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1. Introduction
Iron is one of the essential elements for plant growth and maintenance. It is especially required in the
chlorophyll biosynthesis, and the deficiency of iron causes iron chlorosis which turns young leaves to yellow

or white. As aresult, plants cease to grow and wither.

3939
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Uptake of iron from soil and its transport in plants are carried out by use of iron-chelators of amino acid
types which are called "phytosiderophores.” When higher plants are kept under iron-deficient conditions, they
excrete phytosiderophores from their roots to solubilize and absorb iron(lll) from soil.l The
phytosiderophores so far known have been mainly isolated from higher plants such as barley, oats, and
wheat. They are amino acid chelators containing o-hydroxy and o-amino carboxylate ligands, as shown in
Fig. 1, and different from the siderophores of bacterial origin which have hydroxamate or phenolate ligands.

Fig. 1.
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The importance of the phytosiderophores in plant physiology as well as their unique amino acid
structures have led several groups to synthesize them.2 In general, these phytosiderophores are composed of
three parts, each of which is connected through the nitrogen atom. Thus, first of all, the three fragments
should be synthesized and then the coupling of each fragment will follow to construct the whole molecule.
The connection has been usually done by the reductive alkylation at the nitrogen atom using sodium
cyanoborohydride,3 shown in Scheme 1, after the pioneering works by Nozoe* and Ohfune.5 Using this
methodology, all of the phytosiderophores in Fig. 1 have been already synthesized and they are reviewed

here.
R’ NaBHsCN R2
RICHO  + HN] ————— R'CH,N]
R3 R3
Scheme 1

2. Mugineic Acid

Mugineic acid (1) is a typical phytosiderophore isolated from barley (Hordeum vulgare L. var.
Minorimugi ) by Takagi and co-workers.2¢.0 Its structure was unambiguously determined by an X-ray
analysis.® Interestingly, it has been reported that mugineic acid exerts an inhibitory effect against angiotensin-
converting enzyme.” We have achieved the synthesis of mugineic acid in several ways.8-11

2.1. The Oxazole Route

We have already developed the synthetic strategy to some of natural products utilizing 4-alkoxycarbonyl-
5-substituted oxazoles as B-hydroxy-o-amino acid synthons.’? As shown in Scheme 2, diphenyl
phosphorazidate (DPPA, (CgHsO)2P(O)N3)!3:14 and diethyl phosphorocyanidate (DEPC,
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(C2H350)2P(0)CN),14-16 in combination with base, can be used for the direct C-acylationl? of
isocyanoacetates with carboxylic acids, giving the oxazole derivatives 10 via the C-acylated products 8 then
their enols 9. When optically active carboxylic acids having the stereogenic center at the a-position are used,
DPPA causes no or little, if any, racemization at the stereogenic center!8 while DEPC causes racemization to
some extent.19 Acidic treatment of the oxazoles 10 easily affords B-keto-o-amino acid derivatives 11, which
are readily reduced to give B-hydroxy-a-amino acid derivatives 12, Thus, 4-alkoxycarbonyl-5-substituted
oxazoles 10 are regarded as B-hydroxy-o-amino acid 12 synthons. Utilizing this methodology as a key step,
we have succeeded in the synthesis of some natural products such as prumycin,29 L-daunosamine,?1:22 |-
vancosamine,22.23 D-ristosamine 2224 the side chain part of Al-77-B,22.25 and so on.26 We applied this
method to the synthesis of mugineic acid (1).8

CO,R’ R COR’ R CO,R’
/ CeHs0)2P(O)N v / o=gf
RCOH +  CH, (Cets0)POMa L-CH  ——— OFQ
NC or (CoHs50)>P(O)CN 0 /,N HO //N
Base C :C
8 9
R7 (COZR' CO,R' R COR'
o H R\c o al ho—ch
o) /N —_— , — —_——— —_
N 0 N, HO  NH,
10 11 12
R COR' R gom
07—(N = HC—CH
/ A Y
N HO NH, Scheme 2
10 12

The known 27 y-lactone 13 obtained from L-malic acid in 4 steps was converted to the right-hand
fragment 15 of 1 via 14 in 3 steps, as shown in Scheme 3. The synthetic route is essentially the same as the
one employed for the synthesis of 2'-deoxymugineic acid (3).

