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Abstract: First total syntheses of the unique phytosiderophores, 3-epi-hydroxymugineic acid (2), 
distichonic acid A (3). and 2’-hydroxynicotianamine (S), have been efficiently achieved from the same 
intermediates used for the synthesis of mughuzic acid (1). the typical phytosidemphore. 

A series of iron-chelating amino acids has been isolated from some spieces of gramineous plants: 
mugineic acid (l)la from barley (Hordeum vulgare L. var. minorimugi), 3-epi-hydroxymugineic acid (2)le 
and distichonic acid A (3)lc from beer barley (Hordeum vu&are L. var. distichum). and nicotianamine (4)ld 
from leaves of NicorioM tabacum L. They are called phytosiderophores which promote uptake and transport 
of iron required for the chlorophyll biosynthesis in higher plants. The most typical phytosiderophore is 
mugineic acid (l), which has been well investigated its structural feature as well as its iron transport 
mechanism.1 and has been synthesized in our laboratory for the first time.** 3 
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X,,_~N~;pE qH$;LJ: 

mugineic acid (1) : X = H distichonic acid A (3) 
3-epi-hydroxymugineic acid (2) : X = OH 

nicotianamine (4) : X = H 
Z-hydroxynicotianamine (5) :X = OH 

Recently, we have reported an efficient, improved synthesis of mugineic acid (1)4 utilizing the phenyl 
group as the carboxyl synthon, which is much more suitable for the large scale production of 1. We now wish 
to report the first total syntheses of 3-epi-hydroxymugineic acid (2), distichonic acid A (3). and their analog 
(2’-hydroxynicotianamine) (5) by employing the analogous proced~re,~ as they have the same skeleton as 1 
except for the a&dine moiety. 

We fust investigated a synthesis of the unknown (2S,3S)-hydroxyazetidinecarboxylic acid.6 as shown in 
Scheme 1. The synthesis commenced from the known azido alcohol 6.7 which was synthesized from readily 
available (2S,3S)-2.3-epoxycinnamyl alcohol. * Sequential protection of the primary and secondary hydroxyl 
functions, reduction of the azido group, and tosylation of tbe resulting amino group afforded tbe N,Oditosylate 
10. Construction of the azetidine ring was carried out by treatment of 10 with base to give the azetidine 119 
accompanied by its desilylated derivative 12, the latter of which was easily reprotected to 11 under usual 
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Scheme 1. (a) TscI, EtsN, CH2Cl2, rt, 4h. (b) TBSCl, imidwde, DMF, IT, 19h, 73% from 6. (c) 5% W- 
C, HCo2NH4, MaOH, ct, lh. (d) T&I, DMAP, EtsN, CH$!lz, rt, 3h, 30% from Q. (e) NaH. MeOH, rt, 
llh, 11: 75%; 12: 18%. (Q TBSCI, imidazole, DMF, SO’C, 3h, 99%. (9) Ruc13, NaIO4, EtOAc, cH3C!N, 
HzO, rt, 40h. (h) TMSCHNz, benzene. MeOH, xt, t&tin, 42% from 11. 
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R 24 
3-eWwdrox~muaineic acid (2) 

Scheme 2 (a) (C!OCl)2, DMSO, EtsN, C!H$& -7PC-+O*C, Zh, 77%. (b) Zn, 1M aq. A&NW, THF, rt, 
Jobs, 84%. (c) 1M NaBH$N in THF, AcOH (lcq), MeOH, o”C, 16h. (d) TBAF, AcOH, THF, rt, 17h, 
99%. (~1 M&i, &3N, ~$!l2, OOC, lh, 99%. (f) KHC.Q, CH3CN, (io”C, 42h. 85%. (g) Zn, A&H, THF, 
rt, 13h, 93%. (h) 25, IM NaBH$N in THF, AcOH (leq), McOH, OOC, 14h, 85%. (i) 20% aqueous HCl, 
anisole, THF. rk 24h. (j) Dowex SOW x 4 (Hz0 then 15% aq. NH+ (k) ODS silica gel, H20. (1) 
ncrystaUiaation from H@-EtOH, 93%. 



Syntheses of phytosiderophores 267 

silylation conditions. Oxidation of 11 with ruthenium trichloride-sodium metaperiodate,4~1u followed by 
methyl esterification with trimethylsilyldiazomethane (TMSCHN#t gave the (2S,3S)-hydroxyaxetidine- 
carboxylic acid as its protected form 14. 

This successful formation of the azetidine ring prompted us to carry out the synthesis of 3-epi- 
hy~x~u~neic acid (Zf, starting from the alcohol 15 and its ~~-bu~~~me~ylsilyl (TBS) derivative 17, 
both of which have been utilized for the synthesis of mugineic acid (1).4 After removal of the 2,2,2- 
trichloroethoxycarbonyl (Trot) group of 17, the resulting amine 18 was coupled with the aldehyde Ma 
containing a small amount of its C-2’ epimer Xfib (13:1), obtained by oxidation of 15, by employing the 
reductive N-alkylation proceduref* to give a mixture of the amines 1% and 1% (l&1),13 as shown in Scheme 
2. Transformation of the TBS group to the methanesulfonyl (MS) one was smoothly performed in 2 steps to 
give the mesyiates 2k and 21b (1O:l). which underwent the intramolecular cyclixationt4 to give the azetidine 
carboxylic acid derivatives 22a and 22b (10~1). Deprotection of their Trot group, separation of the C-2’ 
epimer by silica gel column chromatography, and then reductive N-akylation with the known tert-butyl ’L-tert- 
butyidimethylsiloxy-3-fo~ylpropionate (25)4 afforded the protected 3-epi-hydroxymugineic acid 24. 
Removal of all of the protecting groups of 24 by acid treatment, followed by purification afforded 3-epi- 
hy~x~u~neic acid (2) in 47 % yield in 8 steps from 15. which was identical with the natural one by direct 
comparison of their h-l NMR spectra @-i 6.3).15 

