d] This is
paralleled by Enders� stoichiometric zinc-mediated
asymmetric epoxidations of enones.[9a]

As for the metal-free nucleophilic oxygen transfer
to electron-deficient alkenes like a,b-unsaturated
esters, amides, or ketones, the Weitz–Scheffer epoxi-
dation with alkaline hydrogen peroxide[10] has seen
formidable extensions to catalytic asymmetric ver-
sions. The Julia–Colonna epoxidation employs opti-
cally active polyleucine derivatives as catalysts in a bi-
or tri-phasic medium with urea-hydrogen peroxide or
hydrogen peroxide under basic conditions, each lead-
ing to excellent yields (and ees).[11,12]

A recent organocatalytic method to epoxidize a,b-
unsaturated aldehydes using chiral amines such as
proline derivatives was published by Jørgensen
et al.[13] Also, iminium salts have been used as organo-
catalysts for asymmetric epoxidation.[14,15,16]

Concerning the metal-free, organocatalytic epoxida-
tions of alkenes and a,b-unsaturated carbonyl com-
pounds, in situ generated dioxiranes from optically
active ketones have become most important.[15] Pio-
neering work in this field came from Curci�s and
Adam�s groups[17,18] causing a rush for new optically
active ketone catalysts, mostly with C2 symmetry.[19–22]

The most impressive catalysts, however, are the fruc-
tose-derived ketones 1 and 2 developed by Shi[16,23]

(Scheme 1) and the arabinose-borne complement 3
advanced by Shing et al. (Scheme 1).[24] During the
progress of our work described here,[25] Davis et al.

Scheme 1. Organocatalysts from Shi et al. (1, 2) and Shing
et al. (3) for asymmetric epoxidation of alkenes.
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published results on a variety of 3-uloses based on
glucosamine for the epoxidation of some arylal-
kenes.[26]

Our entry to this field derived from studies on the
synthesis of glycosidase inhibitors.[27] In one of these
projects uloses were required as building blocks for
pseudo-disaccharides.[28] Some of these uloses were
tested concerning potential activity as catalysts for
asymmetric epoxidation of alkenes. Actually, the first
ketone tested, the readily available GlcNAc deriva-
tive 5, showed surprisingly high enantioselectivity and
good yield with regard to cinnamyl acetate.[25] Conse-
quently, we have prepared and tested a series of
hexose-derived ketones.[26]

In view of potential applications we have paid par-
ticular attention to the short and efficient access of
these presumed organocatalysts. The preparation of
the 4-ulose 5 was done in 2 steps from the methyl N-
acetyl-a-d-glucosaminide 4.[29] Another ketone avail-
able from GlcNAc in only 2 steps on a multigram
scale is the 3-ulose 6 (Scheme 2). A variety of related
uloses has been prepared likewise, but 5 and 6 proved
the best candidate of the respective series.

With respect to the temperature, oxidant-buffer
system, solvent system, and concentration of sub-
strate, the standard conditions given in Scheme 3
were established, based on Shi�s[23b] and Shing�s[24] re-
ports. For simple olefins 15 mole percent of ulose and
for the less reactive a,b-unsaturated esters 25 mole
percent of ulose was used. The reactions were carried
out until no more substrate or no change in TLC
analyses was observed. In the case of incomplete reac-
tion, the remaining substrate was re-isolated. Using
a dioxirane/EDTAaq solvent system the stereoselectiv-
ities and yields were slightly higher than those for
acetonitrile/EDTAaq, but the latter system was chosen
for better comparability of the results with Shi�s[23b]

and Shing�s[24] catalysts.
First, the effect of the double bond geometry of

alkene substrates was evaluated with the 4-ulose 5 as
catalyst. The terminal (Table 1, entry 1) and Z-alk-ACHTUNGTRENNUNGenes used (Table 1, entries 3 and 5) showed lower
enantioselectivity as compared to E-alkenes (Table 1,
entries 2 and 4).

Guided by the results given in Table 1, more di-
and tri-substituted alkenes and a,b-unsaturated esters
with E-geometry were screened (Table 2). In order to

specify the electronic influence of the substrate, some
para-substituted stilbene derivatives 12–14 were in-
cluded. Earlier studies had shown the electrophilic
character of the oxygen addition to the C=C double
bond.[30] Now, for the first time, the electronic influ-
ence of the substrate was demonstrated with stilbene
derivatives, using the ulose 5 as catalyst. As expected,
on going from the p-methoxy- to p-nitrostilbene a de-
crease of the reaction rate and/or conversion was
found, correlating with the increasing electron with-
drawal, as illustrated by the yields (Table 2, entries 1–
3). This was also substantiated in a competition ex-

Scheme 2. Synthesis of GlcNAc-derived uloses 5 and 6. Reaction conditions: i) 1. 2.1 equiv. BzCl, pyridine/CH2Cl2, 69%
(Lit.[29] 82%); 2. PCC, CH2Cl2, 73%; ii) 1. PhCH ACHTUNGTRENNUNG(OMe)2, pTosOH (cat.), DMF, 99%; 2. Dess–Martin periodinane, CH2Cl2,
95%.