The synthesis of the left-hand fragment 23 started from (S)-azetidine-2-carboxylic acid (16), outlined in
Scheme 3. The amino acid 18 obtained from 16 via 17 reacted with benzyl isocyanoacetate by use of DPPA
in the presence of potassium carbonate sesquihydrate to give the oxazole 19. Treatment of the oxazole 19
with methanesulfonic acid afforded the B-keto ester 20, which was reduced with sodium borohydride. The
products were separated as their tert-butoxycarbonyl (Boc) derivatives 21 to the pairs of erythro and threo
isomers. The erythro isomers were further separated as their tert-butyldimethylsilyl (TBS) derivatives.
Selective deprotection of the Boc group from the major isomer 22 with trimethylsilyl triflate (TMSOTY)
afforded the left-hand fragment 23 of mugineic acid (1). Reductive alkylation of 23 with the right-hand
fragment 15 by use of sodium cyanoborohydride afforded the fully protected mugineic acid 24. Final
deprotection was achieved with methanesulfonic acid to give mugineic acid (1). This synthesis of 1 requires
11 steps from 16 in an overall yield of 8.4%.8 The efficiency in this synthesis is not necessarily
unsatisfactory, but the separation of the four isomers is rather troublesome, and not suitable for large scale

production. Thus, we explored another route to 1.
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Scheme 3

To construct the most complicated central part of 1, we employed another oxazole route,? as shown in
Scheme 4. The oxazole 26, obtained by C-acylation of ethyl isocyanoacetate with the glyceric acid derivative
25 by use of DPPA, underwent acidic cleavage followed by Boc protection to give the aminotetronic acid
derivative 27.22  After protection of its primary alcohol function with TBSCI, high pressure catalytic
hydrogenation over rhodium-alumina, followed by treatment with TBSCI stereoselectively afforded the y-
lactone 29. After removal of the TBS group at the primary alcoholic function, opening of the lactone ring of
the alcohol 30 was attempted under alkaline conditions, resulting in the formation of the elimination product
31. However, glycol cleavage with lead tetraacetate in the presence of methanol afforded a mixture of the
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desired aldehyde 32 and the methyl ether 33. The major product 32 was coupled with the azetidine ester 34
by use of sodium cyanoborohydride to give the methyl ester 35, which underwent ester exchange by use of
titanium tetraisopropoxide as catalyst28 to give the desired left-half fragment 22, which had already been
converted to mugineic acid (1), as described above 8
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Another synthesis10 of the central part in mugineic acid (1) started from the known B-hydroxy aspartic
acid derivative 36,29 as shown in Scheme 5. After protection of the amino and hydroxyl! functions, the
resultant half ester 37 was reduced with lithium borohydride to give the alcohol 38. Parikh-Doering
oxidation of the alcohol 38 afforded the 4-hydroxy-y-butyrolactone 39. Although reductive amination of 39
with the azetidine ester 34 failed to give 40, use of (S)-azetidine-2-carboxylic acid (16) gave the left-hand
fragment 41 after methyl esterification, though in poor yield.

Alternatively, benzyl esterification of 38 afforded the desired alcohol 42 together with the silyl-migrated
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product 43. Oxidation of 42 furnished the aldehyde 44, which underwent reductive amination with the
benzyl ester 34 to give the left-hand fragment 22.

The latter two routes will be comparatively useful for large-scale production of mugineic acid (1)
because of the ease of handling each synthetic reaction, though the overall yield should be improved.
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2.2. Use of the Phenyl Group as the Carboxyl Synthon

Reactivity and water solubility of carboxyl groups sometimes preclude the efficient and convenient
synthesis of some natural products having carboxyl functions. Sharpless and co-workers30 reported in 1981
that aromatic rings were smoothly degraded to carboxylic acids by a greatly improved procedure for ruthenium
tetroxide (ruthenium trichloride-sodium metaperiodate) catalyzed oxidations. Since then, several synthetic
studies3! have adopted this procedure and employed aryl groups as a substitute for the carboxylic acid during
the synthesis. We have also encountered some trouble using the carboxylates, as described above (e.g.,
formation of 31 from 30). Thus, we decided to use aryl groups as the carboxyl synthon for the synthesis of
mugineic acid.}!

RUO4

Ar = CO,H Ar CO.H

Our synthesis of the central fragment 49 of mugineic acid started from (28,3S)-2,3-epoxycinnamyl
alcohol (45),32 which was efficiently converted to the O,0'-diacetyl benzylamine derivative 47 via the azide
46,33 outlined in Scheme 6. Oxidation of the phenyl group with ruthenium trichloride-sodium metaperiodate
followed by tert-butyl esterification afforded the amino acid derivative 48 in good yield. We have found that

the protective groups of the hydroxyl functions in ruthenium tetroxide oxidation should be electron-
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withdrawing, (e.g., acetyl) while use of an electron-donating protective group (e.g., tert-butyldimethylsilyl
(TBS) or methoxymethyl (MOM)) resulted in low efficiency. Sequential deprotection and protection of the
hydroxy! function in 48 produced the required central fragment 49 in 66% yield in 4 steps.