AcOH*t&N -C02Bot 
C&But CO*Bu’ COpBut 26 

onc~~~~~~~ a (ndNH*I 
bc 

27 :R’ =Tmc, R*=H 

n- lwnd 
28:R’=Trw, R*=Ebc 

C~29:R’=H,R2=Boc 

co*sut COeBut 

d ‘N+NJ: 

Boc’MOMO H 30 

~~~~~~ 

H HO * 
distichonic acid A (3) 

Scheme 3. (a) 26, 1M NaBH3CN in THF, MeOH, O”C, 12h, 79% from 15, (b) Boc20, i-Fr2NEt (cat.), 
dioxane, rt, lh, IO@%. (c) Zn, AcOH, THF, rt, 3h, (d) 25, 1M NaBH3CN in ‘D-IF, AcOH (leq), MeOH, 
O’C, 3h+rt, llh, 62% from 28. (e) 20% aqueous HCi, anisole, THF, rt, 14h. (f) Dowex 5OW x 4 (I-I20 
then 15% aq. NH3). (g) ODS silica gel, H20. (h) recrystallization from HzO, 85%. 

Synthesis of distichonic acid A (3) was performed in a similar procedure to that of 2 (Scheme 3). The 
known ten;-butyl glycinate acetic acid salt 2616 was coupled with the aldehydes 16a and 16b (Kkl), and then 
treatment with Boc20 afforded the intermediate 28. Removal of the Trot group of 28, followed by reductive 
condensation with the aldehyde 25 afforded the distichonic acid A as its protected form 30. Deptotection of 30 
was performed by the same procedure as that for 3~pi-hy~xymu~neic acid (2) afforded distichonic acid A 
(3) in 42 %I yield in 5 steps from 15, which was identical with the natural one by ~rnp~~n of their 1H NMR 
spectra (IN DCI). 

The synthesis of ~-hy~ox~icod~~ine (5), an analog of nicoti~~ine (4),1 was accomplished from 
a mixture of amines 34a and 34b (8: l), intermediate of our synthesis of mugineic acid (1),4 and aldehyde 33, 
which was easily prepared in 3 steps from the known lactone 31. 12b Reductive coupling of 34 with 33 
afforded the protected 2’-hydroxynicotianamine 35. Removal of all of the protecting groups of 35 followed by 
purification was performed in a similar manner with that of distichonic acid A (3), affording 2’- 
hy~~icotianamine (5) in 41% yield in 5 steps from 34 (Scheme 4). 
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J?X”’ + NH2 c 
1 2 

34m:R’=MOMO,R2-Ii 
34b:R’-H,i?-MIXA0 

Scheme 4. (a) KOH, DMF, HzO, O‘C, lh+rt, 2h. then 18-crown-6 (0.05 eq). BzlBr. (b) (CGClh. 
DMSO. EtsN, CH$L!lg, -78”C+oOC, 2h, 82% from 31. (c) 33, 1M NaBH$N in THF, AcOH (leq), i- 
PrGH,le 0°C. 12h+rt. 6h. 665, (d) 5% Pd-C, Hz, THF, rt, 30min. (e) 20% aqueous HCl, anisole, THF, rt. 
6h. (f) Dowex 50W x 4 (Hz0 then 15% aq. NH3). 76% from 35. 

The synthetic method for these phytosiderophores as described herein would be suitable for the large 
scale production because of the easy handling of the reactions and high yields of each reactions. 
Phytosiderophores produced in this laboratory can be supplied to those groups who wish to explore the 
phytopathological potentialities of these interesting compounds. 

Experimental 
Melting points were determined on a YAMATG MP-21 apparatus or a YANAGIMOTG micro melting 

point apparatus. Infrared spectra were measured with a JASCG IRA-2 or SHIMADZU FT IR-8100 
spectrometer. lH NMR spectra were mcorded in CDC13, unless otherwise stated, on an EX-270 spectrometer 
with tetramethylsilane or chloroform as an internal standard. Optical rotations were measured with a JASCG 
DIP-140 automatic polaximeter. Silica gel (SW-200) was used for column chromatography. 

(2R,3R)-3-Azido-2-tert-butyldimethyIsiloxy-3-phenyl-l-p-toluenesulfonyloxypropane 
(8). To a stirred solution of 64 (220 mg, 1.14 mM) in CH2Cl2 (2 ml) were added Et3N (240 pl, 1.71 mM) 
and TsCl(230 mg, 1.20 mM) at O’C!. After being stirred at room temperature for 4 h, the mixture was treated 
with Et20 (50 ml), washed with 1M aqueous KHSO4 (20 ml x 2) and saturated brine (20 ml x 1). dried over 
Na2SO4, and concentrated in vacua to give crude 7 (398 mg) as a colorless oil. This compound was used for 
the next reaction without further purification. Imidazole (120 mg, 1.71 mM) and TBSCl(210 mg, 1.37 mM) 