Scheme 3. Asymmetric epoxidation with uloses. Standard re-
action conditions : 0.15–0.25 equiv. ulose, Bu4NHSO4

(0.09 equiv.), oxone/NaHCO3 (5 equiv./15 equiv.), CH3CN/
EDTAaq, pH 7–8, 28 8C.

Table 1. Asymmetric epoxidation of terminal and (Z/E)
pairs of olefins catalyzed by the 4-ulose 5.[a]

Entry Substrate Yield [%] er[b] Major Enantiomer

1 7 73[c] 57:43 (+)-(S)
2 8 91[c] 75:25 (�)- ACHTUNGTRENNUNG(S,S)
3 9 48[c,e] 59:41 (+)- ACHTUNGTRENNUNG(1S,2R)
4 10 32[d,e] 84:16 (�)
5 11 35[d,e] 56:44 (�)

[a] Reaction performed in CH3CN/EDTAaq, oxone/NaHCO3

(5 equiv./15 equiv.), Bu4NHSO4 (0.09 equiv.), 28 8C, 2-
26 h. Yields refer to isolated, spectroscopically pure
products after chromatographic separation.

[b] Determined by GC on chiral stationary phase.
[c] 15 mol% ulose 5.
[d] 25 mol% ulose 5.
[e] Reaction incomplete, remaining substrate re-isolated.
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periment: The epoxidation of a mixture of the elec-
tronically “neutral” stilbene 13 and the deactivated p-
nitrostilbene 14 was carried out under standard condi-
tions. After 2 h the crude reaction product included
the starting materials 13 and 14 and the epoxides of
trans-stilbene 13 and trans-p-nitrostilbene 14 in a ratio
of 89:11 (1H NMR). The stereoselectivity, however,
showed the opposite trend to the reaction rate: epoxi-
dation of the deactivated p-nitrostilbene 14 was more
enantioselective than that of stilbene 13 or that of the
activated p-methoxy derivative 12 (Table 2, entries
1–3).

In line with this, a,b-unsaturated esters (Table 2,
entries 5, 6, 8, and 9) were transformed with distinctly
higher selectivity than simple olefins (Table 1, entry 2;
Table 2, entries 1, 2, and 4). The lower reactivity of
a,b-unsaturated esters was in part compensated for by
using a higher proportion (0.25 equiv.) of the ulose
catalyst 5. A steric effect of the substrate�s ester
group affected mainly the reaction rate (yield), but
not the stereoselectivitiy (Table 2, entries 5 and 6).
Adding a smaller third substituent like methyl to the
C=C double bond as in 3-methylcinnamate 20 practi-
cally had no influence on the epoxidation result (cf.
Table 2, entries 5 and 9).

Inspired by the initial results with the 4-ulose 5,[25a]

a variety of related ketones also in the 3-ulose series
was prepared from GlcNAc. For the screening of
these uloses, cinnamyl acetate 15 was chosen as the
substrate; the results of these epoxidations are depict-
ed in Table 3. The highest stereoselectivity (er 17:83)
was found using the bicyclic 4,6-di-O-benzylidene-3-
ulose 6 (Table 3, entry 1), in a relatively slow, incom-
plete reaction with moderate yield (47% after 36 h,
46% of substrate 15 re-isolated).

Surprisingly, the monocyclic ribo-3-uloses 22 and 23
showed low or negligible enantioselectivity (Table 3,
entries 3 and 4). Unexpectedly, when changing the a-
substituent at the anomeric centre from methoxy (5)
to benzyloxy (21), both yield and enantioselectivity
decreased (Table 3, entries 1 and 2). A noteworthy
feature of the results with the 3-uloses 6, 21–23, is

Table 2. Asymmetric epoxidation of di- and tri-substituted
olefins and a,b-unsaturated esters with E-geometry cata-
lyzed by the 4-ulose 5.[a]

Entry Substrate Yield [%] er Major Enantiomer

1 12 92[c] 71:29[b] (�)-(S,S)
2 13 78[c] 81:19[b] (�)-(S,S)
3 14 59[c,e] 87:13[b] (�)-(S,S)
4 15 85[c] 81:19[b] (�)-(S,S)
5 16 62[d,e] 90:10[f] (�)-(2R,3S)
6 17 38[d,e] 88:12[f] (�)-(2R,3S)
7 18 47[c,e] 78:22[b] (+)-(S)
8 19 72[d,e] 78:22[f] (�)
9 20 61[d,e] 90:10[f] (�)-(2R,3S)

[a] Reaction conditions: see Scheme 3, 4–48 h. Yields refer
to isolated, spectroscopically pure products after chroma-
tographic separation.

