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Abstract—Tenuazonic acid (3-acetyl 5-sec-butyl pyrrolidine-2,4-dione) is a metabolite produced by the fungal
pathogen of rice Pyricularia oryzae. 1t inhibits growth of plants by interferring with protein synthesis at the ribosome
level. We have synthesized analogues of tenuazonic acid with various substituents at C-3 and C-5. Substituents at C-5
other than sec-butyl or n-propyl, decrease the phytotoxicity of the analogues. But substitutions at C-3 abolish the
toxicity. Thus, tenuazonic acid seems to have the optimal structure for phytotoxicity.

Tenuazonic acid induces rice leaf defence reactions (browning) of reactive varieties which are resistant to P. oryzae.
Some of the analogues synthesized have a low level of phytotoxicity and are able to induce this leaf browning of the
reactive rice varieties. Thus different structural features are required for phytotoxicity and for leaf browning.

INTRODUCTION thiosemicarbazone Schiff base of the L-valine analogue of
TA has the most specific activity against viruses [31, 32].
Tenuazonic acid (55, 6S-3-acetyl 5-sec-butyl pyrrolidine-  From these results, it is clear that different modifications
2,4-dione: TA) is a fungal metabolite with a broad toxicity of the TA structure are required to improve its toxicity to
spectrum. First detected as a growth inhibitor of tumour  bacteria or viruses, but none gives inhibitors as toxic to
cells [1-3], TA was shown to have viricide [4], bactericide ~mammal cells as TA.
[2] and insecticide activities [5] and to be toxic to Only few of the synthetic TA analogues have been
mammals [6, 7] and chicken [8]. Its toxicity to plant cells  tested for their plant cell toxicity [33, 34] and from these
was discovered later, after it had been isolated from different experiments it is not possible to deduce which are
culture filtrates of phytopathogenic fungi (Alternaria the structural features necessary for plant cell toxicity.
longipes [9] and Pyricularia oryzae [10, 11]). The in- Our interest in the comprehension of the mode of action
hibition by TA of growth of mammal and plant cells is  of TA on rice celis, has fed us to study the physicochemical
thought to come from the inhibition of protein synthesis  properties of TA and its structure-activity relationships.
[12, 13] at the ribosome level [ 14, 15]. Detailed studieson  TA is known to form metal complexes, but iron and
isolated mammal ribosomes have showed that the forma- magnesium components of its natural salt, are not able to
tion of the peptide bond is the main step inhibited by TA  reverse or to increase its toxicity to rice roots [35]. We
[16]. It has been shown that TA has a ribosome binding  have studied the influence of other metals on TA toxicity,
site, for it inhibits the binding of radioactive protein and have synthesized one TA analogue which was unable
synthesis inhibitors (anisomycine and trichodermin) on to form metal complexes. TA analogues with different
the ribosome [17, 18]. Synthesis of tenuazonic acid from  radicals linked to C-5 of the pyrrolidine-2.4-dione cycle
L-soleucine [19, 20] allowed studies on its have been synthesized. From the comparison of the
structure—activity relationship. When synthetic analogues  biological activity of these compounds, we may identify
were tested for their growth inhibition of tumour cells, the structural characteristics necessary for toxicity. Of
almost all the compounds were less active than TA [3, these analogues, the L-valine derivative is a natural fungal
21-23]. The analogue with the D-isoleucine configuration ~ metabolite produced by Alternaria sp. strains in con-
was inactive on tumour cell growth [3]. From these taminated grains [36]. But its toxicity to plants has never
studies a new inhibitor has been discovered [24, 25]. This  been measured. We have also synthesized analogues with
inhibitor of eukaryotic cell growth is a Schift base of anL-  different radicals linked to C-3 of the heterocyclic ring,
phenylalanine analogue of TA, which interacts with since this part of the molecule 1s involved in metal
tubulin [26, 27]. TA has a low bactericidal activity. complexation by TA. TA has another biological activity
Attempts to raise its toxicity showed that TA derivates towards rice leaves. It induces a leaf browning of some P.
must have a long saturated chain at C-3 with a small oryzaeresistant rice varieties. This browning is a barrier of
substituent linked to C-5 [28-30]. Other modifications  pigmented cells around the toxin application point [37].
such as phenyl linked to C-5 or to nitrogen also raised  Such leaf browning is associated with rice defence reac-
bactericidal activity [3, 20]. Comparisons of the viricide tions to P.oryzae [38,39]. We have compared the toxicity
activity of TA analogues showed that the and thebrowninginductionability of TA analogues to see
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i’ these two activities were controlled by the same
structural characteristics.

RESULTS AND DISCUSSIONS

Biological —activity  of  tenuuzonic  acid and its

diustereoisomers.

Tenuazonic acid is an amorphous product which is
difficult to purify by chromatography on the preparative
scale. We have examined the difterent impurities which
can occur during its synthesis. First. we found that one of
the synthetic TAs was contaminated by a red coloured
pigment. We did not find any signal of this impurity in the
'H NMR spectra of the crude product and we were able to
separate it from TA by partition with pentane in which it is
insoluble. We then compared the toxicity of the crude
product and the decoloured TA. Both have the same
toxicity to roots and the same leaf browning induction
capacities. Secondly. we have found in another synthetic
TA, small amounts of UV-absorbing compounds which
could only be detected by anion HPLC. They were
quantified by their absorption at 280 nm and represented
at most 5%, ot TA absorbance at 280 nm. It should be
noted that crystallization of TA as a copper complex did
not remove these impurities. TA with or without de-
tectable amounts of these impurities has the same toxicity
to roots and the same leal browning induction capacities.
From these experiments it is clear that the impurities we
have detected do not interfere with TA biological activity
toward rice. We have found differences between the
optical rotations of the synthetic TA ranging from — 100
to — 170", These differences might be the result of the
epimerisation of TA during its synthesis. which gives a
mixture of 1-TA and D-allo-TA (20033 In order
to detect the D-allo-TA formed. we have synthesized
the reference compounds L-alio-TA and D-TA to find the
characteristic signals of the allo configuration of the sec-
butyl side chain, for some ditferences in the NMR spectra
of the TA diastereoisomers have already been reported

