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N-Hydroxy diketopiperazine derivatives from L- and D-forms of Ser and Cys were synthesized for the first time

and the ring conformation of both analogues in water was determined to be close to flat via NMR and ab initio

calculations. However, the side chain of the Ser analogue was oriented toward a pseudo-equatorial position

while that of the Cys analogue was slightly oriented toward a pseudo-axial direction, with a slightly distorted

boat-shaped ring conformation. Among them, the D-Cys analogue was found to be a weak inhibitor of α-

glucosidase.
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Introduction

2,5-Diketopiperazines, known as cyclic dipeptides, are

frequently formed from both the enzymatic and nonenzy-

matic processes of peptides/proteins.1 They are also well-

known as by-products that are formed during removal of the

temporal protecting group of the second amino acid.2 Many

cyclic dipeptides are found in nature and their derivatives

show interesting biological activities,3 including antiviral,4

antifungal,5 antitumour,6 antithrombotic7 and antibacterial8

properties. N-Hydroxylation of diketopiperazines is a known

biological process in the protist and plant kingdoms during

the syntheses of iron chelators and dehydro amino acids.

Natural products like aspergillic acid,9 pulcherriminic acid,10

and sarcodonin11 contain several structural features of N-

hydroxy diketopiperazine and it is likely that they are the

oxidized metabolites or intermediates of diketopiperazine

derivatives.1,12

Although various syntheses of racemic N-hydroxy diketo-

piperazine derivatives have been studied, only a few syn-

theses of asymmetric N-hydroxy analogues have been

reported.13 More recently, M. Akiyama et al. described a

convenient synthesis and the spectroscopic properties of N-

hydroxy diketopiperazines derived from L-forms of Ala, Val,

Pro, Phe, and Asp.14 Early studies, however, revealed that

handling these types of compounds is a nontrivial process

with low cyclization yields.13a In addition, the puri-

fication of a highly polar hydroxamate with a hydrophilic

side chain is a problematic step for the synthesis.

Here we report the first synthesis of N-hydroxy diketo-

piperazine analogues from L-and D-forms of Ser and Cys,

respectively. Nothing has been reported, so far, regarding the

synthesis of Ser and Cys analogues or their biological

activities. We also determined the preferred conformation

via NMR and ab initio calculations and evaluated inhibitory

activities against α-glucosidase because there are some

structural similarities between hexose and N-hydroxy di-

ketopiperazine, especially from Ser or Cys (Fig. 1). The

conformational study of the new N-hydroxy diketopipera-

zines may provide us some background of understanding

biological activities. In a study with implications for our

compounds, Nishimura’s group reported the synthesis and

conformational analysis of eight isomers of D-gylcono-δ-

lactam (Fig. 1).15 They found that five isomers, including

three with boatlike conformations, exhibited inhibitory

activities against β-glucosidase. 

Results and Discussion

Synthesis. In our synthetic efforts, we first tried the

Figure 1. Structural similarities among N-hydroxy diketopiperazine,
hexose, and D-glycono-δ-lactam.

Scheme 1. Synthesis of protected N-hydroxy diketopiperazine derivatives from L-Ala and L-Ser.
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following strategy (Scheme 1). Starting from Boc-protected

L-Ala and L-Ser, we prepared the benzyloxy amides 1a and

1b respectively.16 After removal of the Boc group, bromo-

acetic acid was attached to give 2a and 2b with yields of

about 50%. Intramolecular cyclization of the compounds 2a

and 2b under various basic conditions gave the desired

products, 3a and 3b, in below 50% yields with decomposed

byproducts. Since the yields of the two reactions were

unsatisfactory, we modified the synthetic scheme to utilize

the cyclization precursors, 4b and 4c (Scheme 2).14 

Selective mono N-alkylation of the benzyloxy amides,

compounds 1b and 1c, was successful, giving yields of 64 to

66%. After removal of the Boc-protecting group, the crude

product was cyclized under basic conditions to give the

diketopiperazine backbones 3b and 3c. Deprotection of the

benzyl group from the Ser analogue 3b was accomplished

by using Pd/C, H2, and MeOH in the presence of 2 N HCl.

