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Abstract-The diketopiperazine suggested to be the intermediate during the spontaneous isomerization of B-ODAP 
and a-ODAP was synthesized. Its behaviour was studied at selected pH values and provided evidence that its natural 
occurrence is unlikely. 2-Hydroxy-imidazolidine-2&dicarboxylic acid (for the rearrangement /?-ODAP--0DAP) or 
2-hydroxy-pyrimidine-2Jdicarboxylic acid (for the rearrangement y-ODAB e+a-ODAB) are suggested to be the 
unstable intermediates. 

INTRODUCIION 

The neurotoxin /?-ODAP (3-N-oxalyl-2,3-diamino- 
propanoic acid) occurs as a free non-protein amino acid 
in the seeds of grass-pea (Luthyrus sat&s), a hardy crop 
in regions in Africa and Asia. The seeds are a common 
food for several hundred million people, but, in the case of 
drought-triggered famine, overconsumption of seeds con- 
taining /?-ODAP can give rise to irreversible spastic 
paraparesis, called lathyrism, in epidemic proportions. 

Bell and O’Donovan [l] have shown that in mild 
acidic solution j?-ODAP undergoes a rearrangement to 
the non-toxic 2-N-oxalyl isomer (a-ODAP) until a pH- 
dependent equilibrium between both compounds is es- 
tablished. The same equilibrium position is reached from 
a-ODAP (Fig. 1). 

An cc,/?diketopiperazine (DKP) was proposed to be the 
intermediate in this isomerization. Bell and O’Donovan 
[l] also studied the rearrangement of y-ODAB (4-N- 
oxalyl-2,4-diamino-butanoic acid) to its a-isomer. Abegaz 
et al. [Z] have studied similar rearrangements in a series 
of higher homologues of /l-ODAP, namely 4-N-oxalyl- 
2,4-diamino-butanoic acid, 6-N-oxalylomithine and E- 
oxalyl-lysine. They suggested an intramolecular re- 
arrangement, probably involving a cyclic intermediate. 
From these data we can conclude that the equilibrium 
occurs easily when a five-membered or six-membered 
ring can be established as in the case of ODAP. It is less 
easy when only a six-membered ring can be the inter- 
mediate, as in the case of ODAB. A seven-membered ring 

*Parts of this paper were presented during the XIVth Intema- 
tional Congress of Heterccyclic Chemistry in Antwerp, August 
l-6 (1993) (Abstract OP-MI-S). 

is not likely and no rearrangement occurs when a larger 
ring would be postulated as the intermediate. This means 
that for the rearrangement of y-ODAB it is unlikely that 
the seven-membered homologue of DKP should be form- 
ed if the DKP is indeed the intermediate for the re- 
arrangement of /I-ODAP. In this case it is not expected 
that the rearrangement of y-ODAB should occur. The 
experimental results indicate that rearrangement of y- 
ODAB occurs easily and consequently a seven-mem- 
bered intermediate for this rearrangement can be 
excluded (Fig. 2). 

On the basis of its chemical properties, the DKP is 
expected to be a stable compound. In a review article 
Eggum and Sorensen [3] mention a series of examples of 
amino acid derivatives which in aqueous solution show 
ring formation. The formation of la&am pyroglutamic 
acid from glutamic acid is the best known example. 
The yield depends on both temperature and pH. At 
elevated temperature in acid circumstances only 0.1% 
rearrange into the lactam (in this case the amino 
group is protonated and an attack of the free electrons of 
the nitrogen is prohibited), 98% between pH 4 and 10, but 
9% at pH 12. In comparison with this rearrangement of 
glutamate we followed the isomerization of b-ODAP 
with ‘H NMR, but found no evidence for the occurrence 
of a DKP at some selected pH values [4]. 

In order to understand the mechanism of this re- 
arrangement more fully, we have synthesized the DKP 
and studied its behaviour in solution at physiological, 
acidic and alkaline pH values. It was concluded that in 
mild acidic conditions and at physiological pH (where the 
experiments of Bell and O’Donovan [l] were performed) 
the natural occurrence of a DKP is unlikely. Therefore 
other intermediates for the rearrangement of /?-ODAP to 
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a-ODAP and for the rearrangement of y-ODAB to its CL- 
isomer are proposed. 

