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ENANTIOMERICALLY ENRICHED BICYCLIC
HYDROXAMIC ACIDS IN ONE STEP FROM
a-AMINOHYDROXAMIC ACIDS AND KETO
ACIDS VIA CYCLOCONDENSATION

Yujiro Hoshino, Masanori Oyaizu, Yoko Koyanagi, and
Kiyoshi Honda
Graduate School of Environment and Information Sciences,
Yokohama National University, Yokohama, Japan

GRAPHICAL ABSTRACT

Abstract New enantiomerically enriched bicyclic hydroxamic acids, 1-hydroxy-dihydro-1H-

pyrrolo[1,2-a]imidazole-2,5(3H,6H)-diones, have been synthesized by the cyclocondensa-

tion of L-a-aminohydroxamic acids with keto acids in a highly chemo- and stereoselective

manner. The cis configuration between the amino acid side chain and the methyl group at

C7a in 1H-pyrrolo[1,2-a]imidazole-2,5-dione was unambiguously established by X-ray

crystallographic analysis. This method could also be applied to the cyclocondensation with

o-formylbenzoic acid, giving a tricyclic hydroxamic acid in a good yield.

Supplemental materials are available for this article. Go to the publisher’s online edition

of Synthetic Communications1 to view the free supplemental file.

Keywords Chiral compounds; cyclocondensation; hydroxamic acids; N-hydroxyimida-

zolidinones; keto acids

INTRODUCTION

Cyclic hydroxamic acids are widely distributed in nature, such as in sidero-
phores, antibiotics, and microbial pigments, and exhibit several biological activities,
including inhibitory activities of matrix metalloproteinases, human hypoxia-inducible
factor (HIF) prolyl hydroxylase, phosphatase, interleukin IL-1b converting enzyme
(ICE), and HIV-1 integrase; antagonistic activity of N-methyl-D-aspartate (NMDA)
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receptor; immunosuppressive activity; and antimalarial activity.[1–9] The synthesis of
cyclic hydroxamic acids has attracted the attention of many research groups. One
interesting area of research is the cyclocondensation reaction of a-aminohydroxamic
acids with carbonyl compounds, giving monocyclic hydroxamic acids,
3-hydroxyimidazolidin-4-ones.[10] This cyclocondensation reaction provides a poten-
tially attractive method to stereoselectively prepare the 2,5-disubstituted
3-hydroxyimidazolidin-4-ones, which allows diverse elements to be incorporated at
the C2 and C5 positions.

Chiral acyclic hydroxamic acids have recently received increasing attention as
chiral ligands in the field of asymmetric transition-metal catalysis such as epoxida-
tion of alkenols,[11] alkenylsulfonamides,[12] or simple olefins,[13] oxidation of sul-
fides;[14] and reduction of ketones.[15] On the other hand, chiral cyclic hydroxamic
acids, to the best of our knowledge, have never been examined as a chiral ligand
candidate in asymmetric metal catalysis. The structural diversity of 2,5-disubstituted
3-hydroxyimidazolidin-4-ones makes this compound class convenient for explo-
ration and optimization of chiral cyclic hydroxamic acid ligands and necessitates
the development of stereoselective synthesis of such molecules. Although the
reaction of glycine hydroxamic acid or some racemic a-aminohydroxamic acids with
aldehydes or symmetric ketones have been reported,[10] the examples of diastereose-
lective cyclocondensation of a-aminohydroxamic acids to 2,5-disubstituted
3-hydroxyimidazolidin-4-ones have been fairly limited and have not indicated the
selectivities.[10a-c,h] In addition, the competitive O-alkylation of hydroxamic acids
may result in the unfavorable formation of 1,2,5-oxadiazinan-3-ones,[10a,16] though
N-alkylation of amide N-H preferentially occurred in the condensation of a-amino
acid phenylhydrazides with levulinic acids and carbonyl compounds.[17] Herein we
report the first synthesis of enantiomerically enriched 1-hydroxy-dihydro-
1H-pyrrolo[1,2-a]imidazole-2,5(3H,6H)-diones, a kind of 2,5-substituted
3-hydroxyimidazolidin-4-one derivatives, by means of the cyclocondensation of
L-a-aminohydroxamic acids 1a–e with levulinic acid (2) or 5-oxohexanoic acid (5),
which has a feature that enables the facile combinatorial synthesis of the libraries
of chiral cyclic hydroxamic acids from commercially available or easily prepared
a-aminohydroxamic acids and carbonyl compounds. The stereochemistry of
(3S,7aR)-1H-pyrrolo[1,2-a]imidazole-2,5-dione 3a was unambiguously confirmed
by X-ray crystallographic analysis. This method also could be applied to the
cyclocondensation of a-aminohydroxamic acids with o-formylbenzoic acid (6).