Under the same conditions but without HCl, the mono-

debenzylated product on the N-OH group was obtained. For

the Cys derivative 3c, no product was obtained. By applying

Li in liquid NH3 to the Cys derivatives, debenzylation was

complete based on NMR analysis of the crude reaction

mixture, but purification step was problematic. Temporary

protection of the crude product with Boc group followed by

silica gel purification gave the pure bis-protected 5c. How-

ever deprotection of the Boc group under acidic condition

(10% TFA in CH2Cl2) gave a mixture of desired product and

unidentified product having same molecular mass. The pure

product 5c could be obtained only with RP-HPLC purifi-

cation under an elution of 0.1% TFA in H2O.

Since the configuration of the stereogenic carbon of the

products 5b and 5c was opposite to the corresponding

natural carbohydrates, D-forms of Ser and Cys were sub-

jected to the same reactions shown in Scheme 2. The yields

of the reactions were more or less the same as in the

reactions of the L-forms of Ser and Cys derivatives. The

proton NMR data of the enantiomers obtained from L- and

D- amino acids were exactly same.

Conformation. Three conformations are known to exist

for the diketopiperazine ring and the N-hydroxy diketo-

piperazine ring, depending on the folding angle β: a flat ring

conformation (β = 0), a boat-shaped conformation with a

pseudo-axial side chain (β < 0), and a boat-shaped confor-

mation with a pseudo-equatorial side chain (β > 0).14,17 The

preferred conformations of the two compounds, 5b and 5c,

were determined from ab initio calculations with the

Gaussian03 package.18 After generating the conformations

of both equatorial and axial side chains with a molecular

mechanics-based force field, the ab initio structure optimi-

zation was carried out with the MP2/6-31G+(d) level in a

vacuum. The resulting structures were further optimized in

the DMSO solvation environment (dielectric constant =

47.6) with the polarized continuum model (IEFPCM)19

using the MP2/6-31+(d) level. We also repeated the same

calculation with the B3LYP/6-31G+(d) level using the

CPCM solvation model.20 This time, the molecule was in the

water (dielectric constant = 80) environment and the hydro-

gen atom at N-OH was removed in consideration of the

likely protonation state. 

As far as the structure was concerned, the lowest energy

conformations from two different calculations were essen-

tially the same, with a slightly distorted flat ring as shown in

Figure 2. The folding angle β was 5.3 for the Ser analogue

5b and –5.8 for the Cys analogue 5c. These results implied

that the side chain of 5b was close to the pseudo-equatorial

position, while the side chain of 5c was closer to the pseudo-

axial orientation. Regarding the rotation of side chains, the

energy differences among the three rotamers were calculated

to be less than 1 kcal/mol.

A NMR study was performed to obtain information on

solution conformation. Magnetic nonequivalence for the

Gly-CH2 protons of the two analogues was an indication that

Scheme 2. Synthesis of N-hydroxy diketopiperazine derivatives from L-Ser and L-Cys analogues.
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the ring had a rigid conformation, but distinct differences

between the two compounds could not be found (Table 1). In

the 2D-NMR study, ROE cross peaks between the two

residues (H or H’ and Ha, Hb or Hb’) were not obtained.

Temperature coefficients of the Ser analog in DMSO-d6 was

determined to give similar values (4.6 × 10−3 ppm/K for N-

OH, 4.8 × 10−3 ppm/K for N-H, 4.4 × 10−3 ppm/K for O-H),

indicating that no intramolecular H-bonded or shielded polar

protons are present.

We evaluated the inhibitory activities of synthesized N-

hydroxy diketopiperazines against rice α-glucosidase. The

activities of L-Cys analogue 5c and its D-Cys analogue enan

(5c) were very weak with IC50 values of 220 and 100 uM

respectively, while the analogues of L- and D-Ser have no

activity. The reason is probably due to the conformational

difference from half-chair geometry and the lack of a

positive charge at the ring oxygen position, mimicking the

transition state of an enzyme-substrate complex.21

Conclusion

We prepared new N-hydroxy diketopiperazine derivatives

from L- and D-forms of Ser and Cys in satisfactory yields.

The ring conformation of both analogues in water was

determined to be close to flat via NMR and ab initio

calculations. However, the side chain of the Ser analogue

was oriented toward a pseudo-equatorial position while that

of the Cys analogue was slightly oriented toward a pseudo-

axial direction, with a slightly distorted boat-shaped ring

conformation. Among the compounds we prepared, the D-

Cys analogue exhibited very weak activity against rice α-

glucosidase.