[b] Determined by HPLC on a chiral stationary phase.
[c] 15 mol% ulose 5.
[d] 25 mol% ulose 5.
[e] Reaction incomplete, remaining substrate re-isolated.
[f] Determined by GC on a chiral stationary phase.

Table 3. Epoxidation of cinnamyl acetate 15 with different
uloses.[a]

Entry Catalyst Yield [%] er[b] Major Enantiomer

1 6 47[c] 17:83 (+)-(R,R)
2 21 39[c] 40:60 (+)-(R,R)
3 22 70[c] 31:69 (+)-(R,R)
4 23 68[c] 46:54 (+)-(R,R)
5 5 85 81:19 (�)-(S,S)
6 24 41[c] 59:41 (�)-(S,S)
7 25 48[c] 70:30 (�)-(S,S)
8 26 92 76:24 (�)-(S,S)
9 27 69 78:22 (�)-(S,S)
10 28 73[c] 63:37 (�)-(S,S)
11 29 46[c] 70:30 (�)-(S,S)
12 30 48[c] 77:23 (�)-(S,S)
13 31 31[c,d] 59:41 (�)-(S,S)

[a] Reaction conditions: see Scheme 3; 15 mol% catalyst, 2–
36 h. Yields refer to isolated, spectroscopically pure
products after chromatographic separation.

[b] Determined by GC on a chiral stationary phase.
[c] Reaction incomplete, remaining substrate re-isolated.
[d] A decomposition product of the catalyst 31 was isolated:

75% of methyl 3,6-di-O-benzoyl-2-deoxy-a-d-glycero-2-
hexene-4-ulose.[25b]
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that the major enantiomer of the epoxides formed
was shown to have the (+)- ACHTUNGTRENNUNG(R,R) configuration
(trans-epoxides).

As shown above, with the xylo-4-ulose 5 tested
first,[25a] the opposite enantiomer, the (�)- ACHTUNGTRENNUNG(S,S)-epox-
ide, was mainly formed. This proved valid throughout
with all the other 4-uloses tested, but the best results
were recorded with the 4-ulose 5 (Table 3, entries 5–
13). Changing the substituents at 3-O or 6-O did not
show a fundamental change in selectivity, but the ac-
tivity of the catalyst remained superior with O-acyl
groups (Table 3, entries 5–11). Replacing the amide
group in the 2-position of 5 by another benzyloxy
group, as in the glucose- or mannose-derived 4-uloses
30 and 31, had some influence on the enantio-selectiv-
ity (cf. Table 3, entries 5, 12, and 13): While the xylo
compound 30 (stereoanalogue to 5) exhibited still
good, albeit slightly lower selectivity, the lyxo-epimer
31 was clearly less selective. Anyway, the moderate
enantioselectivity of the simple glucose-offsprings is
remarkable. The inducing effect of the anomeric con-
figuration was checked also, but could not be deter-
mined clearly (cf. Table 3, entries 5, 10, and 11). It
was found throughout that the anomers with an a-me-
thoxy group gave better results. It is in general diffi-
cult to compare our results with those in the literature
because of frequent differences concerning the reac-
tion parameters. In the case of the epoxidation of cin-
namyl acetate 15, however, it is possible to relate our
results with those of Shing et al.,[24] since nearly iden-
tical reaction conditions were used there. For cinnam-
yl acetate 15 the best catalyst from Shing�s group, the
arabinose-derived bicyclic acetal 3, showed higher
enantioselectivity (91:9)[24] than the 4-ulose 5 [(81:19),
cf. Table 3, entry 5]. Thus, both 4-uloses 3 and 5 as ep-
oxidation catalysts follow the same stereochemical
pathway.

Several ulose catalysts were also screened with
regard to the epoxidation of a,b-unsaturated esters
like ethyl cinnamate 16 (Table 4). We observed that
the uloses 5, 6, 24 and 26 showed similar effects in the
epoxidation as seen above. Generally with the ester
16 higher enantioselectivities and lower yields were
found as compared to the results with cinnamyl ace-
tate 15 (Table 3). The excellent properties of Shi�s cat-
alyst 2[23b] under the standard epoxidation conditions
used were confirmed (Table 4, entry 5).

Concerning mechanistic and stereochemical ration-
alizations, detailed discussions of possible transition
states of the oxygen atom transfer from the in situ
generated dioxirane to the C=C double bond have
been given in the literature.[16,23,24,30] A stabilizing sec-
ondary orbital interaction should be possible only in
a spiro, but not in a planar, arrangement. Therefore,
in the discussion of epoxidations of the present work,
only spiro transition states were considered.