RESULTS AND DISCUSSION

L-a-Aminohydroxamic acids 1a–e were prepared in good yields from their
respective methyl esters in a manner similar to the literature procedure.[18] When
L-phenylalanine hydroxamic acid (1a) was treated with levulinic acid (2) in refluxing
toluene, the sparingly soluble compound 3a, which gave a positive (purple) color test
with ferric chloride suggesting the presence of a hydroxamic acid function, was
obtained in a good yield (Table 1, entry 1). The 1H NMR analysis of the solid 3a

suggested a 1:1 condensation product of 1a with 2 but elucidation of the structure
remained ambiguous. The irradiation of CH3 group of 3a caused a positive nuclear
Overhause effect (NOE) for the Ar-H and had no effect on the hydrogen atom of CH
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a to the hydroxamic acid moiety (Fig. 1). Similarly, irradiation of the benzylic CH2

led to a positive NOE for the CH3. These
1H NMR data provide evidence for the cis

stereochemistry of the CH3 group to the benzyl group. Finally, the structure of cyclic
hydroxamic acid 3a was established by X-ray diffraction analysis (Fig. 2). It is
important to note that the reaction proceeded in a highly chemo- and stereoselective
manner to give exclusively the cis isomer. This stereochemical outcome is compara-
ble to the related cyclization reactions.[17,19] The procedure using a Dean–Stark
apparatus is also applicable to the condensation, giving the same results (entry 2).

Figure 1. NOE experiment of 3a.

Figure 2. ORTEP diagram of 3a.

Table 1. Cyclocondensation of a-aminohydroxamic acids (1) with levulinic acid (2)

Entry 1 R1 Conditions 3 Yield (%)

1 1a PhCH2 Toluene, reflux, 2 h 3a 84

2 1a Toluene, reflux, 18 h (Dean-Stark app.) 3a 82

3 1b Me Toluene, 80 �C, 5 h 3b 49

4 1c i-Pr Toluene, reflux, 4 h 3c 59

5 1d indol-3-ylmethyl 2-Propanol, reflux, 2 h; toluene, reflux, 7 h 3d 95

6 1e imidazol-4-ylmethyl 2-Propanol, reflux, 2 h; toluene, reflux, 7 h 3e 96
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Some representative aminohydroxamic acids were evaluated for cycloconden-
sation with levulinic acid (Table 1, entries 3–6). Aliphatic aminohydroxamic acids
1b and 1c gave the cyclic hydroxamic acids 3b and 3c in moderate yields (49–
59%). On the other hand, aromatic aminohydroxamic acids 1d and 1e were sparingly
soluble in toluene and the unknown brown gum substance appeared in the refluxing
reaction mixture. Consequently, the condensations of 1d and 1e with 2 were carried
out in refluxing 2-propanol for 2 h. Then, toluene was added to the reaction mixture,
which was heated to 135 �C while 2-propanol and water were distilled off azeotropi-
cally with toluene. This method gave the desired cyclic hydroxamic acids 3d and 3e in
good yields (95–96%). It is noted that all the products obtained show the cis con-
figuration of methyl group and side chain of aminoacyl moiety.