Experimental Section

General procedures and methods. All reagents were

obtained from commercial suppliers and used without puri-

fications unless specified. 1H and 13C-NMR spectra were

collected on a Bruker AVANCE II 500 spectrometer at

resonance frequencies of 500.1 MHz and 125.7 MHz,

respectively. Solvents used were CDCl3 and D2O. The

chemical shifts were reported in ppm from tetramethylsilane

or referenced to solvent on the δ scale. HRMS (FAB) spectra

were recorded on a JEOL Ltd. JMS-700 Mstation. The

optical rotation was measured on a Rudolph Autopol III

automatic polarimeter using Na emission (589 nm). High

performance liquid chromatography (HPLC) analyses were

performed on a Shimadzu system (LC-10ADVP) with a RI

detector (RID-10A). Purification of compound 5c was

carried out by semi-preparative HPLC on a Vydac C18

column (10 × 250 mm) with a flow rate of 3 mL/min using

0.1% TFA in H2O as an eluent.

(2-Benzyloxy-1-benzyloxycarbamoyl-ethyl)-carbamic

acid tert-butyl ester (1b) 

L-Form: A mixture of Boc-L-Ser(Bzl)-OH (2.4 g, 8.1

mmol), DCC (1.5 g, 7.5 mmol), and HOBt (0.19 mg, 1.3

mmol) was stirred in CH2Cl2 (100 mL) at 0 °C for 15 min.

Subsequently, BnONH2·HCl (1.0 g, 6.2 mmol) and DIPEA

(2.3 mL, 13.2 mmol) were added. After 1 h at 0 °C, the

mixture was stirred at room temperature for 17 h. The

precipitated urea was filtered off and the solution was

concentrated in vacuo. The residue was dissolved in EtOAc

and the precipitated urea was filtered off again. The organic

layer was washed with saturated aqueous NaCl solution and

dried with MgSO4. The solvent was removed in vacuo and

the crude product was purified by chromatography on silica

gel column (3:1 hexane/EtOAc) to give a white solid. Yield:

2.14 g (86%). 1H NMR (500 MHz, CDCl3): δ 8.93 (bs, 1H),

7.33-7.21 (m, 10H), 5.30 (bs, 1H), 4.87 (s, 2H), 4.49, 4.44

(ABq, J = 11.5 Hz, 2H), 4.22 (bs, 1H), 3.79-3.78 (m, 1H),

3.50-3.47 (m, 1H), 1.40 (s, 9H); 13C NMR (125.76 MHz,

CDCl3): δ 168.15, 155.34, 137.13, 135.02, 129.14, 128.66,

128.49, 128.44, 127.89, 127.70, 80.34, 78.21, 73.38, 69.38,

52.11, 28.21; HRMS (FAB) m/z calculated 401.2076 for

C22H29N2O5 [M+H]+, found 401.2080.

D-Form: By applying the same procedure described

above, starting with Boc-D-Ser(Bzl)-OH (2.4 g, 8.1 mmol),

the enantiomer of 1b was obtained. Yield: 2.18 g (88%). 1H

NMR spectrum was the same as for compound 1b. 

(1-Benzyloxycarbamoyl-2-benzylsulfanyl-ethyl)-carbamic

Figure 2. Proposed conformations of the L-Ser analogue 5b (top)
and the L-Cys analogue 5c (bottom).

Table 1. Proton chemical shifts and coupling constants for 5b and
5c in D2O

Compounds
Gly residuea

H, H’ (2JHH’)

Other residueb

Ha, Hb, Hb’

5b 4.34, 4.20 (17.2) 4.11, 3.89, 3.68

5c 4.46, 4.27 (17.2) 4.43, 3.06, 2.85

aH, H’ denote two α-protons of Gly. bHa denotes α-proton, and Hb and
Hb’ denote two β-protons of Ser or Cys.
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acid tert-butyl ester (1c)

L-Form: By using a similar procedure as described above,

starting with 2.6 g of Boc-L-Cys(Bzl)-OH, the desired

compound was obtained as a white solid. Yield: 2.15 g

(82%). 1H NMR (500 MHz, CDCl3): δ 9.14 (bs, 1H), 7.38-

7.22 (m, 10H), 5.29 (bs, 1H), 4.89 (s, 2H), 4.10 (bs, 1H),

4.49, 4.44 (ABq, J = 11.5 Hz, 2H), 2.77-2.67 (m, 2H), 1.42

(s, 9H); 13C NMR (125.76 MHz, CDCl3): δ 168.32, 155.30,

137.72, 134.96, 129.22, 128.95, 128.73, 128.54, 127.20,

80.52, 78.31, 51.69, 36.41, 33.17, 28.23; HRMS (FAB) m/z

calculated 487.2444 for C26H35N2O7 [M+H]+, found 487.2455.