On the basis of the enantiomeric ratios, the transi-
tion states in the literature were confirmed in princi-
ple. In the literature reports,[16,23,24] there always was
an axial substituent present near the reactive ketone
centre. Because of this fact and based on the enantio-
meric ratios found, these authors postulated a pre-
ferred transition state due to minimal steric interac-
tions.[16,23,24] In contrast to this, it is much more diffi-
cult to derive favoured transition states for the uloses
used in this work. Usually all substituents close to the
reactive centre of the 3- and 4-uloses are in the steri-
cally less hindered equatorial position. Thus, no obvi-
ous steric interaction of the in situ generated dioxir-
ane with the substrate is discernible, although differ-
ences of free activation enthalpy up to 1.32 kcal mol�1

are stated.[31] Comparison of the in situ generated di-
oxiranes from the xylo-4-ulose 30 and the lyxo-4-
ulose 31, however, suggests that the transfer of the
quasi-axial oxygen should dominate. If the quasi-
equatorial oxygen atom would be transferred, an
effect by the substituents at the remote stereocentre
C-2 would seem unlikely.

Furthermore, in this work no significant steric inter-
actions become evident which would suggest a pre-
ferred transition state for the enantioselective oxygen
atom transfer from the ribo-3-uloses such as 6 to an
olefin.

The advantages and disadvantages of the uloses de-
veloped in this work, as compared to the known orga-
nocatalysts, based on monosaccharides, are obvi-
ous:[16,23,24,26] The main asset of the most stereoselec-
tive uloses from this work (5 and 6) is the simple and
efficient synthesis in only two steps each (Scheme 4).
Furthermore, both are also available on a large scale,
with excellent overall yields, and are produced from
inexpensive, amply available natural monosacchar-
ides.

On the other hand, the uloses advanced here exhib-
it lower enantioselectivity and often reactivity, in
comparison to the best ketone catalysts disclosed by
the groups of Shi[16,23] and Shing.[24] In order to close

Table 4. Epoxidation of ethyl cinnamate 16 with different
uloses and Shi�s catalyst 2.[a]

Entry Catalyst Yield [%] er[b] Major Enantiomer

1 5 62[c] 90:10 (�)-(2R,3S)
2 6 30[c] 11:89 (+)-(2S,3R)
3 24 11[c] 75:25 (�)-(2R,3S)
4 26 40[c] 86:14 (�)-(2R,3S)
5 2[23b] 87[c] 3:97 (+)-(2S,3R)

[a] Reaction conditions: see Scheme 3; 25 mol% catalyst, 1–
2 d. Yields refer to isolated, spectroscopically pure prod-
ucts after chromatographic separation.

[b] Determined by GC on chiral stationary phase.
[c] Reaction incomplete, remaining substrate re-isolated.
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this gap, modifications and optimizations of the uloses
presented here seem worthwhile.

Notwithstanding this, the 4-ulose 5 and the 3-ulose
6 described represent a unique pair of complementary
asymmetric organocatalysts for the epoxidation of
olefins,[32] both being most readily accessible from the
same monosaccharide 4, i.e. , N-acetyl-d-glucosamine
(GlcNAc), in two steps only. In particular, the reactiv-
ity of both uloses 5 and 6 is high enough to allow for
epoxidation of a,b-unsaturated esters in an enantiose-
lective way.

Experimental Section

Melting points were determined using a Fisher–Johns (type
4017) apparatus and are uncorrected. NMR spectra were re-
corded using Bruker AC 300 (1H: 300.1 MHz; 13C:
75.5 MHz) and Bruker AC 500 (1H: 500.2 MHz; 13C:
125.8 MHz) spectrometers. The chemical shifts (d) are given
in parts per million (ppm) and coupling constants are given
in Hertz. Spectra splitting patterns are designated as singlet
(s), doublet (d) and triplet (t). Optical rotations were mea-
sured using Perkin–Elmer polarimeter (type 241 MC). IR
spectra were recorded using a Bruker IFS 28 spectrometer
and intensities of the signals were given as strong (s),
medium (m), weak (w) or broad (b). Analytical TLCs were
carried out using Merck Kieselgel 60 F254 plates and the
spots were visualized by heating the plates after treatment
with KMnO4 or Ce ACHTUNGTRENNUNG(SO4)2 solution or using UV lamp. Prepa-
rative column chromatography was performed using silica
gel from Macherey–Nagel (size: 40–63 mm).

Methyl 2-Acetamido-3,6-di-O-benzoyl-2-deoxy-a-d-
xylo-hexapyranosid-4-ulose (5)

Methyl 2-acetamido-3,6-di-O-benzoyl-2-deoxy-a-d-gluco-
pyranoside (11.150 g; 25.10 mmol) was dissolved in CH2Cl2