Next, the possibility of varying the structure of keto acids was examined
(Table 2). Phenyl substituted keto acid 4 was conducted in either toluene or
2-propanol, but the desired phenyl-substituted bicyclic hydroxamic acid was not
obtained at all, presumably because the first ring closure or the second cyclization
might be suppressed by sterically demanded phenyl group. 5-Oxohexanoic acid (5)
was condensed with 1a, affording the corresponding 5-6 bicyclic hydroxamic acid
8 in a good yield.

To expand this method, benzoic acid derivatives were next examined. While the
reaction of formylbenzoic acid 6 with aminohydroxamic acid 1a in the reaction con-
ditions gave poor results (Table 2, entry 2), addition of p-toluenesulphonic acid (0.1
equiv) as an acid catalyst improved the yield of 9 (40%). Because the white solid
intermediate appeared during the reaction, o-xylene (140 �C) was used as solvent
to dissolve the solid, but the yield was not improved. After some trials, use of ben-
zene as solvent and Dean–Stark apparatus for azeotropic distillation resulted in a
good yield (72%). The absolute configuration of the newly generated chiral center
in 9 was determined by NOE experiments. A similar trans-orientation of H3 and
H9b was reported in the related condensations by Katritzky et al.[20] For the reaction
with o-acetylbenzoic acid (7), the starting material aminohydroxamic acid was

Table 2. Cyclocondensation of L-phenylalanine hydroxamic acid (1a) with oxo acids

Entry Oxo acid Conditions Cyclic hydroxamic acid Yield (%)

1 5 Toluene, reflux, 7 h 8 67

2 6 Toluene, reflux, 20 h 9 15

3 6 p-TsOH (0.1 equiv), toluene, reflux, 20 h 9 40

4 6 p-TsOH (0.1 equiv), xylene, reflux, 20 h 9 27

5 6 p-TsOH (0.1 equiv), benzene, reflux, 20 h 9 72

Scheme 1. Cyclocondensation of L-a-aminohydroxamic acids 1 with levulinic acid (2).
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consumed quantitatively, but complex mixtures were obtained. No desired product
was observed in spectroscopic analysis.

In summary, we have demonstrated that the cyclocondensation of L-a-amino-
hydroxamic acids with c- and d-keto acids afforded optically active, sterically rigid
bi- or tricyclic hydroxamic acids in a highly chemo- and stereoselective manner.
The simple experimental procedure along with ready accessibility of reactants is also
an attractive feature. Application of these cyclic hydroxamic acids to catalytic
asymmetric reactions using metal complexes is in progress.

EXPERIMENTAL

Typical Experimental Procedure for the Cyclocondensation
of L-a-Aminohydroxamic Acids (1) with Levulinic Acid

Levulinic acid (0.241mL, 2.35mmol) was slowly added to a stirred suspension
of L-phenylalanine hydroxamic acid (1a) (0.326 g, 1.81mmol) in toluene (30mL) at
120 �C. After the reaction mixture was stirred for 2 h at the same temperature, it
was carefully concentrated to about 10mL by evaporation and stood at room tem-
perature overnight. The precipitated white solid was filtrated and washed with
diethyl ether to afford bicyclic hydroxamic acid 3a (0.397 g, 84%). The stereochem-
istry of 3a was determined by NOE experiments and X-ray diffraction analysis.

(3S,7aR)-3-Benzyl-1-hydroxy-7a-methyl-dihydro-1H-pyrrolo
[1,2-a]imidazole-2,5(3H,6H)-dione (3a)

Colorless crystal; mp 205 �C; Rf 0.35 (ethyl acetate); [a]D
25þ 118 (c¼ 1.0,

CHCl3); IR (KBr) 3127, 2928, 2867, 1727, 1700, 1666, 1458, 1332, 702, 574 cm�1;
1H NMR (270MHz, CDCl3) d 0.99 (s, 3H), 2.17–2.45 (m, 3H), 2.61–2.76 (m, 1H),
3.07 (dd, J¼ 5.9, 13.9Hz, 1H), 3.16 (dd, J¼ 5.3, 13.9Hz, 1H), 4.60 (t, J¼ 5.9Hz,
1H), 7.17–7.32 (m, 5H); 13C NMR (68MHz, CDCl3) d 24.0, 30.9, 34.7, 36.9, 58.3,
82.3, 127.1, 128.5, 129.9, 135.9, 168.4, 178.6. Anal. calcd for C14H16N2O3: C,
64.60; H, 6.20; N, 10.76. Found: C, 64.34; H, 6.17; N, 10.66.