{H-5){33]. Comparison of high field 'H NMR spectra of

L-TA and vL-allo-TA shows that three resonances are
different between the two diastereotsomers {H-5, H-8 and
H-9: Table 1), These signals have been used to detect and
quantify the D-allo-TA in the diflerent synthetic L-TAs
and to check the optical purity of the L-alio-TA and D-TA
synthesized {Table 2). The epimerisation occurs probably
during the last step of the synthesis as the same non-
cyclized precursor can give. after different cyclizations. TA
with different optical rotations. The reaction tume did not
aflect the epimerization. Cyclization with ong equivalent
of sodium methylate at 80 for 1.3.6, or 9hr gave L-TA
samples with the same percentage of D-afle-TA. But the

Table 1. "H NMR signals of L-TA and t-allo-
TA

ppm H-5{d)  Me-8(t) Me-9d)
L-TA (55.65) 384 0.90 0.9%
L-allo-TA (58S,

6R}

392 093 6.73

CDLOD, 250 MHz. sodium salts

Table 2. Optical rotations o L-TA 1 -aflo-

TA and - TA

Contanunating *
diastercoisomer [a]i

L-TA

G Dello-TA PAS
1-TA 23 oeadio-TA Hu:
Leallo-TA SO TA iTa

Gl TA + 146

-TA g
*Mueasured by THNMR
FiNa salt: H O oo

use of more than one equivalent of sodium methvlate,
with respect to the nen-cychiced TA precursor, led o
significant epimerisation. Thus, stereochemically pure TA
has been obtained by using 01935 equivalent of sodium
methylate for the cyclisation [40] 1-TA contaminated
with p-allo-TA {247 )iz as toxie and hay the same leal’
browning induction capacities as pure 1-TA. Thus, D-alln-
TA does notintertere with 1-TA bological uctivities,

Effect of pH and of metals ions on P A 1oxiciiy to rice rools

Rice roots were treated with 8.3 mM TA. rinsed and
transterred o a water solution. At this concentration
growth was completely stopped. but when the roots were
transferred 1o water, they started 1o grow again with a
residual inhibition of 507, compared 0 non-treated
roots. This reversibility occurs whatever the length of time
of contact with TA 3 45hri. We hive alse measured
the influence of pH on TA ity to rice roots. TA
solutions were bufiered with MES (10 mMyat pH 85,6
and 6.5 or adjusted at pH 6 without builer. We did not
find signtficant differences betwern these treatments, As
we have already observed that Mgl and Fellly does
not reverse nor increase A toxity o rice roots. we have
studied the efiects of other metals essential to growth [ 35
Non-toxic metals [Cagdly Feddn Mo | were added to
TA solutions (0.3 and 0.1 mMj bulered at pH 6. 111
molar ratios. Nonc of these metals was able to reverse TA
root growth inhibitivn. The only TA-metal interaction
occurs with TA-MniIh solutions which induce a rod
colouration ol the root tips. This phenomenon may be
explained by an oxidation of Mnill te Mnilll) which
only occurs in the presence ot T4 This hypothesis implies
that the Mn(ITycompiex is absorbed by the roots and then
oxidized in the root tips, for TA- Ml solutions do noi
show this red colouration on standing. Toxic metals have
been used at subtoxic concentrations {Cutity 3 5 107" M
and Zn{i 1o "M 1. They nerther reversed nor increased
the toxicity of TA 1o rice reots. Thus, TA toxicity to rice
roots is reversible, independent of the pH and neither
reversed nor increased by the metals essenual for plant
growth. These experimoents confirm that the mechanism of
TA phytotoxicity is not metal privation

Effect of the configuration of the S-sec-busyl chein on 74
phytotoxicity

We have measured the toxicity to rice rools of serial
dilutions of the TA diasterecisomoers (Table 3) 1 -allo-TA
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Table 3. Biological activities of TA diastereoisomers

Root growth

inhibition Leaf assay (10 mM)
1Dgo * IDso BICt [leaf]}
necrosis
L-TA 0.12 0.04 +++  +++
L-allo-TA 0.50 0.17 + 0
D-TA 0.60 0.10 0 0

* IDgo: 80 Y, inhibition dose (mM).
+BIC: Leaf browning induction capacities.

and D-TA have nearly the same 1Dgy and D5y (0.5 mM
and 0.16 mM). They are both less toxic than TA, the
difference being statistically significant at 19 of error. L-
allo-TA and D-TA were less able to induce leaf browning
than L-TA for they only induced a slight browning at
10 mM, without necrosis. From these experiments we can
conclude that changes in the configuration at C-5 or C-6
of the sec-butyl chain of L-TA decreases its IDgg to one-
fifth of that of L-TA. These results are different from those
obtained by Mikami [33] who finds the same level of
toxicity to lettuce seedlings for L-TA and D-TA. Since D-
TA is inactive against mammal cells [3], we can conclude
that different structural features are involved in phyto-
toxicity and in mammal cell toxicity.