were added to a stirred solution of 7 (398 mg) in DMF (lml) at room temperature. After being stirred at room 
temperature for 19 h, the mixture was treated with Et20 (100 ml), washed with H20 (50 ml x l), 1M aqueous 
KHS04 (50 ml x 2), and saturated brine (50 ml x 1). dried over Na2S04, and concentrated in vacua. The 
residue was purified by silica gel column chromatography (BW 200.55 g, hexane-Et2Ck14:l) to give 8 (382 
mg, 73 96) as a colorless oil: IR v max (neat) 2107 cm- 1; 1H NMR 6 0.00 @I, s), 0.98 (9H, s). 2.67 (3H, s). 
4.11-4.26 (3H, m). 4.76 (lH, d, J=5.6 Hz), 7.44-7.57 (7H, m), 7.97 (2H, d, J=8.3 Hz); Anal. calcd for 
C22H3lN304SSi: C, 57.24; H, 6.77; N, 9.10. Found: C, 57.07; H. 6.70; N, 8.89. 

(2R,3R)-2-tert-Butyldimethylsiloxy-3-phenyl-3-p-toluenesulfonylamino-l-p-toluene- 
sulfonyloxypropane (10). To a stirred suspension of 5% W-C (500 mg) and 8 (1.72 g, 3.72 mM) in 
MeGH (30 ml) was added HCG2NIQ (590 mg, 9.31 mM) at O’C. After being stirred at room temperature for 
lh, the mixture was filtered through a pad of celite and concentrated in vacua. Saturated aqueous NaHCG3 (50 
ml) was added to the residue and the mixture was extracted with EtGAc (50 ml x 3). The organic extracts were 
dried over Na2SO4 and concentrated in vacua to give 9 (1.33 g) as a yellow oil. After 9 was dissolved in 
CH2Cl2 (8 ml) at O’C, Et3N (780 pl, 5.58 mM), DMAP (25 mg, 0.20 mM), and TsCl (780 mg. 4.09 mM) 
were added successively. After being stined at room temperature for 3 h, the mixture was treated with Et20, 
washed with 1M aqueous KHS04 (20 ml x 3) and saturated brine (20 ml x l), dried over Na2S04. and 
concentrated in vacua. The residue was purified by silica gel column chromatography (BW 200.80 g, hexane- 
Et20=3:2+4:3) to give 10 (650 mg, 30 96) as a colorless oil: [a]25D -15.2 (c 1.11, CHC13); IR v max (neat) 
3304 cm-l; 1~ NMR 6 -0.01 (6H, s), 0.81 (9H, s), 2.34 (3H, s), 2.46 (3H, s), 3.61-3.72 (2H, m), 4.08- 
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4.14 (lH, m), 4.30 (lH, dd, J=4.3, 7.9 Hz), 4.98 (lH, d, J=7.6 Hz), 6.93 (2H, d, J=7.9 Hz), 7.05-7.18 
(5H. m), 7.33 (2H. d, J=7.9 Hz), 7.46 (2H. d, J=8.3 Hz), 7.72 (2H, d, J=8.6 Hz); Anal. calcd for 
C2gH39NogS2Si: C, 59.05; H. 6.m N. 2.37. Found: C. 59.17; H. 6.77; N, 2.07. 

(2R,3S)-N-p-Toluenesulfonyl-3-tert-butyldimethylsiloxy-2-phenylaeetidine (11) and 
(2R,3S)-N-p-Toluenesulfonyl-3-hydroxy-2-phenylazetidine (12). To a stirred solution of the 
ditosylate 10 (395 mg, 0.67 mM) in MeOH (5 ml) was added NaH (27 mg, 0.67 mM) at O’C. After being 
stirred at room tempemture for 11 h, the mixture was quenched with 1M aqueous KHS04 (1 ml), concentrated 
in vacua, and extracted with ether (20 ml x 3). The combined organic extracts were washed with saturated 
brine (20 ml x 1). dried over Na2S04. and concentrated in vacua. The residue was purified by silica gel 
column chromatography (BW 200.30 g, hexane-Et20=10: l+hexane-EtOAc=2: 1) to give ll(211 mg, 75 8) 
as a white solid and 12 (37 mg, 18 96) as a white solid. 11: mp 103-108’C, [a]25D -145.7 (c 0.65, CHC13); 
IR v max (KBr) 1599, 1497 cm-l; 1H NMR 6 -0.15 (3H, s). -0.14 (3H, s), 0.75 (9H, s), 2.43 (3H, ~).3.45- 
3.50 (lH, m), 3.93-3.98 (lH, m), 4.13-4.20 (lH, m). 4.51 (IH. d, J=5.6 Hz) 7.27-7.37 (7H, m), 7.65 (2H. 
d, J=8.6 Hz); Anal. calcd for C22H3lN03SSi: C, 63.27; H, 7.48; N, 3.35. Found: C, 63.45; H, 7.49; N. 
3.16. 12: mp 122-124’C; [a]25D -185.3 (c 0.36, CHC13); IR v max (KBr) 3430, 1597 cm-l; 1~ NMR 6 
1.67 (lH, br), 2.44 (3H, s), 3.51 (lH, t, J=7.3 Hz), 4.04 (lH, t, J=7.8 Hz), 4.27 (1H. dd, J=6.6, 12.2 Hz), 
4.52 (lH, d, J=5.6 Hz), 7.27-7.41 (7H, m), 7.68 (2H, d, J=8.2 Hz); Anal. calcd for Cl6Hl7N03S: C. 
63.35; H, 5.65; N, 4.62. Found: C, 63.51; H, 5.81; N, 4.40. 