Crystal Data for 3a

C14H16N2O3; M¼ 260.29, colorless block crystals, 0.30� 0.30� 0.10mm,
orthorhombic, space group P212121 (no. 19), a¼ 11.327(7), b¼ 13.653(6),

Scheme 2. Cyclocondensation of L-phenylalanine hydroxamic acid (1a) with oxo acids.
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c¼ 8.520(3) Å, V¼ 1317.(1) Å3, Z¼ 4, Dc¼ 1.31 g cm�3. F(000)¼ 552, m(CuKa)¼
0.769mm�1.

Typical Experimental Procedure for the Cyclocondensation of
Aromatic L-a-Aminohydroxamic Acids (1) with Levulinic Acid

Levulinic acid (1d) (0.241mL, 2.35mmol) was slowly added to a stirred suspen-
sion of L-tryptophan hydroxamic acid (0.397 g, 1.81mmol) in 2-propanol (30mL) at
80 �C. The mixture was stirred at the same temperature and monitored by thin-layer
chromatography (TLC). After stirring for 2 h at 80 �C, the temperature was raised to
120 �C, and toluene (35mL) was added in small portions to remove 2-propanol by
azeotropic distillation. After an additional stirring for 7 h, the volatile compounds
were evaporated under reduced pressure. Dichloromethane and Na2CO3 were added
to the mixture and stirred vigorously for 1 h. The precipitated crystal was filtrated
and washed with diethyl ether to give bicyclic hydroxamic acid 3d (0.516 g, 95%).

(3S,7aR)-1-Hydroxy-3-(1H-indol-3-ylmethyl)-7a-methyl-dihydro-1H-
pyrrolo[1,2-a]imidazole-2,5(3H,6H)-dione (3d)

Colorless crystal; mp 219–220 �C; Rf 0.34 (ethyl acetate); [a]D
25þ 74.7 (c¼ 1.0,

methanol); IR (KBr) 3311, 2658, 1698, 1509, 1459, 1427, 1354, 1136, 751, 595 cm�1;
1H NMR (400MHz, CD3OD) d 0.65 (s, 3H), 2.07–2.34 (m, 3H), 2.61–2.70 (m, 1H),
3.21–3.37 (m, 2H), 4.52 (t, J¼ 4.9Hz, 1H), 6.95–7.08 (m, 3H), 7.30 (d, J¼ 8.1Hz,
1H), 7.50 (d, J¼ 8.1Hz, 1H); 13C NMR (68MHz, CD3OD) d 23.5, 27.3, 31.9,
36.0, 59.7, 83.6, 110.8, 112.2, 119.6, 119.8, 122.4, 124.9, 129.6, 137.8, 170.1, 180.8.
Anal. calcd for C16H17N3O3: C, 64.20; H, 5.72; N, 14.04. Found: C, 63.79; H,
5.73; N, 13.95.

Cyclocondensation of L-Phenylalanine Hydroxamic Acid (1a) with
o-Formylbenzoic Acid

L-Phenylalanine hydroxamic acid (1a) (0.360 g, 1.81mmol), o-formylbenzoic
acid (0.300 g, 2.00mmol), p-toluenesulfonic acid monohydrate (0.038 g, 0.20mmol),
and benzene (20mL) were refluxed in a 50-mL, two-necked flask equipped with
Dean–Stark apparatus for 20 h, after which no more water appeared to be evolved
from the reaction. The mixture was concentrated by evaporation until a white solid
appeared. The solid was filtered off, and the filtrate stood at room temperature. The
precipitated white solid was filtered and washed with ether to afford tricyclic hydro-
xamic acid 9 (0.421 g, 72%). The stereochemistry of 9 was determined by NOE
experiments.[20]