H PR 3) 10% Pd-C, HCO,NH, Ph
‘ NaNz b) TrocCl, KHCO3
HO” P — HO/\(LNa ACO NHTroc
quant. ¢) Ac20, DMAP
HO 20, AcO
a5 46 93% 47
CcO.Bu' 1) EtaN, ag. MeOH CO,BuU!
1) RuCl, NalO4 2) TBSCI, DMAP, EtsN
t AcO NHTroc HO NHTroc
2) OBy 3) MOMCY, i-PrNE
N-C=N ACO 48 4) AcOH, Figo MOMO 49
H 76 % %%
Scheme 6

Preparation of the right and left fragments, 54 and 55, is summarized in Scheme 7. Reductive ring
opening34 of (2R,3R)-2,3-epoxycinnamyl alcohol (50) followed by acetylation gave the diacetyl compound
51. Transformation of the phenyl function to the carboxyl one was performed with ruthenium trichloride-
sodium metaperiodate, and the resulting carboxylic acid was converted to the tert-butyl ester 52. Hydrolysis
and silylation followed by selective desilylation afforded the alcohol §3, which underwent oxidation to give
the required right fragment 54. The remaining left fragment 55 was prepared from (S)-azetidinecarboxylic

acid by the known procedure,33 as shown in Scheme 7.
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Assembling each fragment was accomplished through reductive alkylation by use of sodium
cyanoborohydride, as outlined in Scheme 8. Conversion of the alcohol 49 to the aldehyde followed by
reductive alkylation with 55 afforded a mixture of the key intermediate 56a and its C-2' epimer 56b in a ratio

of 8:1. Epimerization has occurred during aldehyde formation as well as reductive alkylation. Deprotection of
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the trichloroethoxycarbonyl (Troc) group from the epimeric mixture 56 and then reductive coupling with the
aldehyde 54 produced the fully protected mugineic acid 57 after chromatographic separation. Removal of all
of the protecting groups from 57 under acidic conditions yielded mugineic acid (1). This synthesis of 1
consists of 15 steps from readily available (28,35)-2,3-epoxycinnamyl alcohol (45) in an overall yield of
29%, which will be suitable for large scale production of 1. In fact, we could prepare 10 grams of mugineic
acid (1) according to this method, while less than 1 gram of 1 could be isolated from natural sources during a

year.
COBU' ) (COCH, DMSO, EN  COBU' oyt a) Zn, ACOH
HO NHTroc b) CO,Bu! 55 N . NHTroc b) COBu' 54
19 “r2 H
MOMO 44 NHHOR R R OHCores
56a:R' = MOMO, R? = H NaBHZCN, 74 %
NaBHaCN, 91% 56b :R' = H, R? = MOMO

COBU! cO,8u! CO,Bu! . CO,H CO,H CO,H

éN/ﬁ)\N/\/'\OTBS Aol éN/\l/'\N/\/'\OH
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mugineic acid (1)
Scheme 8

2.3. The Other Approach

The other approach to mugineic acid36 involves nucleophilic phenylthiolate opening of a sugar derived
chiral aziridine followed by Pummerer rearrangement, as outlined in Scheme 9. Although this approach has
not been completed yet, it will be interesting since it has some generality for the synthesis of amino
compounds. The starting 2-O-benzyl-L-threitol (58) was first converted to the acetonide §9, which
underwent silylation and then hydrolysis to give the diol 60. Regioselective tosylation was achieved through
stannylidene activation to give the tosylate 61. Successive treatment of 61 with sodium azide,
triphenylphosphine, and Boc20 afforded the aziridine 62 in good yield. Phenylthiolate opening of the
aziridine ring of 62 afforded the B-amino thioether 63, which was converted to the acetoxy sulfide 64
through oxidation followed by Pummerer rearrangement. Mild reduction of 64 afforded the alcohol 65,
which underwent acetalization and then desilylation to give the «-amino alcohol 66. Swern oxidation
followed by reductive coupling with the TFA salt of benzyl (S)-2-azetidinecarboxylate (34) afforded the y-
azetidinyl-P-hydroxy-a-amino alcohol moiety 67 of mugineic acid.