(200 mL, p.a.) under nitrogen. Then molecular sieves (10 g,
40 pm) and pyridinium chlorochromate (10.00 g, 46.4 mmol)
were added at room temperature. After 1 day the mixture
was filtered, washed with CH2Cl2 (100 mL, p.a.), and evapo-
rated nearly to dryness. The resulting syrupy liquid was first
purified by flash column chromatography over silica gel
(350 g, column 7 cm �20 cm; eluent CH2Cl2:EtOH 96:4).
The crude product was co-evaporated with silica gel (23 g)
and purified by column chromatography over silica gel
(220 g, column 7 cm �13 cm; eluent CH2Cl2:EtOH 96:4) to
afford the ulose 5 as a colourless, analytically pure foam;

yield: 8.080 g (18.30 mmol, 73%); [a]20
D : 115 (c 1.00,

CH2Cl2); elemental analysis: calcd.: C 62.58, H 5.25, N 3.17;
found: C 62.54, H 5.42, N 3.06; IR: n= 3279, 3073, 1719,
1659, 1583, 1531, 1451, 1267, 1128, 1109, 1090, 1066, 1024,
907, 707, 687 cm�1; 1H NMR (500.2 MHz, CDCl3): d= 1.95
(s, 3 H, COCH3), 3.55 (s, 3 H, OCH3), 4.60 (dd, J5,6a = 2.8,
J6a,6b = 11.4 Hz, 1 H, 6-Ha), 4.66 (dd, J5,6a = 2.8, J5,6b = 6.2 Hz,
1 H, 5-H), 4.82 (dd, J5,6b = 6.2, J6a,6b = 11.4 Hz, 1 H, 6-Hb), 4.95
(ddd, J1,2 =3.4, J2,3 =11.4, J2,NH =9.6 Hz, 1 H, 2-H), 5.00 (d,
J1,2 =3.4 Hz, 1 H, 1-H), 5.76 (d, J2,3 =11.4 Hz, 1 H, 3-H), 5.95
(d, J2,NH =9.5 Hz, 1 H, NH), 7.35–7.60 (m, 6 H, p-H and m-H
of 2 C6H5), 8.00–8.15 (m, 4 H, o-H of 2 C6H5); 13C NMR
(75.5 MHz, CDCl3): d=23.2 (q, COCH3), 53.6 (d, C-2), 56.2
(q, OCH3), 61.8 (t, C-6), 71.5 (d, C-5), 74.8 (d, C-3), 98.5 (d,
C-1), 128.5, 128.6 (2 d, m-C of 2 C6H5), 128.7, 129.6 (2 d, i-C
of 2 C6H5), 129.7, 130.2 (2 d, o-C of 2 C6H5), 133.2, 133.7
(2 d, p-C of 2 C6H5), 166.1, 166.2 (2s, 2 COC6H5), 169.7 (s, 2
COCH3), 195.4 (s, C-4).

Methyl 2-Acetamido-4,6-di-O-benzylidene-2-deoxy-a-
d-ribo-hexapyranosid-3-ulose (6)

Methyl 2-acetamido-4,6-di-O-benzylidene-2-deoxy-a-d-glu-
copyranoside (250 mg, 0.77 mmol) was suspended in CH2Cl2

(10 mL, p.a.). Then Dess–Martin periodinane (424 mg,
1.00 mmol) and NaHCO3 (30 mg) were added with vigorous
stirring. After 15 h additional Dess–Martin periodinane
(212 mg, 0.50 mmol) was added and after 2 h (TLC control)
the mixture was worked up. First saturated Na2S2O3 (5 mL)
and saturated NaHCO3 solutions (5 mL) were added; after
1 h the mixture was diluted with water (10 mL) and extract-
ed with CH2Cl2 (3� 30 mL). The combined organic layers
were dried (MgSO4) and the filtrate was evaporated to give
the 3-ulose 6 as a colourless, analytically pure solid; yield:
233 mg (0.73 mmol; 95%); mp 254 8C; [a]20

D : 105 (c 0.56,
CH2Cl2); elemental analysis: calcd. C 59.81, H 5.96, N 4.36;
found: C 59.65, H 5.92, N 4.22; IR: n= 3288, 2996, 2836,
1739, 1638, 1542, 1373, 1272, 1220, 1184, 1157, 1109, 1074,
1038, 992, 953, 756, 697 cm�1; 1H NMR (500.2 MHz, CDCl3):
d= 2.08 (s, 3 H, NCOCH3), 3.39 (s, 3 H, OCH3), 3.96 (“t”,
J5,6a =J6a,6b =10.1, Hz, 1 H, 6-Ha), 4.09 (ddd, J4,5 =9.5, J5,6a =
10.1, J5,6b =4.2 Hz, 1 H, 5-H), 4.39 (dd, 4J2,4 = 1.3, J4,5 = 9.5 Hz,
1-H) and 4.41 (dd, J5,6b =4.2, J6a,6b =10.1 Hz, 6-Hb) together
2 H, 4.97 (ddd, J1,2 =4.2, 4J2,4 =1.3, J2,NH =7.8 Hz, 1 H, 2-H),
5.22 (d, J1,2 =4.2 Hz, 1 H, 1-H), 5.59 (s, 1 H, HCPh), 6.27 (d,
J2,NH =7.8 Hz, 1 H, NH), 7.34–7.40 (m, 3 H, m-H, p-H of
C6H5), 7.47–7.53 (m, 2 H, o-H of C6H5); 13C NMR
(75.5 MHz, CDCl3): d=23.4 (q, NCOCH3), 56.0 (q, OCH3),
59.3 (d, C-2), 66.3 (d, C-5), 69.8 (t, C-6), 82.9 (d, C-4), 102.3
(d, C-1), 102.4 (d, HCPh), 126.7 (d, o-C of C6H5), 128.7 (d,
m-C of C6H5), 129.8 (d, p-C of C6H5), 136.6 (s, i-C of C6H5),
170.5 (s, NCOCH3), 195.4 (s, C-3).