(2R,3S)-N-p-Toluenesulfonyl-3-tert-butyldimethylsiloxy-2-phenylazetidine (11). To a 
stirred solution of 12 (121 mg, 0.399 mM) in DMF (3 ml) were added imidazole (130 mg, 1.60 mM) and 
TBSCl(180 mg, 1.20 mM) at mom temperature. After being stirred at 5o’C for 3 h, the mixture was quenched 
with 1M aqueous KHS04 (10 ml) and extracted with Et20 (50 ml x 3). The combined organic extracts were 
washed with saturated brine (50 ml x I), dried over Na2S04, and concentrated in vacua. ‘Ihe residue was 
purified by silica gel column chromatography (BW 200.20 g, hexane-Et20=10: 1+6: 1) to give ll(l65 mg, 
99 96) as a white solid 

Methyl (2S,3S)-N-p-toluenesulfonyl-3-tert-butyldimethylsiloxy-2-azetidinecarboxylate 
(14). To a stirred solution of 11 (45 mg, 0.11 mM) in EtOAc (0.5 ml). CH3CN (0.5 ml), and H20 (2.5 ml) 
were added NaIO4 (576 mg. 2.69 mM) and RuCl3 (1 mg, 2.69 PM) at room temperature. After being stirred 
at room temperature for 40 h, the mixture was extracted with EtOAc (20 ml x 3). dried over Na2SOq. and 
concentrated in vacua. The residue was dissolved in Et20. filtered through a pad of celite. and concentrated in 
vacua to give 13 (53 mg) as a yellow oil. The crude product 13 was dissolved in benzene (0.8 ml) and MeOH 
(0.2 ml) and treated with TMSCHN21~ (100 pl,O.2 mM (2 M solution in hexane)). After being stirred at room 
temperature for 10 min. the mixture was concentrated in vacua. The residue was purified by silica gel column 
chromatography (BW 200, 10 g. hexane-Et20=3:1) to give 14 (18 mg, 42 %) as a white solid: mp 67-69’C, 
[CC]25D -56.2 (c 0.18, CHC13); IR v max (KBr) 1757 cm-l; 1~ NMR 6 -0.01 (3H, s). 0.00 (3H. s). 0.80 
(9H, s), 2.44 (3H, s), 3.63 (lH, dd, J=5.9, 7.6 Hz), 3.73 (3H, s). 3.87-3.92 (lH, m). 4.33 (lH, d, J=5.3 
Hz), 4.41-4.48 (lH, m), 7.35 (2H, d, J=8.6 Hz), 7.78 (2H, d, J=8.3 Hz); Anal. calcd for ClgH2gNOgSSi: 
C, 54.11; H, 7.32; N. 3.51. Found: C, 54.24; H, 7.21; N, 3.10. 

tert-Butyl (2S,3R)-2-amino-4-tert-butyldimethylsiloxy-3-methoxymethoxybutanoate 
(18). To a stirred solution of 174 (393 mg, 0.75 mM) in THF (5 ml) and 1M aqueous AcONHq (2 ml) was 
added in one portion Zn powder (400 mg) at room temperature. After being stirred at room temperature for 20 
h, Zn powder (1 g) and 1M aqueous Ac0NI-Q (4 ml) was added to the mixture. The mixture was stirred at 
room temperature for 10 h, filtered through a pad of celite, and concentrated in vacua. The residue was 
neutralized with saturated aqueous NsHCO3, and extracted with EtoAc (30 ml x 3). The extracts were dried 
over Na2S04. and concentrated in vacua. The residue was purified by silica gel column chromatography (BW 
200.30 g, hexane_EtOAc=2: 1) to give 18 (219 mg, 84 %) as a colorless oil: [U]25D +32.9 (c 0.20, CHCl3); 
IR v max (neat) 3387,3336, 1736 cm- 1; 1H NMR 8 0.06 (6H, s), 0.90 (9H. s), 1.48 (9H, s), 1.59 (2H. br), 
3.39 (3H, s), 3.60 (IH, d, J=3.3 Hz), 3.73-3.86 (3H, m). 4.72 (2H, ABq. J=6.6 Hz); Anal. calcd for 
Cl6H35NOgSi: C, 54.98; H, 10.09; N, 4.01. Found: C, 55.07; H, 9.99; N, 3.98. 
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tert-Butyl (2S,3R,2’S,3’S)-2-(3’-tert-butoxycarbonyl-2’-methoxymethoxy-3’-(2,2,2- 
trichloroethoxycarbonylamino)propyl)amino-4-tert-butyldimethylsiloxy-3-methoxymethoxy- 
butanoate (19a) and tert-Butyl (2S,3R,2’R,3’S)-2-(3’-tert-butoxycarbonyl-2’-methoxy- 
methoxy-3’-(2,2,2-trichloroethoxycarbonylamino)propyl)aminod-tert-butyldimethylsiloxy- 
3utethoxymethoxybutanoate (19b). To a stirred solution of (COCl)2 (183 pl, 0.95 mM) in CH2Cl2 (2 
ml) was added a solution of DMSO (90 pl. 1.91 mM) in CH2Cl2 (1 ml) at -78’C. After the mixture was stitmd 
for 10 min. a solution of 15 (261 mg, 0.64 mM) in CH2Cl2 (3 ml) and Et3N (270 pl. 1.27 mM) were added. 