RESULTS AND DISCUSSION 

Previously the rearrangement of /LODAP to a-ODAP 
was studied after dissolving /?-ODAP in water, i.e. in a 
mild acidic medium Cl]. An equilibrium of about 7: 3 j?- 
ODAP:a-ODAP was found. No trace of an intermediate 
was detected by NMR analysis. The thermal rearrange- 
ment at 55” was studied by Abegaz et al. [S]. When the 
solution was acidified with a few drops of DC1 it was 
found that the mixture of a-ODAP and p-ODAP slowly 
hydrolysed to 2,3-diamino-propanoic acid (DAPRO). 
The latter suggests a competition between the rearrange- 
ment and the hydrolysis of j?- and a-ODAP to DAPRO. 
Again, no trace of an intermediate was found. 

The ‘H NMR spectra of the compounds of interest, /I- 
ODAP, rr-ODAP, DAPRO and the DKP all showed a 
comparable ABX spin system, which, moreover, was very 
pH-dependent [43. In order to be certain that the assign- 
ments of the compounds were correct, we have previously 
[4] reported the NMR data of /?-ODAP, a-ODAP and 
DAPRO at different pH values. In order to consider the 
occurrence of the DKP its NMR parameters must be 
known also. Therefore we have synthesized DKP and 
measured its NMR parameters at the same pH values. 
The results are given in Table 1. 

When DKP was dissolved in DC1 (pH 0.3), rearrange- 
ments into a-ODAP and fi-ODAP occurred. In a 
‘H NMR spectrum run a few hours after dissolving the 
DKP in DCI the proportions found for DKP:a- 
ODAP: j?-ODAP were 56 : 28 : 16, respectively. There was 
more a-ODAP than j?-ODAP, in contrast to the spontan- 
eous chemical equilibrium. After two days, resonances 
related to a fourth compound appeared, which was 
identified as DAPRO. After 15 days the DKP had 
completely disappeared while the resonances for 
DAPRO predominated. There was now a proportion 

a-ODAB 

DAPRO:a-ODAP:j?-ODAP of 53:32: 15. After one 
month there was 99% DAPRO and the DKP had 
completely disappeared but the proportion r-ODAP : /?- 
ODAP remained the same, the DAPRO proportion grew 
while the DKP proportion diminished. 

In contrast with /I-ODAP in DCI, where the hydrolysis 
was so fast that no rearrangement was observed, in dilute 
DCI the DKP first hydrolysed to (x-ODAP and fi-ODAP 
and, after their formation the individual compounds 
further hydrolysed to DAPRO. Thus, in this (strong) 
acidic medium the hydrolysis of fi-ODAP to DAPRO 
was so fast that the DKP, or any other potential inter- 
mediate during the rearrangement of /?-ODAP to 
a-ODAP, was not formed since neither the DKP nor 
a-ODAP were detected. 

When the DKP was examined in solution at pH 2.5 
and at a physiological pH (7.1), even after three weeks 
only minor amounts of a- and /3-ODAP were seen (less 
than 1%). Even though most of the rearrangements 
reported in the literature were studied at these pH values, 
the stability of the DKP was expected because the amide 
bond is very stable. It has been reported [I] that after 
one week at these pH values j?-ODAP hydrolysed to 
about 30% of the a-isomer. The a-form must be the result 
of hydrolysis of the intermediate. Since almost no hy- 
drolysis of the DKP was seen under these conditions it 
cannot be the intermediate at neutral or physiological 

PH. 
At pH 12.1 the hydrolysis of the DKP to a- and fl- 

ODAP starts immediately (the resonances of these com- 
pounds are identical with the data given by De Bruyn et 
al. [4]). After 24 hr an equilibrium a-ODAP:P-ODAP 
was established at 35:65. After one week the proportions 
of (r-ODAP:/?-ODAP became 22:78. Consequently in 
(strong) basic circumstances no further hydrolysis to 
DAPRO occurred at room temperature. 