D-Form: By applying the same procedure described

above, starting with Boc-D-Cys(Bzl)-OH (2.6 g, 8.1 mmol),

the enantiomer of 1c was obtained. Yield: 2.23 g (85%). 1H

NMR spectrum was same as for compound 1c.

[Benzyloxy-(3-benzyloxy-2-tert-butoxycarbonylamino-

propionyl)-amino]-acetic acid ethyl ester (4b)

L-Form: To a stirred solution of 1b (2 g, 5 mmol) and

anhydrous K2CO3 (1.04 g, 7.5 mmol) in DMF (20 mL) were

added dropwise over 30 min ethylbromoacetate (0.72 mL,

6.5 mmol) in DMF (10 mL) at 0 °C under N2. After 1 h at 0

°C, the mixture was stirred at room temperature for 1 h.

Saturated NH4Cl solution was added to the reaction mixture

and then extracted with diethyl ether. The organic layers

were dried over MgSO4 and concentrated in vacuo. The

crude product was purified by chromatography on silica gel

column (3:1 hexane/EtOAc) to give colorless viscous oil.

Yield: 1.6 g (66%). 1H NMR (500 MHz, CDCl3): δ 7.36-

7.25 (m, 10H), 5.41 (d, 1H), 5.03 (bs, 1H), 5.01, 4.96 (ABq,

J = 10.6 Hz, 2H), 4.54, 4.50 (ABq, J = 11.6 Hz, 2H), 4.52,

3.99 (ABq, J = 17.6Hz, 2H), 4.15 (q, J = 7.0 Hz, 2H), 3.84-

3.81 (m, 1H), 3.74-3.71 (m, 1H), 1.45 (s, 9H), 1.21 (t, J = 7.0

Hz, 3H); 13C NMR (125.76 MHz, CDCl3): δ 172.97, 167.30,

155.49, 137.85, 134.01, 129.34, 129.03, 128.71, 128.28,

127.69, 127.59, 79.70, 77.83, 73.03, 69.30, 65.81, 61.53,

51.41, 49.33, 28.33, 14.04; HRMS (FAB) m/z calculated

341.1501 for C19H21N2O4 [M+H]+, found 341.1493.

D-Form: By applying the same procedure described

above, starting with the enantiomer of 1b, the enantiomer of

4b was obtained. Yield: 1.7 g (70%). 1H NMR spectrum was

the same as for compound 4b.

[Benzyloxy-(3-benzylsulfanyl-2-tert -butoxycarbonyl-

amino-propionyl)-amino]-acetic acid ethyl ester (4c)

L-Form: By using the same procedure described above,

starting with 2 g of 1c, the desired compound was obtained

as colorless viscous oil. Yield: 1.54 g (64%). 1H NMR (500

MHz, CDCl3): δ 7.45-9.19 (m, 10H), 5.28 (d, 1H), 5.01 (bs,

1H), 5.00, 4.97 (ABq, J = 10.3 Hz, 2H), 4.52, 3.97 (ABq, J =

17.5 Hz, 2H), 4.18-4.11 (m, 2H), 3.72, 3.64 (ABq, J = 13.1

Hz, 2H), 3.98-3.95 (m, 1H), 3.64-3.60 (m, 1H), 1.47 (s, 9H),

1.20 (t, J = 7.1 Hz, 3H); 13C NMR (125.76 MHz, CDCl3): δ

173.69, 167.22, 155.39, 137.90, 133.82, 129.57, 129.19,

128.96, 128.79, 128.39, 126.95, 79.85, 78.09, 61.63, 50.41,

49.27, 36.48, 33.48, 28.36, 14.04; HRMS (FAB) m/z

calculated 161.0562 for C5H9N2O4 [M+H]+, found 161.0560.

D-Form: By applying the same procedure described

above, starting with the enantiomer of 1c, the enantiomer of

4c was obtained. Yield: 1.57 g (65%). 1H NMR spectrum

was same as for compound 4c.