The mixture was allowed to warm to O’C and stirmd for 2 h. After being quenched with H20 (10 ml), the 
mixture was extracted with CH2Cl2 (20 ml x 3). dried over Na2S04. and concentrated in vacua to give a 
mixture of the crude aldehydcs 16a and 16b (13: 1) (380 mg) as a pale yellow oil (I’he ratio of the epimcrs was 
determined by the integration of the mtthyne proton of the aldehydc group in its 1~ NMR spectrum). This 
mixtum was used for the next maction without further pmification. A solution of the ahove crude aldchyde l&t 
and 16b (13:l) (300 mg) in McOH (2.5 ml) and 1M NaBH3CN in THF (640 pl, 0.64 mM) were added to a 
stirmd solution of 18 (316 mg, 0.90 mM) in AcOH (37 pl, 0.64 mM) and MeOH (1.3 ml) at OY!. After being 
stirmd at O’C for 16 h, the mixture was quenched with saturated aqueous NaHC03 (10 ml), extracted with 
CHC13 (50 ml x 3), dried over Na2S04, and concentrated in vacua. ‘Ihe residue was puriIkcl by silica gel 
column chromatography (BW 200.60 g, hexane-EtOAc=7: 1+&l) to give 19a and 19b (l&l) (363 mg, 77 
%): IR v ma (neat) 3328, 1740 cm-l; lH NMR 8 0.06 (6H. s). 0.89 (9H, s), 1.47 (9H, s), 1.48 (9H, s). 
2.00-2.09 (lH, br), 2.70 (lH, dd, J=5.6, 12.2 Hz), 2.99 (lH, dd, J=5.9. 12.2 Hz), 3.39 (3H, s), 3.40 (4H. 
s), 3.66 (lH, dd, J=4.1. 10.1 Hz), 3.76-3.86 (2H, m). 3.98-4.03 (lH, m), 4.52 (lH, dd, J=2.8, 8.6 Hz), 
4.69-4.79 (6H, m), 6.69, 7.00 (1H. each tnd, J=6.3 Hz and Jr8.6 Hz, rcspcctively); Anal. calcd for 
C29H55C13N2OllSi: C, 46.93; H, 7.47; N, 3.77. Found C. 46.96, H, 7.31; N, 3.48. The ratio of the 
cpimcrs was determined by rht inttgmion of the NH proton (6.69:7.CKt=l:lO) in its 1~ NMR spectrum. 

tert-Butyl (ZS,3R,2’S,3’S)-2-(3’-tert-butoxycarbonyl-2’-methoxymethoxy-3’-(2,2,2- 
trichloroethoxycarbonylamino)propyl)amino-4-hydroxy-3-methoxymethoxybutanoate (2Oa) 
and tert-Butyl (2S,3R,2’R,3’S)-2-(3’-tert-butoxycarbonyl-2*-methoxymethoxy-3’-(2,2,2- 
trichlor~thoxycarbonylamino)propyl)amino-4-hydroxy-3-methoxymethoxybutanoate (20b). 
To a stirred solution of 19n and 19b (l&l) (328 mg, 0.442 mM) in THF (3 ml) and AcOH (75 pl, 1.33 mM) 
was added TBAF (350 mg, 1.33 mM) at room temperature. After being stirred at mom temperature for 17 h, 
the solvent was removed in vacua. The residue was treated with Et20, washed with saturated aqueous 
NaHCCQ (5 ml x 1). drlcd over Na2S04. and concentrated in vacua. The residue was purified by silica gtl 
column chromatography (BW u)o, 30 g, hcxane-EtOAc=5:4) to give 2Oa and 2Ob (l&l) (275 mg, 99 96) as a 
colorless oil: IR v max (neat) 3432,3337,1748,1732 cm -1; 1H NMR 8 1.48 (18H, s), 1.57 (lH, br), 1.94- 
2.27 (lH, br), 2.72 (lH, dd, Js5.3, 12.5 Hz), 3.00 (1H. dd, J=6.6. 12.5 Hz), 3.38 (lH, brd. J=3.6 Hz). 
3.41 (3H, s), 3.42 (3H. s), 3.61-3.81 (3H, m), 3.90-3.98 (lH, m), 4.51 (lH, dd, J=2.8, 8.6 I-Ix), 4.60-4.79 
(6H, m), 6.46, 6.75 (lH, brd and d, J=8.3 Hz and J=8.6 Hz, respectively); Anal. calcd for 
C23H4lCl3N2Oll: C, 43.99, H. 6.58; N, 4.46. Foutuk C, 44.02; H, 6.25; N. 4.05. The ratio of tht epimers 
was dctennincd by the intcgratlon of the NH proton (6.46~6.75-1: 10) in its 1H NMR spectrum. 

tert-Butyl (2S,3R,2’S,J’S)-2-(3’-tert-butoxycarbonyl-2’-methoxymethoxy-3’-(2,2,2- 
trichlorocthoxycarbonylamino)propyl)amino-4-methanesulfonyloxy-3-methoxymethoxy- 
butanoatc (218) and tert-Butyl (ZS,3R,2’R,3’S)-2-(3’-tert-butoxycarbonyl-2’-methoxy- 
methoxy-3’-(2,2,2-triehIorocthoxycarbonylamino)propyi)amino-4-methanesulfonyloxy-3- 
methoxymethoxybutanoate (2lb). To a stirred solution of 20s and 2Ob (l&l) (165 mg, 0.26 mM) in 
CH2Cl2 (2.5 ml) were added ErjN (55pl, 0.40 mM) and mcthantsulfonyl chloride (21 ltl, 0.28 mM) at O’C. 
After being sthmd at O’C for 1 h, the mixture was quenched with H20 (5 ml) and extracted with Et20 (20 ml x 