Comparison of the biological activities of 5-substituted
analogues of TA

We have compared the toxicity to roots of TA
analogues with different hydrophobic or polar side chains
linked to C-5 of'the pyrrolidine-2.,4-dione cycle. These side
chains have been chosen to point out the simplest
structure needed for toxicity. The results are given in
Table 4. Analogues with side chains shorter or longer than
that of TA had a low toxicity. They were 10 times less toxic
than TA (1Dg). The analogues with the shortest (4, one
carbon long) or the longest (13, four carbons long) side
chain were the least toxic of all. Analogues with a three
carbons linear side-chain (substituted or not) were the
most toxic, but still they were significantly less toxic than
TA. Among them, the analogue with a 5-n-propyl chain
was the most toxic to roots and induces a leaf browning
similar to that of TA. Thus, the phyto-
toxicity of 3-acetyl pyrrolidine-2,4-diones varies with the
length of the side chain linked to C-5 of the cycle. This
length must be of three linear carbons. Substitutions on
this side chain other than that of TA (58, 6S, sec-butyl)
decrease the phytotoxicity compared to TA. This suggests
that the side chain of TA fits into a ‘receptor site’ which
recognizes the 5S. 6S, sec-butyl configuration, and that
this interaction is necessary for phytotoxicity.
Modifications of the sec-butyl chain might lower the
affinity of the analogues for this ‘site’ and thus decrease
their toxicity compared to TA.

Comparison of the biological activities of 3-substituted TA
analogues

We have compared the biological activities of 5-sec-
butyl pyrrolidine-2,4-diones with different substituents at

C-3. The 3-acetyl group is conjugated with two other
carbonyl groups. This conjugation is necessary for ioniz-
ation and it is responsible for the acid and metal
complexing properties of TA. The oxime (15) and the
Schiff bases derived from TA (16, 17) might have metal
complexation properties different from those of TA. We
have also synthesized an analogue without metal com-
plexing properties (18, H,-3). Some of the 3-substituted
analogues tested (14, 15, 16, 18) had a low toxicity, the
least toxic being analogue 18 (H,-3) (Table 5). Analogues
which were able to complex iron, as shown by their ability
to form red coloured (14) or purple coloured (15, 16)
complexes with FeCl;, were much less phytotoxic than
TA. From these results it might be concluded that metal
complexation of not essential for phytotoxicity, though
these analogues might have a lower affinity for iron than
TA. Other changes introduced by the formation of an
oxime or a Schiff base might be responsible for the
decrease in toxicity. First, changes in the equilibrium
constants between the Z and E forms are produced by

Table 4. Biological activities of 5-substituted TA analogues

Root growth Leaf assay
inhibition (10 mM)
Substituent - - e e = e
(analogue number) IDgo* 1Ds, BICT necrosis
5S-Methyl (4) 420 090 0 0
5S, Ethyl (5) 1.50 038 0 0
55-iso-Propyl (6) 130 037 ++ 0
55-n-Propyl (7) 036 010 ++ +
58, 6S-sec-Butyl (L-TA, 1) 012 004 +++ ++
58-iso-Butyl (8) 097 028 ++ 0
5R-iso-Butyl (9) 036 013 0 +
58-n-Butyl (10) 1.80  0.60 + 0
5S-Benzyl (11) 3.40 1.50 + 0
5S8-2-Carboxy-ethyl (12) 330 1.80 + 0
5S-4-Amino-butyl (13) 10< 300 0 0

*IDgo: 80, inhibition does (mM).
+ BIC: Leaf browning induction capacities.

Table 5. Biological activities of 3-substituted TA analogues

Root growth Leaf assay
inhibition (10 mM)

Substituent
(analogue number) iDgo* IDsy BICT necrosis
Acetyl (TA:1) 012 004 +++ ++
(Carboxy-methyl) (14) 10< 100 0 0
2-(Hydroxy-imino)-ethyl (15) 6.00  2.00 + 0
2-(Methyl-imino)-ethyl (16) 400 1.00 0 +
2-(Thiosemicarbazone-
imino)-ethyl (17) 050 012 0 ++
3-Dihydro (18) 10< 500 +1 0

* [Dgg: 80" inhibition dose (mM).

+BIC: Leaf browning induction capacities.

1 Non-specific browning induced on both TA-reactive
(IRAT13) and TA-non-reactive (Maratelli) rice varieties.
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these 3-substitutions. as shown by the intensities of their
'HNMR signals (H-5 and H-11) which correspond 1o
ratios different from that ot TA. Secondly, these ana-
logues might have lonization properties different from
that of TA. Thus. it is difficult to understand why these
analogues are less phytotoxic. Theretore. we can conclude
that the acetyl group linked 1o the -3 of the cycle is
essential to phytotoxicity as its moditications lead to less
toxic analogues.

Comparison between the toxicity and the leaf browning
induction capacity of TA analogues

Rice leat browning i1s a mechanism ol defence against
various agressions (fungi, bacteria. chemicals), It can be
induced by several inhibitors structurally unrelated to TA.

such as protein synthesis inhibitors  {anisomycine,
cycloheximide). sulphydryl rcagents fodeacetic acid

[38]). But the browning induced by these chemicals is not
as specific as that of TA for it © mduuu on all rice
varieties. TA (10 gl I mM) induces a (4% hry and
intense leal browning only on somu rice varicties resistant
to P.oryzue [37] The response ot other varicties is weaker
and occurs later (> 4 days) When apphed at higher
concentrations
necrosis on all rice varieties as well as the browning of the
edge of the dead area on reactive varieties. Thus. we have
tested the leal toxicity {necrosisjand the specific browning
induction capacities of all the TA analogucs synthestzed.
by treating rice leaves with drops ot a 10 mM solution ol
each analogue. The majority of the analogues were not
toxic for the leaves, and some did not mduce leal
browning (Table 6). A large number were able to induce a
weak browning ( + ) which corresponded to a small brown
spot located at the application point of the drops on the
leaves. Three analogues were able o nduce a clear
browning (+ + }, but only one of them induced the same
symptoms as TA. The analoguc derived from L-valine (6)
induced a brown ring at 0.5 to 1 em from the application
point without a necrotic area. The analogue derived from
L-leucine {8) induced a large brown arca (2 4 mm™)
without necrosis. The analogue derived irom 1-norvaline
(7) induced 4 symptom which was similar to that of TA,
with a central necrotic zone surroundsd by an mntense
brown ring. the difference being a smaller necrotic drea
than TA. Leaf browningcan be induced by most of the TA

analogues, whatever their phytotoxicity  level  (leal
necrosis, 1Dgp). Some of the analogues with g lower
Table 6. Distribution of the TA analogues ior

their leal browning induction capacities and their
phytotoxicity (feal necrosis

_eal browning inductien (10 mM)

fner.
Leal necrosis None  Weak mediare Intense
(l()mM) (O [-+) Vb b e e e
None (O} 4% & . i
Weak (+) ! t i 3
Intense | + 4+ U {4 |