1-Benzyloxy-3-benzyloxymethyl-piperazine-2,5-dione

(3b)

L-Form: Compound 4b (1.0 g, 2.1 mmol) was dissolved

in 30% TFA in CH2Cl2 (20 mL) and stirred for 30 min at RT.

The solvent was removed in vacuo and dissolved in MeOH

(10 mL) and 5% aqueous KHCO3 (30 mL) and then stirred

for 2 h at RT. The solvent was removed in vacuo and

extracted with CH2Cl2. The organic layers were dried over

MgSO4 and concentrated in vacuo, then recrystallized in

ether to give a white solid. Yield: 0.6 g (87%). 1H NMR (500

MHz, CDCl3): δ 8.93 (bs, 1H), 7.33-7.21 (m, 10H), 5.30 (bs,

1H), 4.87 (s, 2H), 4.49, 4.44 (ABq, J = 11.5 Hz, 2H), 4.22

(bs, 1H), 3.79-3.78 (m, 1H), 3.50-3.47 (m, 1H), 1.40 (s, 9H);
13C NMR (125.76 MHz, CDCl3): δ 168.15, 155.34, 137.13,

135.02, 129.14, 128.66, 128.49, 128.44, 127.89, 127.70,

80.34, 78.21, 73.38, 69.38, 52.11, 28.21; HRMS (FAB) m/z

calculated 417.1848 for C22H29N2O4S1 [M+H]+, found

417.1857;  = +2.1 (c = 0.1 in MeOH).

D-Form: By applying the same procedure described above,

starting with the enantiomer of 4b, the enantiomer of 3b was

obtained. Yield: 0.57 g (80%); = –1.9 (c = 0.1 in

MeOH). 1H NMR spectrum was same as for compound 3b.

1-Benzyloxy-3-benzylsulfanylmethyl-piperazine-2,5-

dione (3c)

L-Form: By using the same procedure described above,

starting with 1 g of 4c, the desired compound was obtained

as a white solid. Yield: 0.53 g (75%). 1H NMR (500 MHz,

CDCl3): δ 9.14 (bs, 1H), 7.38-7.22 (m, 10H), 5.29 (bs, 1H),

4.89 (s, 2H), 4.10 (bs, 1H), 4.49, 4.44 (ABq, J = 11.5 Hz,

2H), 2.77-2.67 (m, 2H), 1.42 (s, 9H); 13C NMR (125.76

MHz, CDCl3): δ 168.32, 155.30, 137.72, 134.96, 129.22,

128.95, 128.73, 128.54, 127.20, 80.52, 78.31, 51.69, 36.41,

33.17, 28.23; HRMS (FAB) m/z calc’d 503.2216 for

C26H35N2O6S1 [M+H]+, found 503.2225; = –7.1 (c =

0.1 in MeOH).

D-Form: By applying the same procedure described

above, starting with the enantiomer of 4c, the enantiomer of

3c was obtained. Yield: 0.55 g (77%);  = +8.4 (c = 0.1 in

MeOH). 1H NMR spectrum was same as for compound 3c.

1-Hydroxy-3-hydroxymethyl-piperazine-2,5-dione (5b)

L-Form: Compound 3b (200 mg, 0.58 mmol) was stirred

in 2 N HCl (0.2 mL) and methanol (10 mL) at room

temperature for 30 min with 10% Pd/C (20 mg) under an

atmosphere of H2 balloon. After filtration over celite and

concentration under reduced pressure, the product was

recrystallized in ether/MeOH to give a white solid. Yield: 88

mg (95%). 1H-NMR (500 MHz, D2O): δ 4.34, 4.20 (ABq, J

= 17.2 Hz, 2H), 4.11 (bs, 1H), 3.89, 3.68 (ABq, J = 12.1 Hz,

2H); 13C-NMR (125.76 MHz, D2O): δ 167.37, 163.08,

62.85, 56.69, 52.57; HRMS (FAB) m/z calc’d 357.1273 for

C19H21N2O3S1 [M+H]+, found 357.1293;  = +16.4 (c =

0.14 in MeOH).

D-Form: By applying the same procedure described

above, starting with the enantiomer of 3b, the enantiomer of

5b was obtained. Yield: 83 mg (90%); = −22.8 (c =

α[ ]
D

25

α[ ]
D

25

α[ ]
D

25

α[ ]
D

25

α[ ]
D

25

α[ ]
D

25
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0.14 in MeOH). 1H NMR spectrum was same as for

compound 5b.