3. 3-Epi-hydroxymugineic Acid
3-Epi-hydroxymugineic acid (2) has been isolated from beer barley (Hordeum vulgare L. var.
distichum).2-37 Since 3-epi-hydroxymugineic acid (2) has the same carbon skeleton as that of mugineic acid
(1) except the azetidine moiety, the same starting materials can be used,38 as shown in Scheme 10. Qur
synthesis of 2 started from the B-hydroxy homoserine derivative 49 and its TBS derivative 68, the important
intermediates for the synthesis of 1. Removal of the Troc group from 68, followed by reductive coupling of
the resulting amine 69 with the aldehyde 70 derived from 49 afforded a diastereoisomeric mixture of 71a and
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71b in a ratio of 10 : 1. Transformation of the TBS group to the methanesulfonyl (Ms) one was smoothly
performed in 2 steps to give the mesylate 72, which underwent intramolecular cyclization under basic
conditions38-39 to give the azetidine carboxylic acid derivatives 73a and 73b (10:1). Deprotection of the Troc
group, separation of the C-2' epimer, and then reductive N-alkylation with the aldehyde 54 afforded the
protected 3-epi-hydroxymugineic acid 74. Acidic removal of all of the protecting groups of 74 produced 3-
epi-hydroxymugineic acid (2) in 47% overall yield in 8 steps from 49.

4. 2'-Deoxymugineic Acid

2'-Deoxymugineic acid (3) has been isolated from the root washing of wheat (Triticum aestivum L.)
under iron deficient conditions.*? It was demonstrated that the addition of 3 to the medium of water-cultured
rice at pH 7 increases the chlorophyll content just like mugineic acid (1). 2'-Deoxymugineic acid (3) has been
synthesized three times,3#142 which has unambiguously established its absolute configuration.

4.1. From the Right Part to the Left One

The synthesis of 3 by Ohfune and co-workers> proceeded from the right part to the left one by stepwise
attachment through reductive alkylation, as outlined in Scheme 11.

L-a-Hydroxy-y-butyrolactone (75), readily available from L-malic acid according to a known
method,27 was converted to a diastereoisomeric mixture of the tetrahydropyranyl (THP) derivatives 76, which
were separated by column chromatography. The synthesis was carried out using each diastereoisomer
independently. Hydrolysis of 76 followed by benzylation afforded the alcohol 77, which was oxidized with
pyridinium chlorochromate (PCC) to give the aldehyde 78 (cf. Scheme 3). Reductive amination of 78 with
the TFA salt of the homoserine derivative 7943 produced the lactone 80. Protection of the amino group, and
lactone ring opening followed by benzylation furnished the alcohol 81, which was again oxidized with

o) DHP CO,Bzl CO,Bzl
O TsOH ) KOH PCC
/\)\O OHC\/ko.r
95 % 2) Bar HO THP 729, HP
75 OH OTHP 77 78
w0
79:TFA 0.0 0,8zl ;i Eoocflo CO,Bz| CO,Bzl
NH, TFA
_— —" HO N OTHP
NaBHaCN : OTHP 3y BziBr Bh 81
90 % 80 57%
CO,BzI
CO,BzI CO,Bz! NH-TFA  $02BZ0 co,Bal CO,BzI
PCC OHC\/L 34-TFA
—_— N OTHP " BracN N N OTHP
Boc 82 509 Boc 83
1) Pd-C, Hy COH CO,H CO,H
2) CF3CO.H éN/\/LN/\)\OH
H

2'-deoxymugineic acid (3) Scheme 11
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PCC. The resulting aldehyde 82 was reductively coupled with benzyl (S)-azetidinecarboxylate 34 to give the
fully protected 2'-deoxymugineic acid 83, which underwent deprotection by catalytic hydrogenolysis, and
then acid treatment, giving 2'-deoxymugineic acid (3). The overall yield of 3 from 75 was 12%.

4.2. From the Left Part to the Right One

A little bit later than the above synthesis, Nozoe and co-workers reported! the synthesis of 2'-
deoxymugineic acid (3), which proceeded from the left part to the right one.

The right fragment 86 was prepared from the L-malic acid half ester 84 through diborane reduction
followed by PCC oxidation.# Alternatively, the aldehyde 86 was obtained by photoreaction of the pyruvyl
ester 87 derived from the alcohol 85.41

The aldehydes 90a-¢ (R=Me, Et, and But), the central part of 3, were prepared?4 from L-allylglycine
(88) by treatment with benzyloxycarbonyl chloride (ZCl), esterification, osmium tetroxide oxidation, followed
by glycol cleavage of 89,45 as shown in Scheme 12.