* Number of in each class. I8

unclassified.

analogues

(10 ul. 1O mML TA also induces a leal

[LEBRUN ¢f o/

able 1o induce an
10Nt

leat

toxicity than TA (1Dg.: 1 mMj are
iniense leal browning (6. 8). In contast
toxic analogues (9. iDg,. 0.3 mM) does not
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to chemical agression. but seers te invohve other n
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spectrometry (DCI-MS, NH;, 90eV) [42]. Specific optical
rotations were measured (1 dm cell) in H,O or in MeOH at two
concentrations: (cl and ¢0.2). Elementary analysis were per-
formed by the microanalysis service of the CNRS (Gif, France).
HPLC Silica based anion exchanger prepacked analytical col-
umns were obtained from Chrompack (ionosphere 5 or 10 um, 3
x 150 mm or 4.6 x 250 mm). Isocratic chromatography was per-
formed with different H,O-MeCN mixtures (5-15%, MeCN)
buffered at pH 6.5 with 0.01 M phosphate and 0.001 M EDTA.
Detection 280 or 254 nm.

Synthesis of 3-acery! tetramic acids derived from apolar
aminoucids. A modified protocoi of Lacey [19] and Harris [20]
was used to improve the vield. Esterification of the amino acids
{Fluka, Bachem) was performed in MeOH with SOCI, at 40°
[437. The quantities given in the text correspond to the synthesis
of TA from L-isoleucine methy! ester. The aminoester hydro-
chloride (2.2 g. 12mM) was neutralized with Et;N (1.7 ml,
12 mM). The cooled soln (—4") was treated dropwise with one
equivalent of freshly distilled diketene (0.85 ml, 12 mM)and kept
in ice for 1 hr with stirring. Then H,O was added, the product
extracted by Et.O and chromatographed on a silica gel column
with cydohux‘me EtOAc (11 1) to afford a colourless gum (yield:
76,2122, 9.2 mM). This gum (2 g, 87 mM) was dissolved in
dry MeOH (4 m!) and treated dropwise with 0.95 equivalent of
freshly prepared MeONa (0.19 g Na in 2.5 ml MeOH, 8.3 mM).
This soln was heated at 80 for 1 4 hr at reflux. At the end of the
reaction the MeOH was evapd and H,O was added. This soln
was extracted with EtOAc. The remaining H,0O phase was
acidified to pH 2 and extracted with EtOAc or Et,0 to afford a
gum (yield 87" 1.5 g, 7.6 mM). This gum was dissolved in
pentane when coloured since the contaminating pigments were
not soluble in that solvent. The gum was sometimes crystallized
depending on the amino acid from which it was derived.
Tenvazonic acid was not crystallizable. The overall yield was
65, for tenuazonic acid and may be greater with other
aminoacids. These 3-acetyl tetramic acids were neutralized by a
cation exchanger (Dowex 50, Na™)in H,0O-MeOH mixtures and
lyophilized to give amorphous white sodium salts. These salts
were stored at ~ 20° in a dry atmosphere. Purity of the sodium
salt was controlled by anion HPLC with UV detection at 280 nm,
by elemental analysis and by high field "H NMR in CD;0D. The
characteristics of the 3-acetyl tetramic acids are given below for
their acidic form, unless when stated {sodium salt).

Tenuu onic uu’d {5S. 6S)-3-acetyl S5-sec-butyl pyrrolidine-24-
dione (1). [2]$5 — 157 (¢l and 0.2: H,0x). [«]133 — 190" (c1 and
0.2: H,o Nd salt), lit. [20] [2)23, ~95 to — 165" (Na sait:
MeOH; ¢ 2% [2]{5 — 1200 (MeOH: ¢ 0.2),1it. [33] — 123" (MeOH;
€2): UV . H20 nm (log #) Na salt: 240 (4.06). 280 (4.16); 'H NMR
(CD3OD, Na salty: 009 {3H, 1. J = 7 Hz, H-8). 098 3H. d. J
=7 Hz,H-9). 125 2H, m, H-7), 1.9 (H.m, H-6),2.45 3H. s, H-11),
384 (H, d. J =3 Hz, H-5: "HNMR (CDCl,): 609 (3-H, . J
= § Hz, H-8). 1.0 3H. d. J = 7 Hz, H-9), 1.25 2H, m, H-7), 1.96
(H,m,H-6),2.45and 2.5 3H. s, H-11.75- 257, Z-E, lit. [41]), 3.8
and 392 (H. d. H-5. 75257, Z-F). 7.7 (H, NH); *CNMR
(62 S MHz, D,0. Ndsdlli a12. 2)(11 C-8), 16.75 (¢, C-9),23.10 (¢,

C-7). 28.25 (¢. C-11). 37.35 (d, C-6). 65.7 (d. C-5), 104.60 (s, C-3),
178.80 (5. C-2), 196.20 (s, C-10). 199.80 (5. C-4); The ' *C chemical
shifts were attributed by reference to those described by Nolte
[417] for the acidic form of TA in MeOH. Nickel forms a
paramagnetic complex with TA {35]. Thus, addition of nickel
(2.5",) to the TA soln allowed a broadening of the signals at
52825 and 65.7. This confirms the assignment of the signal at
32825 to C-11 and at 65.7 10 -5, for these carbons are those
which are the closest to the metal. GC-CIMS (NH;) 90 eV, m;z
{rel. int.y: 198 [M +H] " (100) 141 (40 DCI-MS, Na salt: m/z
frel. int.y: 220 [M + H] " (1001, 164 {30).