(3S,9bR)-3-Benzyl-1-hydroxy-1,9b-dihydro-imidazo[2,1-a]isoindole-
2(3H),5-dione (9)

Colorless crystal; mp 189–190 �C; Rf 0.51 (ethyl acetate); [a]D
25þ 153 (c¼ 1.0,

CHCl3); IR (KBr) 3063, 2924, 2831, 1716, 1695, 1374, 1215, 742, 706, 695, 507 cm�1;
1H NMR (400MHz, CDCl3) d 3.15 (dd, J¼ 5.1, 13.9Hz, 1H), 3.21 (dd, J¼ 4.1,

ENANTIOMERICALLY ENRICHED BICYCLIC HYDROXAMIC ACIDS 2489

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 N

or
th

 C
ar

ol
in

a 
- 

C
ha

pe
l H

ill
] 

at
 1

3:
45

 1
1 

Ju
ne

 2
01

3 



13.9Hz, 1H), 4.59 (t, J¼ 4.4Hz, 1H), 4.79 (s, 3H), 7.22–7.35 (m, 5H), 7.53–7.63 (m,
3H), 7.81 (d, J¼ 7.2Hz, 1H), 9.67 (br s, 1H); 13C NMR (68MHz, CDCl3) d 37.1,
58.8, 74.7, 124.3, 124.8, 127.4, 128.6, 129.9, 130.7, 131.8, 133.2, 135.1, 142.1,
172.5, 173.5. Anal. calcd for C17H14N2O3: C, 69.38; H, 4.79; N, 9.52. Found: C,
69.22; H, 4.79; N, 9.48.

SUPPORTING INFORMATION

Full experimental details and 1H and 13C NMR spectra can be found via the
Supplementary Content section of this article’s Web page.

ACKNOWLEDGMENTS

We are grateful to Nobuto Minowa (Meiji Seika Kaisha, Ltd.) for X-ray
diffraction analysis of 3a. We also thank Seiichi Inoue (Yokohama National Univer-
sity, Japan) for his suggestions and valuable discussions. We are grateful to Nissan
Chemical Industries, Ltd., for financial support.

REFERENCES

1. Bapat, J. B.; Black, D. St. C.; Brown, R. F. C. Cyclic hydroxamic acids. Adv. Heterocycl.
Chem. 1969, 10, 199–240.

2. Jourden, J. L. M.; Cohen, S. M. Enzymatic activation of a matrix metalloproteinase
inhibitor. Chem. Commun. 2010, 46, 1241–1243.

3. Schlemminger, I.; Mole, D. R.; McNeill, L. A.; Dhanda, A.; Hewitson, K. S.; Tian, Y.-M.;
Ratcliffe, P. J.; Pugh, C. W.; Schofield, C. J. Analogues of dealanylalahopcin are inhibi-
tors of human HIF prolyl hydroxylases. Bioorg. Med. Chem. Lett. 2003, 13, 1451–1454.

4. (a) Brondel, N.; Renoux, B.; Gesson, J.-P. New strategy for the synthesis of phosphatase
inhibitors TMC-69–6H and analogs. Tetrahedron Lett. 2006, 47, 9305–9308; (b) Kohno,
J.; Hirano, N.; Sugawara, K.; Nishio, M.; Hashiyama, T.; Nakanishi, N.; Komatsubara,
S. Structure of TMC-69, a new antitumor antibiotic from Chrysosporium sp. TC 1068.
Tetrahedron 2001, 57, 1731–1735.