1-Hydroxy-3-mercaptomethyl-piperazine-2,5-dione (5c)

L-Form: NH3 (30 mL) was collected into a solution of 3c

(200 mg, 0.53 mmol) in THF (10 mL) at −78 °C. Li (18.4

mg, 2.7 mmol) was added and stirred until a deep blue color

was obtained. The reaction mixture was stirred for about 20

min until the deep blue color disappeared and then allowed

to warm to RT. N2 was blown over the solution until it

reached dryness. The yellowish-white solid was dissolved in

methanolic HCl, evaporated in vacuo and then purified by

using semi-preparative RP-HPLC with an isocratic elution

of 0.1% TFA in H2O over 15 min to give a white solid.

(Flow rate = 3 mL/min, RI-detector, tR = 6.2 min). Yield: 56

mg (60%). 1H-NMR (500 MHz, D2O): δ 4.46, 4.27 (ABq, J

= 17.2 Hz, 2H), 4.43 (bs, 1H), 3.06 (dd, 1H, J = 2.9 Hz, 14.6

Hz), 2.85 (dd, 1H, J = 3.2 Hz, 14.7 Hz); 13C-NMR (125.76

MHz, D2O): δ 167.27, 162.87, 55.60, 52.66, 28.88; HRMS

(FAB) m/z calc’d 177.0334 for C5H9N2O3S1 [M+H]+, found

177.0347; = −2.6 (c = 0.19 in MeOH).

D-Form: By applying the same procedure described

above, starting with the enantiomer of 3c, the enantiomer of

5c was obtained. Yield: >90% by NMR;  = 2.4 (c =

0.1 in MeOH). 1H NMR spectrum was same as for compound

5c.

Enzyme assay. Inhibition activity was assayed at 37 °C in

a total volume of 150 mL containing 0.33 mM maltose and

0.03 unit/mL of rice α-glucosidase. After incubation for 15

min, the reaction was stopped by heating at 100 °C for 3

min. At this point, 100 mL of glucosidase oxidase/peroxid-

ase (o-dianisidin) reagent (Sigma) was added to each tube

and the reaction was carried out exactly 30 min at 37 °C.

After quenching the enzyme reaction by adding 100 mL of

12 N H2SO4, absorbance at 505 nm was measured to

determine the amount of D-glucose released. Data inter-

pretation by Grafit 4.0 gave us IC50 values to evaluate the

concentration needed to inhibit 50% of α-glucosidase activity.

Acknowledgments. This work was supported by grants

No. R01-2000-000-00049-0 from the Basic Research Pro-

gram of the Korea Science & Engineering Foundation and

MarineBio21, Ministry of Maritime Affairs and Fisheries,

Korea.

References

  1. Prasad, C. Peptides 1995, 16, 151.
  2. (a) Rothe, M.; Mazanek, R. B. Liebigs Ann. Chem. 1974, 439. (b)

Rovero, P.; Vigano, S.; Pegoraro, S.; Quartara, L. Lett. Peptide

Sci. 1995, 2, 319. (c) Chiva, C.; Vilaseca, M.; Giralt, E.; Albericio,
F. Journal of Peptide Science 1999, 5, 131. (d) Borsuk, K.; van

Delft, F. L.; Eggen, I. F.; ten Kortenaar, P. B. W.; Petersen, A.;

Rutjes, F. P. J. T. Tetrahedron Lett. 2004, 45, 3585.
  3. (a) Martins, M. B.; Carvalho, I. Tetrahedron 2007, 63, 9923. (b)

Li, W.-R.; Yang, J. H. J. Comb. Chem. 2002, 4, 106. (c) McCleland,

K.; Milne, P. J.; Lucieto, F. R.; Frost, C.; Brauns, S. C.; Venter, M.
V. D.; Plessis, J. D.; Dyason, K. J. Pharm. Pharmacol. 2004, 56,

1143.