The aldehyde 90b was reductively coupled with methyl (S)-azetidinecarboxylate (91) to give the diester
92. Catalytic debenzyloxycarbonylation, followed by reductive coupling of the hydrochloride of the amine
93 with the aldehyde 86 afforded the triester 94, which on alkaline treatment gave 2'-deoxymugineic acid

3).
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NH NaBHsCN N NHZ o N NHz#HCL BN
91 68 % 92 93 58 %
COMe  co,Et CO,Et COH CO,H CO,H
é /\)\ /\)\ —»KOH <E /\/k /\/L
N N OAc N N N OH
H 94 80 % H

2'-deoxymugineic acid (3) Scheme 12
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4.3. Use of the p-Methoxyphenyl Group as the Carboxyl Synthon

We also recently succeeded in the efficient synthesis of 2'-deoxymugineic acid (3),42 in which the p-
methoxyphenyl group was utilized as the carboxyl synthon. The strategy was quite similar to our efficient
synthesis of mugineic acid (1),!! described in 2.2.

The central fragment 99 of 3 was first synthesized, as outlined in Scheme 13. N-Boc-(R)-p-
hydroxyphenylglycine (95) was dimethylated and reduced to give the alcohol 96. Treatment of 96 with
mesyl chloride and then potassium cyanide afforded the cyanide 97, which was converted to the B-tyrosine
derivative 98 by acidic hydrolysis followed by protection of both amino and carboxyl functions. Removal of

the Boc group afforded the required central fragment 99 in 57% overall yield.

HP 1) Mel, KoCO3, DMF MP 1) MsCl, pyridine MP
HO ———— NC\/'\

HO,C” “NHBoc 2) LiCl, NaBH, NHBoc 2) KCN, 18-crown-6 NHBoc

95 90 % 96 DMSO  78% 97
1) conc. HCI, THF P MP = MeOO
2) Boc,0O HCI - MeOH
—_— - Meozc\/’\ MeOzc\/k

DMF  87%
Scheme 13

Synthesis of the right fragment 103 of 3 started by asymmetric dihydroxylation of ethyl p-
methoxycinnamate (100) using AD-mix-P as a catalyst,0 as shown in Scheme 14. Removal of the C-2
hydroxy! group from the resulting diol 101 with more than 99% e.e. was accomplished in 3 steps, i.e., (1)
selective transformation of the C-2 hydroxyl group to the p-nitrobenzenesulfonyl (Ns) one, (2) chlorination,
and (3) wransfer hydrogenation, giving the alcohol 102. Protection of the C-3 hydroxy! group by the TBS
group followed by reduction afforded the right fragment 103 in an overall yield of 50.5% from 100.

AD-mix-B ) NsCl, pyridine AD - mix - B
CHaSONH
E10,C. " SOMNHz 020\/1\ LICI DMF
100 t-BuOH - H,0 3)5%Pd-C
2% HCOoNH,
101 MeOH
) TBSG MP K2COs, KaFe(CN)g, K2OsOo(OH),
EtOZC\/kOH OHC\/LOTBS
2) DIBAL 103 Scheme 14

Coupling of the amine 99 with the aldehyde 103 by use of sodium cyanoborohydride afforded the di-p-
methoxyphenyl derivative, whose amino group was protected by the Boc function. Treatment of the resulting
Boc derivative 104 with lithium borohydride then TrocCl afforded the TBS derivative 105, whose TBS
group was transformed to the acetyl one, as shown in Scheme 15. This transformation was necessary since
the electron-withdrawing acetyl group facilitates oxidation of the aryl groups, as described in 2.2. The acetyl
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derivative 106 underwent ruthenium catalyzed oxidation to give the ester 107 after tert-butyl esterification.
Removal of the Troc group followed by Swern oxidation produced the aldehyde 108, which was coupled
with tert-butyl (S)-azetidinecarboxylate (55) to give the fully protected 2'-deoxymugineic acid 109. Stepwise
removal of all of the protective groups under acidic and then alkaline conditions afforded 2'-deoxymugineic

acid (3). The overall yield of 3 from Boc-(R)-p-hydroxyphenylglycine (95) was 17%.