5. Galatsis, P.; Caprathe, B.; Downing, D.; Gilmore, J.; Harter, W.; Hays, S.; Kostlan, C.;
Linn, K.; Lunney, E.; Para, K.; Thomas, A.; Warmus, J.; Allen, H.; Brady, K.; Talanian,
R.; Walker, N. Inhibition of interleukin-1b converting enzyme (ICE or caspase 1) by
aspartyl acyloxyalkyl ketones and aspartyl amidooxyalkyl ketones. Bioorg. Med. Chem.
Lett. 2010, 20, 5089–5094.

6. Johnson, T. W.; Tanis, S. P.; Butler, S. L.; Dalvie, D.; DeLisle, D. M.; Dress, K. R.;
Flahive, E. J.; Hu, Q.; Kuehler, J. E.; Kuki, A., Liu, W.; McClellan, G. A.; Peng, Q.; Plewe,
M. B.; Richardson, P. F.; Smith, G. L.; Solowiej, J.; Tran, K. T.; Wang, H.; Yu, X.; Zhang,
J.; Zhu, H. Design and synthesis of novel N-hydroxy-dihydronaphthyridinones as potent
and orally bioavailable HIV-1 integrase inhibitors. J. Med. Chem. 2011, 54, 3393–3417.

7. (a) Pinard, E.; Burner, S.; Cueni, P.; Montavon, F.; Zimmerli, D. A short and efficient syn-
thesis of the NMDA glycine site antagonist: (3R,4R)-3-amino-1-hydroxy-4-methyl
pyrrolidin-2-one (L-687,414). Tetrahedron Lett. 2008, 49, 6079–6080; (b) Leeson, P. D.;

Williams, B. J.; Baker, R.; Ladduwahetty, T.; Moore, K. W.; Rowley, M. Effects of
five-membered ring conformation on bioreceptor recognition: identification of 3R-
amino-1-hydroxy-4R-methylpyrrolidin-2-one (L-687,414) as a potent glycine=N-methyl-D-

aspartate receptor antagonist. J. Chem. Soc., Chem. Commun. 1990, 22, 1578–1580.

2490 Y. HOSHINO ET AL.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 N

or
th

 C
ar

ol
in

a 
- 

C
ha

pe
l H

ill
] 

at
 1

3:
45

 1
1 

Ju
ne

 2
01

3 



8. Mesaik, M. A.; Khan, K. M.; Rahat, S.; Zia-Ullah; Choudhary, M. I.; Murad, S.;
Abdullah, N. R.; Ismail, Z.; Atta-ur-Rahman; Ahmad, A.; Siddiqui, R. A. Immunomodu-
latory properties of synthetic imidazolone derivatives. Lett. Drug Design Discovery 2005,
2, 490–496.

9. (a) Jones, I. L.; Moore, F. K.; Chai, C. L. L. Total synthesis of (�)-cordypyridones A and
B and related epimers. Org. Lett. 2009, 11, 5526–5529; (b) Isaka, M.; Tanticharoen, M.;
Kongsaeree, P.; Thebtaranonth, Y. Structures of cordypyridones A–D, antimalarial
N-hydroxy- and N-methoxy-2-pyridones from the insect pathogenic fungus Cordyceps
nipponica. J. Org. Chem. 2001, 66, 4803–4808.

10. (a) Vystorop, I. V.; Aliev, Z. G.; Andreeva, N. Y.; Atovmyan, L. O.; Fedorov, B. S. Reac-
tion of DL-2-aminopropiohydroxamic acid with acetone: Selective synthesis of
3-hydroxy-2,2,5-trimethylimidazolidin-4-one. Russ. Chem. Bull., Int. Ed. 2000, 49,
182–183; (b) Vystorop, I. V.; Konovalova, N. P.; Nelyubina, Y. V.; Varfolomeev, V.
N.; Fedorov, B. S.; Sashenkova, T. E.; Berseneva, E. N.; Lyssenko, K. A.; Kostyanovsky,
R. G. Cyclic hydroxamic acids derived from a-amino acids 1: Regioselective synthesis,

structure, NO-donor, and antimetastatic activities of spirobicyclic hydroxamic acids
derived from glycine and DL-alanine. Russ. Chem. Bull., Int. Ed. 2010, 59, 127–135; (c)
Vystorop, I. V.; Nelyubina, Y. V.; Voznesensky, V. N.; Sun, W.-H.; Lodygina, V. P.;