3). The combined organic layer was washed with saturated brine (10 ml x l), dried over Na2S04, and 
concentrated in vacua. The residue was purified by silica gel column chromatography (BW 200.30 g, hexane- 
EtOAc=2.5:1) to give 21a and 2lb (10~1) (184 mg, 99 46) as a colorless oil: IR v mm (neat) 3328, 1732 cm- 
1; 1~ NMR 8 1.49 (18H, s), 1.94 (lH, br), 2.70-2.73 (lH, m), 3.07-3.14 (lH, m), 3.11 (3H, s), 3.41 (3H, 
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s), 3.43 (3H, s), 4.07 (2H, brs), 4.20-4.24 (lH, m), 4.44 (lH, dd, J=6.3, 10.9 Hz), 4X-4.60 (1H. m). 
4.64-4.68 (lH, m), 4.70-4.81 (6H, m), 6.53, 6.76 (lH, each brd, J=6.3 Hz and J=9.3 Hz, respectively). 
The ratio of the epimers was determined by the integration of the Nfi proton (6.53:6.76=1:10) in its lH NMR 
spectrum. 

tert-Butyl (2S,3S,2’S,3’S)-(3’-tert-butoxycarbonyl-2’-methoxymethoxy-3’-(2,2,2- 
trichloroethoxycnrbonylamino)propyl)-3-methoxymethoxy-2-azetidinecarboxylate (22a) and 
tert-Butyl (ZS,3S,2’R,3’S)-(3’-tert-butoxycarbonyl-2’-methoxymethoxy-3’-(2,2,2- 
trichloroethoxycarbonylamino)propyl)-3-methoxymethoxy-2-azetidinecarboxylate (22b). To 
a stirred solution of 2la and 21b (l&l) (116 mg, 0.16 mM) in CH3CN (2 ml) was added KHCO3 (165 mg, 
1.64 mM) at room temperature. The mixture was allowed to warm to 6o’C and stirred for 42 h. After cooling 
to room temperature, the solvent was removed in vacua. The residue was treated with Et20 (50 ml), washed 
with H20 (10 ml x 1). dried over Na2SO4, and concentrated in vacua. The residue was purified by silica gel 
column chromatography (BW 200.1 lg. hexane-EtOAc=4:1) to give 22a and 22b (1O:l) (85 mg. 85 %) as a 
colorless oil: IR v ma (neat) 3320, 1740, 1732 cm -1; 1H NMR 6 1.46 (9H, s), 1.49 (9H, s), 2.81 (1H. dd, 
J=4.3. 12.9 Hz), 2.87-2.97 (2H. m), 3.35 (3H, s), 3.40 (3H, s), 3.47 (1H. d. J=5.6 Hz), 3.82 (lH, t, J=6.6 
Hz), 3.96 (lH, dd, Jd.3, 7.6 Hz), 4.27 (lH, dd, J=6.3, 12.2 Hz), 4.52 (1H. dd, Jz3.2, 8.9 Hz), 4.64 (2H, 
ABq, J=6.3 Hz), 4.66 (2H. ABq, Js6.3 Hz). 4.74 (2H. ABq. J=11.7 Hz), 7.10. 7.33 (lH, brd and d, J=9.2 
Hz and J=8.9 Hz, respectively): Anal. calcd for C23H39C13N2010: C. 45.29; H. 6.44, N. 4.59. Found: C, 
45.47; H, 6.41; N, 4.45.; High mass calcd for C23H39C13N2010: 608.1668. Found: 608.1657. The ratio of 
the epimers was determined by the integration of the m proton (7.10:7.33=1:10) in its lH NMR spectrum. 

tert-Butyl (2S,3S,2’S,3’S)-(3’-amino-3’-tert-butoxycarbonyl-2’-methoxymethoxy- 
propyl)-3-methoxymethoxy-2-azetidinecarboxylate (23). To a stirred solution of 22a and 22b 
(10:1)(91mg,0.15mM)inAcOH(1ml)andTHF(1.5ml)wasaddedinoneportionZnpowder(UX)mg)at 
room tempemture. After being stirted at room temper- for 13 h, the mixture was filtered through a pad of 
celite, neutralized saturated aqueous NaHCO3 (10 ml), extracted with EtOAc (30 ml x 3). dried over Na2SO4, 
and concentrated in vacua. The residue was purified by silica gel column chromatography (BW 200, log. 
EtOAc-EtOH=15:1) to give 23 (60 mg, 93 %) as a colorless oil: [a]24D -32.5 (c 0.39, CHC13); IR v max 
(neat) 3388, 1732 cm-l; 1H NMR 6 1.47 (9H, s), 1.47 (9H. s), 1.67 (2H, br), 2.65 (lH, dd, J=3.3, 12.9 
Hz), 2.82 (lH, t. J=6.9 Hz). 3.01 (lH, dd, J=6.3, 12.9 Hz), 3.35 (3H. s), 3.39 (3H. s). 3.48 (1H. d, J=5.9 
Hz), 3.70-3.80 (3H, m), 4.27 (1H. dd, J=6.4. 12.4 Hz), 4.65 (2H, ABq, J=6.9 Hz), 4.69 (2H. ABq, J=6.6 
Hz); Anal. calcd for C20H38N20g: C, 55.28; H, 8.81; N, 6.45. Found: C, 54.85; H. 8.57; N, 6.43. 

tert-Butyl (2S,3S,2’S,3’S,3”S)-3’-(3”-tert-butoxycarbonyl-3”-tert-butyldimethyl- 
siloxypropylamino)-3’-tert-butoxycarbonyl-2’-methoxymethoxypropyl-3-methoxymethoxy- 
2-azetidinecarboxylate (24). To a stirred solution of 23 (162 mg. 0.37 mM) and AcOH (22 ~1, 0.37 