L-allo-TA: (58, 6R)-3-acetyl 5-sec-butyl pyrrolidine-2.4-dione
{2). {21 —176° (Na salt; H,0; ¢ 0.2); UV 2 H:Onm (log ¢), Na
salt: 240 (4.06), 280 nm (4.14). '"H NMR (CD;OD, Na salt): 60.75
(3H,d,J = 7 Hz, H-9).095 (3H,,J = 7 Hz, H-8); 1.3 2H, m, H-
7, 1.9 (H, m. H-6). 2.43 (3H, s, H-11), 3.92 {H, d, J = 3 Hz, H-5),
DCI-MS (NH,) 90 eV, mjz (rel. int.): 198 [M + H]* (100%), 141

(30), (Found: C, 51.82: H. 6.58: N, 6.17. C,,H, 4N O, Na.H,0
requires: C, 50.6: H, 6.7. N, 59%)).

D-TA: (SR, 6R)-3-acetyl 5-sec-butyl pyrrolidine-2,4-dione (3).
[21% + 1467 (Na salt; H,0; ¢ 0.2); UV 2 1@ nm (log ¢), Na salt:
240 (4.03), 280 (4.12): 'HNMR (CD,0D): 509 (3H,:,J = 7 Hz,
H-8), 1.1 3H.d,J = 7 Hz,H-9), 1.47 2H,m,H-7), 1.9 (H, m, H-6),
245 (3H, s, H-11), 3.85 (H, d. J = 3 Hz. H-5).

(5S)-3-Acety! S-methyl pyrrolidine-2 4-dione (4). Mp 115° lit.
[19,297 115-118": [x] §— 12" (Na salt: H,0; ¢ 0.2); UV 2120 nm
(log ). Na salt: 240 (4.04). 280 (4.15); '"HNMR (CDCl,): §1.38
(3H.d.J = 7 Hz, H-6): 2.45and 2.55 (3H, s, H-8, 75-25 ", Z-E) 3,
9 and 4.1 (H, gt, J =Hz H-S5, 75-25%, Z-E), 6.7 (NH);
GC-EIMS 70 eV. m;z (rel. int.): 155 [M]* (89), 84 (48).

(5S)-3-Acervl S-ethyl p\rrolzdme 24-dione (5). Mp 85"; [2]%°
- 141" (Na salt: H,0; ¢ 021 UV H:0nm (log ), Na salt; 240
(4.08), 280 (4.16; 'H NMR (CDCl,): §0.95 (3H.t,J = 8 Hz, H-7),
175 (2H. m, H-6). 245 and 2.5 (3-H, 5, H-9, 85-15 %, Z-E), 3.8 and
40 (H,t,J = 6 Hz. H-5,85-15", Z-E), 7.3 (NH). DCIMS (NH,)
90 eV. m/z (rel. int.): 170 [M + H]" (100). 141 (20); (Found: C,
56.05; H, 6.45: N, 8.05; Calc. for C4H,,NO;: C, 56.04: H, 6.5; N,
3.2

(5S)-3-Acetyl S-n-propyl pyrrolidine-2 A-dione (6). Mp 87°;
[2]f — 129 (Na salt: H,0: ¢ 0.2) UV 2H:0 nm (log ¢), Na salt:
240 (4.06). 280 (4.16;. "HNMR (CDCl;): 60.1 3H,t, J = 7 Hz,
H-8),1.45 2H.m,H-7), 1.6and 1.75 (2H, m, C-6),2.45and 2.5 (3H,
s, H-10. 75-25",. Z-E), 385 and 40 (H, dd. Js,, = 4Hz, J5,,
= 12Hz, H-5.75-25",, Z-E). GC-CIMS (NH;) 90 eV, m/z (rel.
int.): 184 [M + H] " (100%). 141 (27); (Found: C, 59.1; H, 7.14; N,
7.85. Calc. for CoH,3NO;: C, 59; H, 7.1: N, 7.65%.).

(58)-3-Acetyl 5-iso-propyl pyrrolidine-2,4-dione (7). [a]}}
— 160" (Na salt; H,0; ¢ 0.2); UV 2120 nm (log ¢), Na salt: 240
(4.04),280 (4.14); '"H NMR (CDOD). 60.8 (3H,d,J = 8 Hz, H-8),
1.0 (3H,d,J = 8 Hz, H-7), 2.15 (H, m, H-6), 2.5 (H-3, 5, H-10), 3.8
(H.d,J = 4 Hz, H-5); GC-EIMS 70 eV, m/z (rel. inL.); 183 [M]*
(18), 141 (100).

(55)-3- Awnl S-isobutyl pyrrolidine-2,4-dione (8). Mp 105°, lit.
[317 114 [2]32 — 50° (Na salt; H,0; ¢ 0.2); UV 2 H:0 nm (log &),
Na salt: 240 (4.05). 280 (4.15; *H NMR (CDCl3): 1.0 (6H, d, J
= 8 Hz, H-8, H-9), 1.45 (H,m,H-7). 1.75 (2H, m, H-6),2.45and 2.5
(3H, 5. H-11 75-25%,, Z-E), 3.85 and 4 (H, dd, J 5, = 4 Hz, J5,;
= 8 Hz, H-5, 75-25"%,, Z-E). GC-CIMS (NH;) 90 eV, m/z (rel.
int.): 198 [M + HJ]" (100), 141 (5), (Found: C, 60.95; H, 7.85; N,
7.25. C;oH,NO, requires: C. 60.9; H, 7.61: N, 7.1 %.).