OTBS 2) BocxO oT1BS 2) TrocCI
103 74 % B 99 %

MP MP 1) NaBH;CN 1) LiBH4
Meozc\)\ + OHC\/’\ 8020\/L /\/k
NH,
99

/\A /\/L 1)ACZO TBAF /\A /\)\ 1)RUCI3 Na|04
TrocO OTBS OAc —_—

2) Ac,0, pyndlne C|)Bu‘

9% Bbe >—N-C=N
Ho 1%

CO,Bu!
t e t 4
CO,Bu CO,Bu 1) Zn, AcOH CO,Bu CO.Bu NH-HOAc 55
OHC
TrocO N OAc ) (COCI),, DMSO h OAc NaBHLCN
Boc 107 EttN  89% Boc 108 88 %

COH CO,H COM

COBU  coBit  COBU
/\/L /\/L 1) HCI, anisole /\/L /\)\
N N OAc N N OH Scheme 15

| 2)NaOH 89% H
Boc 109 2'-deoxymugineic acid (3)

5. Nicotianamine

Nicotianamine (4) was first isolated from the leaves of Nicotiana tabacum L.,47 and has been found in
many species of Solanacea and some other plants.248 It has been identified as the normalizing factor which
restores chlorophyll biosynthesis and growth of the auxotroph tomato mutant chloronerva, and is regarded as
an essential constituent of higher plants as a phytosiderophore.

5.1. Trimerization of Azetidine-2-carboxylic Acid

The structure of nicotianamine has been elucidated to be 4, in which the 3"-hydroxyl function of 2'-
deoxymugineic acid (3) is replaced with the primary amino function, by spectral studies and synthesis through
the trimerization of (S)-azetidine-2-carboxylic acid (16) under alkaline conditions,9 shown in Scheme 16.
Use of (R)-isomer of 16 afforded (+)-nicotianamine.50 Interestingly, both natural (-)-nicotianamine and the
unnatural (+)-isomer have been reported to exhibit the same biological activity with regard to chlorophyll

formation of chlorotic leaflets of the mutant chloronerva.50

CO,H CO,H CO,H CO,H
0.1 N NaOH /\/'\ /\/k
NH N N NH
reflux, 24h H 2 Scheme 16
16 4% nicotianamine (4)
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5.2. From the Left Part to the Right One
A more efficient synthesis was accomplished#* through the reductive coupling of the amine 93 with the
aldehyde 90c¢ with sodium cyanoborohydride,5! as shown in Scheme 17. The fully protected nicotianamine
110 thus obtained was converted to nicotianamine (4) in 3 steps.

!
COMe o,k oHC OBy COMe  Co,Et CO,Bu!
NHZ 90c¢
- N N NHZ
N NHzHCl  NaBHLCN N
93 75% 110
1) Hp, PA-C COMH CO,H COH
2) CF3COoH /\/I\ /\/’\
N N NH,
3) 1% KOH H
nicotianamine (4) Scheme 17

5.3. From the Right Part to the Left One.
Use of the p-Methoxyphenyl Group as the Carboxyl Synthon

Our synthesis of nicotianamine (4) was based on use of the p-methoxyphenyl group as a carboxyl
synthon,42 which was analogous to our synthesis of 2'-deoxymugineic acid (3), described in 4.3.

The B-tyrosine ester 98 was first converted to the aldehyde 111 by reduction and then Swerm oxidation,
as shown in Scheme 18. Coupling of 111 with the amine 99, followed by Boc protection of the imino group
afforded the di-Boc derivative 112. Successive treatment with lithium borohydride and TrocCl produced the
Troc derivative 113, which underwent ruthenium catalyzed oxidation and then esterification to give the tert-
butyl ester 114. Reductive removal of the Troc group with zinc followed by Swern oxidation gave the
aldehyde 115, which was subsequently transformed to nicotianamine (4) by reductive coupling with 55 and

M
1
MP ) MeOzC\/LNH2 MP MP
MeOzC\/L 1) LiBH, OHO\/L NaBHON g g Meozc\)\
NHBo¢ —mMm7m 8 —— NHBo¢ ——4M8M———— ril NHBoc
2) (COCl),, DMSO 111 2)Boc,0 83%
EtN  97% Boc 112
\ t
1) LiBHs /\/L /\/L 1) RuCl, NalO 4 /\jjzeu/\/(i‘fzﬂu
2) TrocCl  TrocO NHBoc ) oBu TrocO r'q NHBoc
95 % Boc 113 >—N C N < Boc 114
B%
1 X
COBu
CO,But CO,But NH-HOAC  COMH CO,H CO,H