Typical Epoxidation Protocol, trans-1-Acetoxy-2,3-
epoxy-3-phenylpropane (Table 2, entry 5)

Cinnamyl acetate (88.1 mg, 0.50 mmol) was dissolved in ace-
tonitrile and aqueous Na2EDTA solution (10�4 M, 2 mL
each) and Bu4NHSO4 (15 mg) were added with vigorous
stirring at 28 8C. A small portion of a mixture of oxone
(1.537 g, 2.5 mmol) and NaHCO3 (0.651 g, 7.75 mmol) was
added to the mixture to bring the pH to >7. Then the 4-

Scheme 4. Overall yields of the catalysts 5 and 6.
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ulose 5 (33.0 mg, 0.07 mmol, 15 mol%) was added. The rest
of the oxone buffer was added in small portions over 5 h.
The mixture was stirred until cinnamyl acetate was con-
sumed or no further change in TLC was seen. The resulting
mixture was diluted with half-saturated brine (15 mL) and
extracted with ethyl acetate (4 �20 mL). The combined or-
ganic phases were dried (MgSO4) and the filtrate was evapo-
rated. The crude product was purified over silica gel (4 g,
column 0.5 cm � 12 cm; eluent petrol ether:ethyl acetate
90:10) to afford the epoxide as a colourless liquid; yield:
81.0 mg (0.42 mmol, 85%); [a]20

D: �47 (c 1.00, CH2Cl2; er
81:19), lit. :[33] [a]22

D : �50 (c 0.5, CHCl3; 89% ee); GC
(bondex a, 0.4 bar H2, 40 8C for 1 min, then 2.5 8C min�1 up
to 200 8C): tR =38.33 min (major enantiomer), tR =39.18 min
(minor enantiomer); NMR and IR data, see lit.[24]

Acknowledgements

We would like to thank the Landesgraduiertenfçrderung
Baden-W�rttemberg for a scholarship to C. Schçberl and
Prof. Dr. J. Senn-Bilfinger (Altana Pharma, now Nycomed)
for financial support.

References

[1] a) S. C. Bergmeier, D. J. Lapinsky, Progr. Heterocycl.
Chem. 2011, 23,75–100, and previous reviews in this
series; b) J. Marco-Contelles, M. T. Molina, S. Anjum,
Chem. Rev. 2004, 104, 2857–2899; c) J. Yamaguchi, Y.
Hayashi, Chemistry 2010, 16, 3884–3901.

[2] a) T. Katsuki, K. B. Sharpless, J. Am. Chem. Soc. 1980,
102, 5974–5976; b) D. J. Berrisford, C. Bolm, K. B.
Sharpless, Angew. Chem. 1995, 107, 1862–1864; Angew.
Chem. Int. Ed. Engl. 1995, 34, 1717–1719; c) Y. Gao,
R. M. Hanson, J. M. Klunder, S. Y. Ko, H. Masamune,
K. B. Sharpless, J. Am. Chem. Soc. 1987, 109, 5765–
5780.

[3] a) R. Irie, K. Noda, Y. Ito, N. Matsumoto, T. Katsuki,
Tetrahedron Lett. 1990, 31, 7345–7348; b) T. Katsuki,
Coord. Chem. Rev. 1995, 140, 189–214.

[4] a) W. Zhang, J. L. Loebach, S. R. Wilson, E. N. Jacob-
sen, J. Am. Chem. Soc. 1990, 112, 2801–2803; b) E. M.
McGarrigle, D. G. Gilheany, Chem. Rev. 2005, 105,
1563–1602.

[5] a) E. N. Jacobsen, W. Zhang, M. L. G�ler, J. Am.
Chem. Soc. 1991, 113, 6703–6704; b) W. Zhang, E. N.
Jacobsen, J. Org. Chem. 1991, 56, 2296–2298; c) M. Pal-
ucki, G. J. McCormick, E. N. Jacobsen, Tetrahedron
Lett. 1995, 36, 5457–5460; E. N. Jacobsen, W. Zhang,
A. R. Muci, J. R. Ecker, L. Deng, J. Am. Chem. Soc.
1991, 113, 7063–7064; d) R. Irie, K. Noda, Y. Ito, N.
Matsumoto, T. Katsuki, Tetrahedron Lett. 1990, 31,
7345–7348; e) G. De Faveri, G. Ilyashenko, M. Watkin-
son, Chem. Soc. Rev. 2011, 40, 1722–1760.