(SR) 3-Acetyl S-isobutyl pyrrolidine-2.4-dione (9). Mp 138°.
(213 + 134" (Nasalt; H,0; ¢ 0.2); UV 21O nm (log &), Na salt:
240 (4.01). 280 (4.13); lH NMR (CD,ODy. 6097 (3H, d, J
=9 Hz, H-8, H-9), 1.43 (H,m, H-7), 1.72 (2H, m, H-6), 2.43 (3H, s,
H-11), 395 (H. dd. J ¢, = 4.5 Hz, J5¢; = 9 Hz, H-5); GC-CIMS
(NH,)90 eV, m/z (rel. int.): 198 [M + H]* (100), 141 {18); (Found:
C.60.8: H,7.85: N, 694.C, ,H, NO, requires: C, 60.9; H, 7.61; N,
T2,

(5S)-3-Acetyl 5-n-butyl pyrrolidine-2.4-dione (10). Mp 85°, lit.
{447 88°-89°: [a}{5 — 128 (Na sait; H,0: ¢ 0.2); UV 2 H;:9nm
(log ), Na salt: 239 (4.03), 278 (4.16), ' H NMR (CDCl,): 60.9 (3H,
t,J =6 Hz, H-9),1.2- 1.8 (6H.m,H-6,H-7, H-8),2.45and 2.5 (3H,
s, H-11,75-25",, Z-E). 3.8 and 4.0(H,t,J = 4 Hz, 75-25%, Z-E),
DCIMS (NH)90 eV.my/z (rel. int.}. 198 [M + H]" (100), 154 (5).,
141 (30). (Found: C, 60.66: H, 7.65: N, 7.55. C, (H, sNO; requires:
C, 60.9: H, 7.67: N. 7.1%,).

(5S)-3-Acetyl 5-benzy! pyrrolidine-2 4-dione (11). Mp 149° lit.
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[29,31.45] 134155 [a]F — 108 (Na salt: H,0: ¢ 0.2), lit. [45]
=210 (EtOH; ¢1) UV A B9 nm (log ). Na salt. 240 14.07). 280
(417, "HNMR (CDCl,): 02,45 (3H. 5, H-14), 270 (H. dd. J = &,
13 Hz. H-6), 33 (H, dd, J =4. 13 Hz, H-61. 4.0 (H. dd. Js,,
=4 Hz, Jso,; = 8 Hz, H-5), 6.7 (NH) 7.2 (3H. m, pheny! group):
DCIMS (NH;) 90 eV, m,z (rel inty 232 [M -+ HT " {100), 189
(10), 140 (63): (Found: C, 67.4: H, S51: N, 6.i7. (', H, NO,
requires: C. 67.6: H. 56; N. 6.03 %)

Synthesis of 3-acetyl tetramic acids derived from ivsine and
glutamic acid. (58)-3-Aceryl 5-{2-carboxv-cthyly pyrrolidine-2 4-
dione (12). The methyl ester of the S-rert-buty! ester of glutamiv
acid (Bachem: 0.8 g, 4 mM1 was treated with diketene {0.6 mi
§mMi in MeOH (3mi) at —4 for |k
etoacetamide in 88, vield (I g. 3.5 mM). The acctoacetamide
{0.84 g. 3 mM) was dissolved in dry tertiobutano! (6 miy and
treated with one equivalent of potassium zers-butoxide (0.28 g
3 mM) for 5 hr at 80". The reaction was stopped by addition of
H,O. After acidification to pH 3.59 the H, () phase was extracted
with EtOAc. The gum obtained was chromatographed on a silica
get column with CHCH, MeOH- AcOH (84 itr Tras efuent. The
purified product (0.45 g. 1.8 mM) was crystallived from McOH
(mp > 2507 yield 60,1 "H NMR and GC-MS spectra were in
agreement with the proposed structure. The tertiobutyl protecting
group was removed by treatment of the ester (0,12 g 0.5 mMi
with trifluoroacetic acid (0.5 miL 6 mMyat 35 for S min. The gum
obtained was neutralized with NaHCQO, and chromatographed
on an anion exchange column 200y cluted  with
0.5 M HOAc. The product obtained wasred 4, = 440 nm)and
was treated with a metal exchange resin {1RC 718, Na'i o
remove the trace of iron. The final product was a slightly coloured
gum. 'H and **CNMR spectru were in agreement with the
proposed structure. Mass spectrum (DCDH could not be
obtained for this compound since it gave only decomposition
products. [x]f — 15 (H,O: ¢ 0.25 UV nm 2400 280;
"HNMR (D,0) 61.8 2.2 (4H. m, H-6. H-7y, 235 (3H. < H-10),
I8 (H, m H-5: PCNMR D, 0): 02841 (C-101 29.07 (-6, 33
(C-71,59.97 (C-5) TO383 (C-3) 1787 (C-2) 187 (C-8). 196.9(C-
9). 199.95 (C-4). The assignments of the 'O NMR signals were
made in agreement with the reported TA "*C NMR spectra {417
and the spectra of the sodium salt of giutamic acid in D,O