Lyssenko, K. A.; Kostyanovsky, R. G. General regioselective synthesis and crystal struc-
ture of racemic 5-substituted 2,2-dimethyl-3-hydroxyimidazolidin-4-ones. Mendeleev
Commun. 2010, 20, 106–108; (d) Vystorop, I. V.; Lyssenko, K. A.; Voznesensky, V. N.;

Lodygina, V. P.; Kostyanovsky, R. G. General regioselective synthesis of 2,2-disubsti-
tuted 3-hydroxyimidazolidin-4-ones. Mendeleev Commun. 2002, 193–196; (e) Vystorop,
I. V.; Lyssenko, K. A.; Kostyanovsky, R. G. 3-Hydroxy-2,2-dimethylimidazolidin-4-
one: the regioselective synthesis and chiral crystallization. Mendeleev Commun. 2002,
85–87; (f) Marson, C. M.; Pucci, S. Three-component condensations of aldehydes with
N-methoxycarboxamides. Tetrahedron Lett. 2004, 45, 9007–9010; (g) Cordi, A.; Lacoste,
J.-M.; Audinot, V.; Millan, M. Design, synthesis, and structure-activity relationships of

novel strychnine-insensitive glycine receptor ligands. Bioorg. Med. Chem. Lett. 1999, 9,
1409–1414; (h) Barlaam, B.; Koza, P.; Berriot, J. Solid-phase synthesis of hydroxamic acid
based TNF-a convertase inhibitors. Tetrahedron 1999, 55, 7221–7232; (i) Harmon, R. E.;

Rizzo, V. L.; Gupta, S. K. Synthesis of 3-hydroxy-4-imidazolidinones (1a,b).
J. Heterocycl. Chem. 1970, 7, 439–442.

11. (a) Bolm, C. Vanadium-catalyzed asymmetric oxidations. Coord. Chem. Rev. 2003, 237,
245–256; (b) Sharpless, K. B.; Verhoeven, T. R. Metal-catalyzed, highly selective oxygena-
tions of olefins and acetylenes with tert-butyl hydroperoxide: Practical considerations and
mechanisms. Aldrichim. Acta 1979, 12, 63–74 (c) Michaelson, R. C.; Palermo, R. E.;
Sharpless, K. B. Chiral hydroxamic acids as ligands in the vanadium catalyzed asymmetric

epoxidation of allylic alcohols by tert-butyl hydroperoxides. J. Am. Chem. Soc. 1977, 99,
1990–1992; (d) Li, Z.; Yamamoto, H. Zirconium(IV)- and hafnium(IV)-catalyzed highly
enantioselective epoxidation of homoallylic and bishomoallylic alcohols. J. Am. Chem.
Soc. 2010, 132, 7878–7880; (e) Malkov, A. V.; Czemerys, L.; Malyshev, D. A.
Vanadium-catalyzed asymmetric epoxidation of allylic alcohols in water. J. Org. Chem.
2009, 74, 3350–3355; (f) Li, Z.; Zhang, W.; Yamamoto, H. Vanadium-catalyzed enantio-

selective desymmetrization of meso secondary allylic alcohols and homoallylic alcohols.
Angew. Chem., Int. Ed. 2008, 47, 7520–7522; (g) Zhang, W.; Yamamoto, H.
Vanadium-catalyzed asymmetric epoxidation of homoallylic alcohols. J. Am. Chem.
Soc. 2007, 129, 286–287; (h) Bourhani, Z.; Malkov, A. V. Vanadium-catalyzed asymmet-

ric epoxidation: Proline-derived hydroxamic acids revisited. Synlett 2006, 3525–3528; (i)
Malkov, A. V.; Bourhani, Z.; Kočovsky, P. Amino acid-derived hydroxamic acids as
chiral ligands in the vanadium catalyzed epoxidation. Org. Biomol. Chem. 2005, 3,