mM) in MeOH (1 ml) were added a solution of the aldehyde 25 (141 mg, 0.49 mM) in MeOH (2 ml) and 1M 
NaBH3CN in THF (370 ~1.0.37 mM) at O’C. After being stirred at O’C for 14 h, the mixture was quenched 
with saturated aqueous NaHC03 (10 ml), extracted with CHC13 (30 ml x 3), dried over Na2S04, and 
concemrated in vacua. The residue was purified by silica gel column chromatography (BW 200,3Og, hexane- 
EtOAc=4:1) to give 25 (223 mg, 85 96) as a colorless oil: [a]24D -43.2 (c 0.74, CHC13); IR v max (neat) 
3330, 1738, 1732 cm-l; lH NMR 6 0.03 (3H. s), 0.07 (3H, s), 0.89 (9H, s), 1.45 (9H, s), 1.46 (9H. s), 
1.47 (9H, s), 1.63 (1H. br), 1.80-1.87 (2H, m), 2.54-2.74 (3H, m), 2.79 (lH, t, J=6.8 Hz), 2.95 (lH, dd, 
J=7.3, 12.9 Hz). 3.35 (3H. s). 3.47 (lH, d, J=5.6 Hz), 3.70-3.77 (2H. m), 4.12 (lH, t, J=6.1 Hz), 4.26 
(lH, dd. J=6.6, 12.5 Hz), 4.64 (2H, ABq. J=6.6 Hz), 4.69 (2H, ABq, J=6.9 Hz); Anal. calcd for 
C34H66N20lOSi: C, 57.76; H, 9.41; N, 3.96. Found: C, 57.93; H, 9.20; N, 4.24. 

3-epi-Hydroxymugineic acid (2). To a stirred solution of 24 (52 mg, 0.074 mM) in anisole (0.1 
ml) and THF (0.1 ml) was added 20% aqueous HCl(1 ml) at room tempetature. After being stirred at room 
temperature for 24 h, the mixture was washed with Et20 (10 ml x 3). The aqueous phase was concentrated in 
vacua, purified by Dowex 50W x 4 (5 ml, H20 then 15% aqueous NH3) to give an orange solid (25 mg). 
Further purification was performed by ODS silica gel column chromatography (5 g, H20). The residue was 
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0.43, CHCl3); IR v max (neat) 3339.1748.1707 cm -1; bi NMR 6 0.03,0.07,0.08 (6H, each s), 0.89 (9H. 
s), 1.45 (9I-I. s), 1.46 (9H, s), 1.47 (9H, s), 1.48 (9H, s), 1.62 (lH, br), 1.83 (lH, dd, Jr7.6, 13.4 Hz), 
2.55-2.78 (2H, m), 3.20-3.26 (lH, m), 3.34, 3.36 (3H, each s), 3.40-3.57 (2H, m), 3.78-4.01 (3H, m), 
4.07-4.15 (lH, m), 4.59-4.69 (ZH, m). (Two roumers were detected in its 1H NMR apecmun.); Anal. calcd 
for C35H68N2OllSi: C, 58.30; H, 9.51; N, 3.89. Found C, 58.25; H, 9.26; N, 3.75. 

Diiichonic acid A (3). To a stirs& solution of 38 (26 mg, 0.036 mM) in anisole (0.1 ml) and THP 
(0.1 ml) was added 20% aqueous HCI (1 ml) at room tempetature. After being stirmd at room tempemtme far 
14 h, the mixture was washed with Et20 (5 ml x 3). The aqueous phase was concentrated in vacua, purified 
by Dowex 5OW x 4 (5 ml, H20 then 15% aqueous NH3) to give an orange solid (10 mg). Fkther purification 
was performed by ODS silica gel column chromatography (5 g, H20). The residue was recrystaBixed from 
H20 to give distichonic acid A (3) (9 mg, 85 %) as a white solid: mp 200-201’C (dec); [a]24D +3.2 (c 0.68, 
1N HCI); CD &213nm+2.62 (C 4.0 x 10-4, 1N HCl); lH NMR (1N DCl) 8 1.93-1.98 (lH, m), 2.12-2.14 
(lH, m), 3.13-3.22 (2H, m), 3.27-3.34 (2H, m), 3.88 (2H, s), 4.14 (lH, d, J=2.6 Hz), 4.26 (IH, dd, 
Jd.6, 7.9 Hz), 4.46-4.49 (lH, m). 

Benzyl (S)-2-tert-butoxycarbonylamino-3-formylpropionate (33). To a stirred sdution of 
the amino lactone 31*2b (1.45 g, 7.21 mM) in DMF (20 ml) was added a solution of KOH (405 mg, 7.21 
mM) in H20 (5 ml) at O’C. After being stirred at O’C for 1 h, the mixture was allowed to warm to room 
temperature and stirred for 2h. A solution of KOH (80 mg, 0.14 mM) in H20 (1 ml) was added, the mixture 
was stirmd at O’C for 30 min, and 18-crown-6 (95 mg, 0.36 mM) and benzyl bromide (1.29 ml, 10.81 mM) 
were added. After being stirred at room temperature for 18 h, the mixture was treated with benzene and EtOAc, 
washed with H20 (50 ml x 2) and saturated brine (50 ml x l), dried over Na2S04. and concentrated in vacua 
to give crude 32 (2.63 8) as a colorless oil: 1H NMR 6 1.44 (9H, s), 1.56-1.69 (lH, m), 2.11-2.23 (Hi, m), 