1) Zn, AcOH
) OHC\/,\ /\/’\ NaBHLCN
NHBoc N N NH,

2) (gOCl)a 0313;3 2) HCI, anisole H
N o 115 93% nicotianamine (4)

Scheme 18
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then final acidic deprotection.
5.4. The Proline Analogue of Nicotianamine

To investigate the role of the azetidine ring of nicotianamine (4) in terms of its biological activity, the
proline analogue 120 of 4 was synthesized.5? The route is quite analogous to the one adopted for the
synthesis of 4, as shown in Scheme 19. The main difference is the use of the trifluoroacetyl group for amino
protection and catalytic hydrogenation for reductive coupling. The efficiency of the catalytic hydrogenation
over palladium-carbon was similar to that of the sodium cyanoborohydride reduction. Interestingly, the
proline analogue 120 exhibits biological activity with respect to chlorophyll formation of chlorotic leaflets and
root development of the tomato mutant chloronerva, but to a lesser extent compared to nicotianamine.
Obviously the azetidine ring of nicotianamine is not essential for the biological activity. The compound 118

lacking the right part is biologically inactive.

COEt 117
COH
CO,Et 1) OHC NHCOCF, CO,H COLH 2 CO,H CO,Et
[E Ha PO EE /\/L " EE /\)\ /\/L
NH N NH. N N NHCOCF 5
2) aq. KOH 51 % ‘18 2 Hy, Pd-C H
116 Jaq.HCl 62% 19
EtOH, HCI KOH
86.5%
CO,Et COLL  com CO,Et COH CO,H CO,H
CO,Et 117 2 Oz KOH 2 2
—
N NH,*HCI NaBH4CN N u NHCOCF, N N NH,
121 122 H

120 60%from 98
66% from1 01

Scheme 19

5.5. 2'-Hydroxynicotianamine
2'-Hydroxynicotianamine (128), 3"-amino-3"-deoxymugineic acid, was also synthesized380 as an
analogue of nicotianamine (4) by use of the same intermediate, a diastereoisomeric mixture of 1262 and
; 126b (8:1), for the mugineic acid synthesis (see Scheme 8),!! as shown in Scheme 20. After the right

O o 1) KOH C0,Bzl (COCl), CO,Bzl
_ —— OHC
2) BzIBr HO NHBoc DMSO NHBoc
NHBoc 18-crown-6 124 EtsN 125
123 82 % trom 123
COQBU| co, 1 CO,Bz CozBu' COZBUI CO.Bzl
= N NHBoc
1 2 NaBH. H
R R 66% MOMO 127

126a:R'=MOMO, R?=H 8
126b : R’ = H, R? = MOMO ,

COH
1) 5% Pd-C, Ha 2 COH COH

————
2) aq. HCI, anisole N N NH, Scheme 20
76% o 1 128

\ Bu
125
OHC\/L NHBoc
N 7 “NH, N
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fragment 125 was prepared from the known> y-lactone 123 in 3 steps, reductive coupling of 125 with 126
followed by chromatographic purification afforded the fully protected 2'-hydroxynicotianamine 127, which
was converted to 2'-hydroxynicotianamine (128) by catalytic hydrogenation and then acidic treatment in 41%
overall yield in 6 steps from 123.

6. Distichonic Acid A
6.1. Distichonic Acid A

Distichonic acid A was isolated from beer barley (Hordeum vulgare L. var. distichum).?8.2¢ As shown
in the structure §, the left part of distichonic acid A is composed of glycine instead of azetidine-2-carboxylic
acid in mugineic acid (1). The synthesis of distichonic acid A (5) was quite analogous to that of mugineic acid
(1), as outlined in Scheme 21.38 Swern oxidation of 49, followed by reductive coupling of the resulting
aldehyde, a 15:1 diastereoisomeric mixture, with tert-butyl glycinate acetic acid salt (129) afforded the diester
130, which was converted to the amine 131. Reductive alkylation of the amine 131 with the aldehyde 5411
afforded the precursor 132 of 5, which underwent acidic deprotection to give distichonic acid A (§5) in 42%
yield in 6 steps from 49.