ENANTIOMERICALLY ENRICHED BICYCLIC HYDROXAMIC ACIDS 2491

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 N

or
th

 C
ar

ol
in

a 
- 

C
ha

pe
l H

ill
] 

at
 1

3:
45

 1
1 

Ju
ne

 2
01

3 



3194–3200; (j) Bourhani, Z.; Malkov, A. V. Ligand-accelerated vanadium-catalyzed epox-
idation in water. Chem. Commun. 2005, 4592–4594; (k) Zhang, W.; Basak, A.; Kosugi, Y.;
Hoshino, Y.; Yamamoto, H. Enantioselective epoxidation of allylic alcohols by a chiral
complex of vanadium: An effective controller system and a rational mechanistic model.
Angew. Chem., Int. Ed. 2005, 44, 4389–4391; (l) Makita, N.; Hoshino, Y.; Yamamoto, H.

Asymmetric epoxidation of homoallylic alcohols and application in a concise total synthesis
of (�)-a-bisabolol and (�)-8-epi-a-bisabolol. Angew. Chem., Int. Ed. 2003, 42, 941–943; (m)
Wu, H.-L.; Uang, B.-J. Asymmetric epoxidation of allylic alcohols catalyzed by new chiral

vanadium(V) complexes. Tetrahedron: Asymmetry 2002, 13, 2625–2628.
12. Olivares-Romero, J. L.; Li, Z.; Yamamoto, H. Hf(IV)-catalyzed enantioselective epoxidation

of N-alkenyl sulfonamides and N-tosyl imines. J. Am. Chem. Soc. 2012, 134, 5440–5443.
13. Barlan, A. U.; Basak, A.; Yamamoto, H. Enantioselective oxidation of olefins catalyzed

by a chiral bishydroxamic acid complex of molybdenum. Angew. Chem., Int. Ed. 2006, 45,
5849–5852.

14. (a) Basak, A.; Barlan, A. U.; Yamamoto, H. Catalytic enantioselective oxidation of sulfides
and disulfides by a chiral complex of bis-hydroxamic acid and molybdenum. Tetrahedron:
Asymmetry 2006, 17, 508–511; (b) Barlan, A. U.; Zhang, W.; Yamamoto, H. Development
and application of versatile bis-hydroxamic acids for catalytic asymmetric oxidation.

Tetrahedron 2007, 63, 6075–6087.
15. (a) Ahlford, K.; Adolfsson, H. Amino acid–derived amides and hydroxamic acids as

ligands for asymmetric transfer hydrogenation in aqueous media. Catal. Commun. 2011,
12, 1118–1121; (b) Ahlford, K.; Zaitsev, A. B.; Ekström, J.; Adolfsson, H. A simple
and efficient catalyst system for the asymmetric transfer hydrogenation of ketones. Synlett
2007, 2541–2544.

16. Charbonnel, Y.; Barrans, J. Action of aldehydes on 2-aminohydroxamic acids. Compt.
Rend. 1966, 263C, 824–827.

17. (a) Verardo, G.; Geatti, P.; Merli, M.; Castellarin, E. E. Synthesis of 3-substituted
dihydro-1-phenylamino-1H-pyrrolo[1,2-a]imidazole-2,5(3H,6H)-diones from a-amino
acid phenylhydrazides and levulinic acid. Eur. J. Org. Chem. 2004, 2833–2839; (b)
Verardo, G.; Geatti, P.; Martinuzzi, P.; Merli, M.; Toniutti, N. Condensation reaction
between a-amino acid phenylhydrazides and carbonyl compounds. Eur. J. Org. Chem.
2003, 3840–3849.

18. Smissman, E. E.; Warner, V. D. Specificity in enzyme inhibition, 2: a-Aminohydroxamic
acids as inhibitors of histidine decarboxylase and 3,4-dihydroxyphenylalanine decarboxy-
lase. J. Med. Chem. 1972, 15, 681–682.
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