[6] a) E. Rose, M. Quelquejeu, R. P. Pandian, A. Lecas-
Nawrocka, A. Vilar, G. Ricart, J. P. Collman, Z. Wang,
A. Straumanis, Polyhedron 2000, 19, 581–586; b) B.
Meunier, Chem. Rev. 1992, 92, 1411–1456; c) J. P. Coll-
man, X. Zhang, V. L. Lee, E. S. Ufflman, J. I. Brauman,

Science 1993, 261, 1404–1411; d) H. Nagakawa, Y. Sei,
K. Yamaguchi, T. Nagano, T. Higuchi, J. Mol. Catal. A
2004, 219, 221–226; e) G. Reginato, L. Di Bari, P. Salva-
dori, R. Guilard, Eur. J. Org. Chem. 2000, 1165–1171;
f) W.-S. Liu, R. Zhang, J.-S. Huang, C.-M. Che, S.-M.
Peng, J. Organomet. Chem. 2001, 634, 34–38; g) A. Ber-
kessel, M. Frauenkron, J. Chem. Soc. Perkin Trans.
1 1997, 2265–2266.

[7] M. Bougauchi, S. Watanabe, T. Arai, H. Sasai, M. Shi-
basaki, J. Am. Chem. Soc. 1997, 119, 2329–2330.

[8] K. Daikai, T. Hayano, R. Kino, H. Furuno, T. Kagawa,
J. Inanaga, Chirality 2003, 15, 83–88.

[9] a) D. Enders, J. Zhu, G. Raabe, Angew. Chem. 1996,
108, 1827–1829; Angew. Chem. Int. Ed. Engl. 1996, 35,
1725–1728; b) C. L. Elston, R. F. W. Jackson, S. F. J.
MacDonald, J. P. Murray, Angew. Chem. 1997, 109,
379–381; Angew. Chem. Int. Ed. Engl. 1997, 36, 410–
412; c) T. Nemoto, T. Ohishima, K. Yamaguchi, M. Shi-
basaki, J. Am. Chem. Soc. 2001, 123, 2725–2732; d) T.
Ohishima, T. Nemoto, S. Tosaki, H. Kakei, V. Gnana-
desikan, M. Shibasaki, Tetrahedron 2003, 59, 10485–
10497.

[10] E. Weitz, A. Scheffer, Ber. dtsch. chem. Ges. 1921, 54,
2327–2344.

[11] a) S. Juli�, J. Masuna, J. C. Vega, Angew. Chem. 1980,
92, 968–969; Angew. Chem. Int. Ed. Engl. 1980, 19,
929–931; b) S. Juli�, J. Guixer, J. Masana, J. Rocas, S.
Colonna, R. Annunziata, H. Molinari, J. Chem. Soc.
Perkin Trans. 1 1982, 1317–1324.

[12] M. J. Porter, J. Skidmore, Chem. Commun. 2000, 1215–
1225.

[13] M. Marigo, J. Franz�n, T. B. Poulsen, W. Zhuang, K. A.
Jørgensen, J. Am. Chem. Soc. 2005, 127, 6964–6965.

[14] a) L. Boh�, G. Hanquet, M. Lusinchi, X. Lusinchi, Tet-
rahedron Lett. 1993, 34, 7271–7274; b) P. C. Bulman
Page, B. R. Buckley, G. A. Rassias, A. J. Blacker, Eur.
J. Org. Chem. 2006, 803–813; c) P. C. Bulman Page, D.
Barros, B. R. Buckley, A. Ardakani, B. A. Marples, J.
Org. Chem. 2004, 69, 3595–3597; d) C. E. Jakobsche, G.
Peris, S. J. Miller, Angew. Chem. 2008, 120, 6809–6813;
Angew. Chem. Int. Ed. 2008, 47, 6707–6711; e) O. Lif-
chits, C. M. Reisinger, B. List, J. Am. Chem. Soc. 2010,
132, 10227–10229; f) F. Kolundzic, M. N. Noshi, M.
Tjandra, M. Movassaghi, S. J. Miller, J. Am. Chem. Soc.
2011, 133, 9104–9111.

[15] Cf. auxiliary-based epoxidations: a) C. Clark, P. Her-
mans, O. Meth-Cohn, C. Moore, H. C. Taljaard, G. van
Vuuren, J. Chem. Soc. Chem. Commun. 1986, 1378–
1380; b) O. Meth-Cohn, C. Moore, H. C. Taljaard, J.
Chem. Soc. Perkin Trans. 1 1988, 2663–2674; c) O.
Meth-Cohn, D. J. Williams, Y. Chen, Chem. Commun.
2000, 495–496.

[16] A. Wong, Y. Shi, Chem. Rev. 2008, 108, 3958–3987.
[17] a) R. Curci, M. Fiorentino, M. R. Serio, J. Chem. Soc.