CO,Bu! CO,Bu! CO,Bu' 1) BocO  CO,BY CO,Bu
1) (COCl), DMSO k -ProNEt k
HO NHTIOC o) AcOHH,N"COBu NHTroC 5y 70, AcOH . N NH,
0C
MOMO 49 129 MOMO 130 MOMO 131
NaBH,CN 79 %
OHC\/‘iOzB“‘ 54 COBU  COBUS  COBU COH COH COH
oms L /\/'\ w0
/N N OTBS ——|—> m E OH
NaBH.CN H anisole
62 % Boc MOMO 132 85 % HO

distichonic acid A (5)

Scheme 21

6.2. 2'-Deoxydistichonic Acid A and Its Enantiomer

2-Deoxydistichonic acid A (L-135) and its enantiomer D-1385, neither of which has been isolated yet
from plants, were prepared to investigate the iron-transport mechanism of the phytosiderophores in the
membrane of the plant's root.53 2'-Deoxydistichonic acid A (L-135) was synthesized by reductive coupling
of the aldehyde 82 (see Scheme 11 for its preparation)> with benzyl glycinate trifluoroacetate, followed by
deprotection of 134, as shown in Scheme 22. Its enantiomer D-135 was prepared in the same manner from
the enantiomer of 82 which was obtained using (R)-o.-hydroxy-y-butyrolactone ((R)-76) and (R)-
homoserine 7y-lactone trifluoroacetate ((R)-79) as starting materials.

Investigation on the iron-uptake activity for rice plant (Oriza sativa L. var. Koshihikari)33 has revealed
that 2'-deoxydistichonic acid (L-135) of natural type demonstrates high activity while the activity of antipodal
D-135 dramatically decreases, though their metal coordination properties are very similar. This result
suggests that there will be a strict stereospecific recognition system (function) for the Fe(IIl) complex molecule
on the membrane.
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CO,Bz! COBzl  TFA-H,N” CO,BzI COBzl CO,Bz! CO,Bz!
1) Pd-C, Ha
OHC 133
N OTHP - N N OTHP
| NaBH3CN 2) TFA
Boc 82 H Boc 134 )
CO,H CO,H CO,H
'\2 /\)\2 /\/k2 © o © o
N N oy L1385 g 7= § 7=
H H -,
OTHP NH, TFA
COH COH CO,H (R)-76 (R)-79
: : D-135
NSNS0 Scheme 22
H H

7. Avenic Acid A
Avenic acid A (6) has been isolated* from oats (Avena sativa L.) cultured under iron deficient
conditions together with 2'-deoxymugineic acid (3) and avenic acid B (7). Two syntheses of avenic acid A
(6) have been reported. One synthesis*! proceeded from the left part to the right one via 136 and 137 while
another33 proceeded in the opposite way via 138, as shown in Scheme 23.
The enantiomer D-6 of avenic acid A was also prepared for comparison of their phytosiderophoric
activity.33 Analogously to the case of 2'-deoxyditichonic acid A (135), the stimulation effect of D-6 on the

iron uptake in the leaves of the water-cultured rice plant was less than 30% of that of natural avenic acid A (6).

o CO,Bu!
< To oHC A iz 90 {IO COBU 1) PA-C,H,
NaBH3CN N NHZ 2) COZEt
79 NHzHBr 75% H 136 onc X, 2°
NaBHyCN 50%
O~¢° COBU GOt  1)CFsCOM COH COH COH
N N OAc 2)aq.KOH  HO N N OH
H H 137 H H
avenic acid A (6)
1) Pd-C, Hp
2) CFsCOH 80%
o 3) aq. KOH
°© 0.0
CO,Bz! CO,Bz2I CO,Bz! CO,B2l
OHC\)\ 79 NHyTFA /\/'\
N OTHP ~TaBroN N N OTHP
Boc 82 69 % H Boc 138 Scheme 23

8. Avenic Acid B
Avenic acid B (7), isolated from oats (Avena sativa L.), was synthesized? by reductive coupling of (8)-
homoserine ¥-lactone (79) with the aldehyde 86 via 139, shown in Scheme 24.
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0 ;o O~¢° COLH CO,H
CO,Et
{ 750 OHG\/LOAC 86 q /\/kz aq. KOH /\/‘\2 /\)\2
. NaBH-CN N OAc HO N OH
79 NHzHBr TR H 139 H
avenic acid B (7)
Scheme 24

9. Conclusions
As shown by this review, the synthetic methods for the phytosiderophores have been almost
established. This will help to supply the phytosiderophores in large amounts and to prepare analogues for the
investigation of chemical structure-biological activity relationships. Furthermore, the methodologies adopted
here will have generality and can be applied to the synthesis of other functionalized carboxylic acids.56
The remaining problem which should be solved is how to prepare and supply radioactive
phytosiderophores to investigate biosynthesis and biological roles of the phytosiderophores in detail. Further

development along this line will be a matter of importance.
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