(5S)-3-Acetyl S-(4-amino-butyl) pyrrolidine-2 4-dione {13). The
methyl ester of N-c-CBZ-lysine hydrochloride {Bachem: 5.6 g,
19 mM) was treated with diketene (3.5 ml. 50 mM;} in MeOH
(30 ml) at — 4~ for | hr to obtain its acetoacetamide, which was
crystallized from Et;O (mp 747, yield 90 5.8 g, 17 mMj. Then.
the acetoacetamide (2 g, 5.8 mM) was cyclized with MeONa
(0.13 g Na in 3 ml MeOH, 5.6 mM) in MeGH (10 ml) at 80~ for
Shr. The reaction was stopped by addition of H,O. After
acidification and extraction with EtOAc. the product crystallized
(mp 104", yield 90",: 1.8 g, 5.2 mM). "H NMR and DCIMS
spectra were in agreement with the proposed structure. Then, the
N-e-CBZ pyrrolidine-2.4-dione (1.8 g, 5.2 mM) was dissolved in
95 EtOH (40 mlj and the soln was stirred under H, in the
presence of a Pd/active charcoal (59,) catalyst {2 g) for 45 min to
remove the CBZ protecting group. The reaciion time must not
exceed 1 hr to avoid the reduction of the carbonyls of the
pyrrolidine-2,4-dione cycle [45]. The resulting product was
removed from the charcoal by elution with 95 FEtOH-NH,
mixtures and treated with a cation exchanger (Dowex 50, Na " |,
The water soluble compound obtained (yield 367,04 g, 1.9 mM}
contained only small amounts of sodium ion. This molecule was
presumed to be the amphoteric form of the amino acid. *H and
"*CNMR spectra were in full agreement with the proposed
structure. Mass spectrum (DC1) could not be obtained with this
compound as 1t gave only decomposition products, [2]5 — 110
{Na salt: H,0; ¢ 0.2 UV 2 59 nm tlog &) Na salt 240 (4,01, 278

CINEX

to give the ac-

{Dowex

(4.105 "HNMR (CD,OD) 81 .4- 1.8 (6H. m, H-6. H-7, H-8), 2.4
OH, s, H-110 30 2H 1, J = S Hz H-91L 40 (H. . J = 4 Hz, H-5;
HONMR (D08 019,72 (C-71 26.24 (C-8), 26.99 (C-11), 29.87
(C-6), 38.8 (C-9), 58,7 (C-51, 102.6¢C- 3, 1774 (C-2), 1969 (- 10
1984 (C-4y (Found: €. 469 H, 6.5 N, 114 £, H,. N0,
25 H,0 requires: Co 46060 H, 8000 N 1097

Syathests of 3-carboxymethyi S-sec-buiy! pyrrolidine-2 4-dione
and of S-sec-butyi pyrrolidine-2 4-dione (538, 68)-3-Carboxymeth vl
S-sec-buryl pyrrolidine-2 A-diony (140 We tollowed the synthetic

scheme used by Jones with wvihine oy startung material [46]
Dicyclohexylearbodiimide (24 HRE mMD
methyl-L-lsoleucing vster 11 i mM were added success-
ively to a cooled soln ot ethyl hydrogen malonate (132 g 10 mM)

and

CRUOSS

in CH,CH (2 mi). The soln was refluxed wath surnng tor 20 h,
The filtrate was chromatographed on o silica gel column
(hexane-EtOAc 1) 1o give a coloer] obeg
5.23 mM) with the folowing charactertsues: N -ethoxyearbonyl-
BB

ess gam (yield 33

methylene-carbonylj-t-isolevcine methyl ester: {2}y -7
MeOH) *H NMR {(CDC] e ) 1 3 3H L = T Hew
P35S 2H my 1Y (ML mi 3 HLoa SHo w420 C2H g
=T Hz 46 tH. dd. J = 3 Huo» Hzi Te (NFD
the above compound (143 g =56 mM) was dissolved in dry
MeOH (2.2 miyand cvclized with MeONa 095 equivalent: 012 ¢
Na in 1.8 ml MeOHyat 80 for O by with stirring. The precipitate
obtamned was filtered und acidified 1o pH 27 with 3M HCL The ag.
phase was extracted with CHCL, (o give a erude product which
contained the two epimers of the eipected product as measured
by high field "HNMR (-9,
hexane- EtOAc (11 gave the pu
68 7, overall yield (.08 g 376 mMy
(MeOH:cln[2]fy ~ 112 (Nasalu H.O0 1 UV /‘Q‘A‘ nm tlog o
Na salt: 22044211 260 (4,065 H MMRICD, 0D R 00,92 (3H 1 4
= ¥ He H-8 L0 G = SH L H-THL TS (L
m, H-6), 3.8 {(3H, < H-Tt 4] (H. S o 35 Hz H-5) the o-allo
diastereoisomeric form (SR, 68} of this compound had the same
"H chemical shifts except for H-Y o077 i/ = 7 Hziand H-5
0417 (d, o= A HzZy DOLMS (NH 90 eVom soelomte 214 [M
+H]T (00, 199 (30 157 (M H o hund ] 330 142 28
(Found: (. 56.04; H. OV ING G T O LH
C, 56,34 H, 704 O, 3604 Non sy
(55, 65)-5-sec-Burvi pyrrofidine-2 d-dione (181 The 3-carbo-
xymethyl tetramic avid was decarboxylated according to [47 49
The 3-carboxymethyl S-sec-butyl pyyrohdine-2.4-dione (190 mg.
0.9 mM) was dissolved in miromethane (3 mi. 2 equivalents of
distifled H,O (33 pi. 18 mM i added and the soln heated at reflux
for § hr. After evapn of the sobent
crystallized from hexane- Et{Ac
657, yield {91 mg U.58 mMy. Mp 115 HUl200 152 o]y -40
(MeOH: ¢y UV 2B nmosdogs s pH 6 260 3110 TH NMR
(CDCLY 009 (3H. v = 7 He He8 L0 OH d = 7 Ha 9y
S5 2K, m H-TL 18 (H, m H-o, (2HD s M3 393 LS

dies 100 0 Crystallization in
diastercoisomer (55,651 with
-4y

Mp 104 . {213

PR ER

PO, requires

the solid obtained was
e give white erystals with

{

}

=4 Hz, H-5k (Found. ) 614w 1 NoESY O 1102
CyH,  NO; requuires: O 6190 BR300 N 9030 O, 2ied
Synthesis of tenuazonic acid oxime und Schiff hases. These

derivatives were prepared
21, 3t} (ss. Ssev-burvi
pyreolidine-2.4-dione (151 1-Ta 0 DMy was refluxed for
5min with three equivalents of hyvdroxyiamine chlerhydrate
{0.42 g, & mM) and three equivalents of NaOQAc 0.5 g 6 mM) o
707 EtOH (12 wl). The soln was Jeft 4t room temp. overnight

accordimg fo reported procedures {19,

SNy

Hodrospmiminobehyd]