  4. Sinha, S.; Srivastava, R.; De Clercq, E.; Singh, R. Nucleosides

Nucleotides Nucleic Acids 2004, 23, 1815.
  5. (a) Asano, N. Glycobiology 2003, 13, 93R. (b) Houston, D. R.;

Synstad, B.; Eijsink, V. G. H.; Stark, M. J. R.; Eggleston, I. M.;

van Aalten, D. M. F. J. Med. Chem. 2004, 47, 5713. (c) Byun, H.-
G.; Zhang, H.; Mochizuki, M.; Adachi, K.; Shizuri, Y.; Lee, W.-J.;

Kim, S.-K. J. Antibiot. 2003, 56, 102. (d) Park, Y. C.; Gunasekera,

S. P.; Lopez, J. V.; McCarthy, P. J.; Wright, A. E. J. Nat. Prod.
2006, 69, 580.

  6. (a) Nicholson, B.; Lloyd, G. K.; Miller, B. R.; Palladino, M. A.;

Kiso, Y.; Hayashi, Y.; Neuteboom, S. T. C. Anti-Cancer Drugs
2006, 17, 25. (b) Kozlovsky, A. G.; Vinokurova, N. G.; Adanin, V.

M.; Burkhardt, G.; Dahse, H.-M.; Grafe, U. J. Nat. Prod. 2000, 63,

698.
  7. Lucietto, F. R.; Milne, P. J.; Kilian, G.; Frost, C. L.; Van De Venter,

M. Peptides 2006, 27, 2706.

  8. (a) Huberman, L.; Gollop, N.; Mumcuoglu, K. Y.; Breuer, E.;
Bhusare, S. R.; Shai, Y.; Galun, R. Medical and Veterinary

Entomology 2007, 21, 127. (b) Clark, B.; Capon, R. J.; Lacey, E.;

Tennant, S.; Gill, J. H. J. Nat. Prod. 2005, 68, 1661. (c) Fdhila, F.;
Vazquez, V.; Sanchez, J. L.; Riguera, R. J. Nat. Prod. 2003, 66,

1299. (d) Kanokmedhakul, S.; Kanokmedhakul, K.; Phonkerd, N.;

Soytong, K.; Kongsaeree, P.; Suksamrarn, A. Planta Medica
2002, 834.

  9. (a) MacDonald, J. C. J. Biol. Chem. 1961, 236, 512. (b) Dutcher,

J. D. J. Biol. Chem. 1958, 232, 785.
10. MacDonald, J. C. Biochem. J. 1965, 96, 533.

11. Geraci, C.; Neri, P.; Paterno, C.; Rocco, C.; Tringali, C. J. Nat.

Prod. 2000, 63, 347.

12. Delaforge, M.; Boulille, G.; Jaouen, M.; Jankowski, C. K.;
Lamouroux, C.; Bensoussan, C. Peptides 2001, 22, 557.

13. (a) Ottenheijm, H. C. J.; Herscheid, J. D. M. Chem. Rev. 1986, 86,

697. (b) Dinsmore, C. J.; Beshore, D. C. Tetrahedron 2002, 58,
3297. (c) Herscheid, J. D. M.; Nivard, R. J. F.; Tijhuis, M. W.;

Scholten, H. P. H.; Ottenheijm, H. C. J. J. Org. Chem. 1980, 45,

1880.
14. Akiyama, M.; Katoh, A.; Tsuchiya, Y. J. Chem. Soc. Perkin Trans.

I 1989, 235.

15. Nishimura, Y.; Adachi, H.; Satoh, T.; Shitara, E.; Nakamura, H.;
Kojima, F.; Takeuchi, T. J. Org. Chem. 2000, 65, 4871.

16. Ramasamy, K.; Olsen, R. K.; Emery, T. J. Org. Chem. 1981, 46,

5438.
17. Vicar, J.; Budesinsky, M.; Blaha, K. Collect. Czech. Chem. Commun.

1973, 38, 1940.

18. Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Montgomery, Jr. J. A.; Vreven, T.;

Kudin, K. N.; Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi,

J.; Barone, V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.;
Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.;

Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.;

Kitao, O.; Nakai, H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H.
P.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts,

R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;

Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G.
A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.;

Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck,

A. D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.;
Baboul, A. G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu,

G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox,

D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;
Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong,

M. W.; Gonzalez, C.; Pople, J. A.; Gaussian Inc.: Wallingford CT,

2004.
19. (a) Mennucci, B.; Cances, E.; Tomasi, J. J. Phys. Chem. B 1997,

101, 10506. (b) Cances, E.; Mennucci, B. J. Chem. Phys. 2001,

114, 4744.
20. Barone, V.; Cossi, M. J. Phys. Chem. A 1995, 102, 1998.

21. Lillelund, V. H.; Jensen, H. H.; Liang, X.; Bols, M. Chem. Rev.

2002, 102, 515.

α[ ]
D

25

α[ ]
D

25