2.98-3.21 (lH, br), 3.60-3.75 (2H, m), 4.54-4.58 (lH, m), 5.14-5.24 (2H, m). 5.39 (lH, bsd, J-7.3 Hz), 
7.29-7.41 (5H, m). A solution of DMSO (1 ml, 14.41 mM) in CH2C12 (5 ml) was added to a stirred solution 
of (COCl)2 (940 ~1, 10.81 mM) in CH2Cl2 (30 ml) at -78’C. After the mixture was stirred for 10 min. a 
solution of crude 32 (2.63 g) in CH2CI2 (15 ml) and Et3N (3 ml, 21.62 mM) were added. The mixture was 
allowed to warm to OC and stirred for 2 h. After being quenched with H20 (20 ml), the mixture was extracted 
with CH2Cl2 (SO ml x 3). dried over Na2SO4. and ~on~n~t~ in vacua. The residue was purified by silica 
gel column c~omatogmphy (BW 200, 120 g, hexane-Et20=4:3+ 1:1-+2:3) to give 33 (1.82 g, 82 96): 
[a124~ +3.3 (C 0.95, CHCl3); IR v max (neat) 3337, 1738, 1700 cm-l; 1H NMR 8 1.43 (9H s), 2.97-3.16 
(2H, ml, 4.60-4.67 (lH, m), 5.17 (2H, s), 5.40 (lH, brd, J=7.6 Hz), 7.267.36 (5H, m), 9.72 (lH, s). 

tert-Butyl (2S,2’S,3’S,3”S)-3’-(3”-benzyloxycarbonyl-3”-tert-butoxycarbonylamino- 
propylamino~-3’-tert-butoxycarbonyl-2’-methoxymethoxypropyl-2-azetidinecarboxylate 
(35). To a stirred solution of 34a and 34b (81) (1.71 g, 4.57 mM) in I-PrOH17 (30 ml) and AcOH (390 pl, 
6.85 mM) were added a solution of 33 (1.68 g, 5.48 mM) in i-PrOH (10 ml) and 1M NaBH3CN in THF (4.6 
ml, 4.57 mM) at OY!. After being stirred at OX!-+ 17’C for 12 h, the mixture was quenched with saturated 
aqueous NaHC03 (20 ml), extracted with CHC13 (50 ml x 31, dried over Na2SO4, and concentrated in vacua. 
The residue was purified by silica gel column chromatography (BW 200,200 g, hexane-E@=1:1+1:2), (BW 
200,150 g, hexane-EtOAc=2: 1+3:2+1: I), (BW 200,30 g, hexane_EtOAc=3:2) to give 35 (2.00 g, 66 Q) as 
a colorless oil: [a124D -27.6 (c 1.35, CHC13); IR v max (neat) 3368, 1732, 1717 cm-l; 1H NMR 6 1.43, 
1.44, 1.45, 1.46 (27H, each s), 1.63 (IH, br), l-88-1.97 (2H, m), 2.12-2.28 (2H, m), 2.51-2.61 (2H, m), 
2.70-2.89 (3H. m), 3.36 (3H, s), 3.40-3.59 (3H. m), 3.68-3.76 (IH, m), 4.35-4.40 (lH, m), 4.68 (2H, 
ABq, J=6.9 Hz), 5.09-5.20 (2H, m), 6.09,6.27 (lH, each brd, J=9.9 Hz and J=8.9 Hz, respectively), 7.28- 
7.36 (5H, m); Anal. calcd for C34H55N3010: C, 61.33; H, 8.33; N, 6.31. Found: C, 61.20; H, 8.17; N, 
6.27. (Two totamers were detected in its 1H NMR spectrum.) 

(2S,2’S,3’S,3nSf-3’-(3”-amino-3n-earboxyIpropytamino)-3f-carboxyi-2’-hydroxy- 
propyI-2-azetidinecarboxylate (2’-Hydroxynicotianamine) (5). To a stirred suspension of 5% Pd- 
C (160 mg) in THF (5 ml) under hydrogen atmosphe~ was added a solution of 35 (798 mg, 1.20 mM) in THF 
(5 ml) at room temperature. After being stirred at room temperature for 6 h, the mixture was filtered through a 
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pad of celite and concentmted in vacua. The residue was purified by silica gel column chromatography (BW 
2OO,50 g, hexane-EtOAc=l:l+EtGH) to give 36 (592 mg. 86 %) as a colorless oil. -Aqueous HCl (2096, 5 
ml) was added to a stirted solution of 36 (592 mg) hi anisole (1 ml) tmd THF (1 ml) at mom tempetatme, After 
being stixrcd af mom rempcxatum for 24 h, the mixture was washed with Et20 (20 ml x 3). ‘l&e aqueuus phase 
was concentrated in vacua, and the residue was purified by Dowex 50W x 4 (20 ml, H20 then 15% aqueous 
NH31 to give a white solid (292 mg, 76 % from 35): mp 212-215’C (dec); [a]26D -41.5 (c 0.35, 1N HCI); 
1H NMR (1N DCl) 6 2.37-2.60 (W, m), 2.77-2.86 (2H, m), 3.43-3.61 (W, m), 3.65-3.82 (2&I, m), 4.20- 
4.31 (3H, m), 4.39 (lH, d, J=2.3 Hz), 4.58-4.81 (lH, m). 535 (IH, t, J=9.7 Hz); 13C NMR (67.8 MHz, 
1N DC11 6 22.22, 27.20, 44.72, 51.15, 52.28, 56.83, 63.75, 65.22, 66.90, 167.97, 170.65, 171.22; 
FABMS (glycerin) m/z: 320 (M+l). 
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