After concen, the aqg. mixiure was exiracted with ET.O0 A white
powder was obtained after crystallization from hexane-EtOAC
with 507 yield (0.2 g, t mMp Mp it Uy 2B 9 am dog o 246
(273,303 (4061 "H NMR (UG o 75 13- d J = & Hy H-
9,086 GHL e J = 7 He, BR3P H o H-70 DS (H m Hesg
237 and 282 AH L HAT 35 650 B S T and 3T
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= 3 Hz, H-5,35-65 %, Z-E), DCIMS (NH;) 90 eV, m/z (rel. int.);
213[M +H]" (100),197 (12),156 [M + H — butyl]* (7); (Found:
C,56.72;H,7.55; N, 12.71. C, ,H, . N, O, requires: C, 56.6; H, 7.54;
N, 13.21%;.).

(58, 6S)-3-[2-(methyl-imino)ethyl] 5-sec-Butyl pyrrolidine-24-
dione (16). L-TA (0.4 g, 2 mM) was dissolved in MeOH (4 ml)
with two equivalents of methylamine (0.35 ml of a 33 ¢, ethanolic
soln). The mixture was refluxed for 2hr and concd.

Recrystallization from hexane-MeOAc (1: 1) gave white crystals

with 507, yield (0.2 g, | mM). Mp 116 UV 1130 nm (log ¢): 240
(4.0), 300 (4.27); "H NMR (CDCl;): $0.75 (3H, d, J = 7 Hz, H-9),
0.95 (3H,t,J = 7 Hz, H-8), 1.3 (2H, m, H-7), 1.93 (H, m, H-6), 2.54
and 2.56 (3H, 5, H-11, 5050, Z-E), 3.02 and 3.08 (3H, d, H-13,
50-50 %, Z-E), 3.70 (H, m, H-5); GCEIMS 70 eV, m/z (rel. int.):
210 [M]" (7), 154 [M —56] (100); (Found: C, 62.12: H, 8.59; N,
1245. C,;H4N,0, requires: C, 62.85; H, 8.57; N, 13.33%,.).

(58, 685)-3-[2-(Thiosemicarbazone-imino)ethyl] 5-sec-butylpyr-
rolidine-2,4-dione (17). L-TA (0.2 g, 1 mM), was treated with one
equivalent of thiosemicarbazide (0.1 g, 1 mM) in 70° EtOH
(10 ml) and refluxed for 1 hr. Et,O was added to the concd soln
and the ppt. was recrystallized from 50° EtOH with a yield of 5%
(0.14g, 0.5mM). mp 170°, lit. {31] 143-147; 'HNMR
(CD;0D):60.8 (3H,t,J = 7 Hz, H-8), 1.0 3H, d, J = 7 Hz, H-9),
1.30 (2H, m, H-7), 1.85 (H, m, H-6), 2.5 (3H, s, H-11), 3.72 (H, d, J
= 3 Hz, H-5), DCIMS (NH;) 90 eV, m/z (rel. int.): 271 [M + H]*
(100), 254 (8), 214 [M + H — butyl]* (i4), 197 (40); (Found: C,
48.5;H,6.71; N, 20.04; S, 11.68. C;  H, s N,O,S requires: C, 48.88;
H, 6.66; N, 20.74; S, 11.86%.).

Biological assays. Root growth inhibition. Sterilized rice seeds
(variety Iratl3 obtained from CIRAD-IRAT, Montpellier,
France) were pregerminated in the dark, for 3 days at 28°. Ten
germinations were selected at random and distributed in each
Petri dish (150 mm diameter) containing 10 ml of the soln to be
tested, buffered with 0.01 M MES, pH 6. An aliquot of 40 roots
was measured with a ruler to calculate the initial mean root
length. After 2 days at 28°, the root lengths were measured and the
increase in length calculated. Each treatment (compound-dose)
had three replicates (Petri dish) within each of three independent
experiments. The dose-inhibition curve was estimated by linear
regression with the following transformed variables: Y = arc
sin(,/[1/100]) and X = log,,(M) where I was the growth
inhibition percentage and M was the molar concentration of the
compound [35]. IDg, and IDs, were estimated by interpolations
of the linearised dose-inhibition curve.

Leaf toxicity and browning induction. All the analogues were
tested on rice leaves of plants at the S-leaf stage (25-30 days old)
cultivated in a greenhouse (20° min). The varieties Irat 13 (TA
highly reactive) and Maratelli (TA weakly reactive) [37] were
used. The last developed leaves were kept flat and treated with
10 ul drops of the sodium salt of each analogue (pH 6, without
buffer) at two concentrations, 10 mM and 3 mM. The whole
plants were kept in a humid chamber for 24 h. In each exper-
iment, TA was used as a control of the plant reaction since the
browning capacity of the leaves varies with the season [37]. After
5-8 days, leaves were scored for their reaction according to the
following scales. Browning: weak (+), intermediary (+ +),
intense ( + + + ). Necrosis: weak (small lesion: + ), intense (large
lesion: + +).
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