Chem. Commun. 1984, 155–156; b) R. Curci, L. D’Ac-
colti, M. Fiorentino, A. Rosa, Tetrahedron Lett. 1995,
36, 5831–5834.

[18] W. Adam, C. R. Saha-Mçller, C.-G. Zhao, Tetrahedron:
Asymmetry 1999, 10, 2749–2755.

[19] D. Yang, Acc. Chem. Res. 2004, 37, 497–505.

Adv. Synth. Catal. 2012, 354, 790 – 796 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim asc.wiley-vch.de 795

3- and 4-Uloses Derived from N-Acetyl-d-glucosamine: A Unique Pair of Complementary Organocatalysts

http://asc.wiley-vch.de


[20] a) A. Armstrong, B. R. Hayter, Chem. Commun. 1998,
621–622; b) A. Armstrong, T. Tsuchiya, Tetrahedron
2006, 62, 257–263.

[21] a) S. E. Denmark, Z. Wu, Synlett 1999, 847–859;
b) S. E. Denmark, H. Matsuhashi, J. Org. Chem. 2002,
67, 3479–3486.

[22] a) C. E. Sung, Y. H. Kim, K. C. Lee, S. Lee, B. W. Jin,
Tetrahedron: Asymmetry 1997, 8, 2921–2926; b) C. J.
Stearman, V. Behar, Tetrahedron Lett. 2002, 43, 1943–
1946.

[23] a) Y. Tu, Z.-X. Wang, Y. Shi, J. Am. Chem. Soc. 1996,
118, 9806–9807; b) X.-Y. Wu, X. She, Y. Shi, J. Am.
Chem. Soc. 2002, 124, 8792–8793; c) H. Tian, X. She,
H. Yu, L. Shu, Y. Shi, J. Org. Chem. 2002, 67, 2435–
2446; d) Z.-X. Wang, Y. Tu, M. Frohn, J.-R. Zhang, Y.
Shi, J. Am. Chem. Soc. 1997, 119, 11224–11235.

[24] T. K. M. Shing, G. Y. C. Leung, T. Luk, J. Org. Chem.
2005, 70, 7279–7289.

[25] a) C. Schçberl, Diplomarbeit, Universit�t Stuttgart,
2006 ; b) C. Schçberl, Dissertation, Universit�t Stuttgart,
2011; c) results presented, inter alia: V. J�ger, Z. G�lte-
kin, H.-Q. Dong, J. Williardt, C. Schçberl, 3rd Confer-
ence on Pericyclic Reactions, 2007, Syracuse, Italy; C.
Schçberl, V. J�ger, Heidelberg Forum of Molecular Cat-
alysis, 2007, Heidelberg, Germany; C. Schçberl, V.
J�ger, 23rd European Colloquium on Heterocyclic
Chemistry, 2008, Antwerp, Belgium.

[26] O. Boutureira, J. F. MacGouran, R. L. Stafford, D. P. G.
Emmerson, B. G. Davis, Org. Biomol. Chem. 2009, 7,
4285–4288.

[27] a) M. Kleban, P. Hilgers, J. N. Greul, R. D. Kugler, J.
Li, S. Picasso, P. Vogel, V. J�ger, ChemBioChem 2001,
2, 365–368; b) J. N. Greul, M. Kleban, B. Schneider, S.
Picasso, V. J�ger, ChemBioChem 2001, 2, 368–370.

[28] a) J. C.-E. Williardt, Diplomarbeit, Universit�t Stutt-
gart, 2002 ; b) J. C.-E. Williardt, Dissertation, Universi-
t�t Stuttgart, 2008.

[29] S. Tomic, D. Ljevakovic, J. Tomasic, Carbohydr. Res.
1989, 188, 222–227.

[30] a) R. D. Bach, J. L. Andres, M.-D. Su, J. J. W.
McDouall, J. Am. Chem. Soc. 1993, 115, 5768–5775;
b) K. N. Houk, J. Liu, N. C. DeMello, K. R. Condroski,
J. Am. Chem. Soc. 1997, 119, 10147–10152.

[31] In contrast, with 5-membered uloses such as the 3-
ulose derived from diacetone glucose, with pseudo-C2

symmetry, high enantiodifferation might be expected.
Instead, low reactivity and negligible enantioselectivity
was met: S. Amrendra, Dissertation, Universit�t Stutt-
gart, 2011.

[32] For an interesting case of a switch in enantioselection
due to the nature and coordinating ability of the base
applied in Weitz–Scheffer epoxidations, see: W. Adam,
P. Bheema Rao, H.-G. Degen, C. R. Saha-Mçller, Eur.
J. Org. Chem. 2002, 630–639.

[33] Z.-M. Wang; W. S. Zhou, Tetrahedron 1987, 43, 2935–
2937.

796 asc.wiley-vch.de � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Synth. Catal. 2012, 354, 790 – 796

COMMUNICATIONS Christof Schçberl and Volker J�ger

http://asc.wiley-vch.de