With this information, the proposal that DKP is the 
cyclic intermediate for the isomerization of ODAP be- 
comes unlikely. We can raise the following arguments 
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Table 1. ‘HNMR data of a-ODAP, /SODAP, DAPRO, and DKP at some 
strategic pH values 

Chemical shifts Coupling constants 
Hx IL H, JAB J AX J BX 

pH 0.3 

DKP 
a-ODAP 

/?-ODAP 

DAPRO 
pH 2.5 

DKP 
a-ODAP 

/3-ODAP 
DAPRO 

pH 7.0 

DKP 

a-ODA P 
/?-ODAP 

DAPRO 
pH 12.1 

DKP 

a-ODAP 

/?-ODAP 

DAPRO 

4.52 3.96 3.80 - 13.62 4.85 3.54 
4.90 3.64 3.43 - 13.43 5.39 8.39 

4.39 3.91 3.88 - 14.80 4.54 6.03 

4.53 3.68 3.60 - 13.76 8.18 5.25 

4.41 3.91 3.75 - 13.53 4.82 3.91 
- - - 

4.17 3.88 3.78 - 14.89 4.09 6.90 
3.49 3.49 4.05 _+ * _• 

4.19 3.84 3.10 - 13.23 4.19 4.99 

4.48 3.48 3.30 - 13.19 5.23 8.12 
3.96 3.83 3.69 - 14.83 3.16 7.86 

3.82 3.32 3.28 - 13.25 1.26 6.21 

4.17 3.84 3.68 - 13.22 4.61 4.93 

4.26 3.07 2.95 - 13.54 4.33 7.15 

3.44 3.52 3.31 - 13.15 4.10 7.38 

3.27 2.82 2.13 - 12.90 3.10 6.39 

*Degeneration of the spin system. 

against the occurrence of the DKP as intermediate. (1) 
The DKP is expected to be a stable compound. When the 
isomerization of j?-ODAP was studied at some selected 
pH values we did not find any trace of the intermediate in 
the NMR spectrum. A stable compound like DKP should 
be found. From this information it is expected that the 
real intermediate must be very unstable. (2) At physiolo- 
gical pH and in mild acidic solutions the equilibrium b- 
ODAP:a-ODAP is reached after three days. In the same 
circumstances after three weeks the DKP remains un- 
changed at ~99%. It is not possible that such a stable 
compound can be the intermediate when the equilibrium 
is reached in three days. (3) When a parallel study was 
performed for the higher homologue y-ODAB, the equi- 
librium was achieved more slowly, but the equilibrium 
position was similar. If the intermediate for ODAP 
isomerization was a DKP, then a seven-membered higher 
homologue must be the intermediate in the isomerization 
of ODAB. From the chemical point of view this is 
unlikely, as pointed out before. 

Experimental data that might have been misleading 
can now be correctly evaluated. During the synthesis 
procedure according to Harrison [6], DAPRO was dis- 
solved in water and a mixture of dimethyloxalate dis- 
solved in methanol was added. After work-up some DKP 
was isolated by paper electrophoresis at pH 2 as shown 
from a NMR spectrum. The question arose if the origin of 
this DKP resulted from the rearrangement, or arose as an 
artifact during this reaction. With the information that we 
have now, the origin of the DKP must be found in the 
reaction circumstances, as e.g. a further cyclization reac- 
tion with the methyl ester of a-ODAP or fi-ODAP. 

Taking into consideration the studies of Abegaz et al. 
[2] on the homologues where it seems that the rearrange- 
ment is very fast when a five-membered intermediate can 
be formed, we propose the unstable 2-hydroxy- 
imidazolidine-2,4dicarboxylic acid (Fig 3). 

The rearrangement is so fast or the proposed inter- 
mediate is so unstable that no traces are found in the ‘H 
NMR spectrum. We propose the higher homologue of the 
imidazolidine derivative, namely 2-hydroxy-pyrimidine- 
2,4_dicarboxylic acid as the intermediate in the isomeriz- 
ation of ODAB, which, as a six-membered ring, is ex- 
pected to be more stable but its concentration is so small 
that it cannot be detected either (Fig. 4). 

Unfortunately, because these compounds are not 
stable, we could not detect them. So far a direct proof has 
not been possible. 

The further homologues 8-N-oxalylomithine and E-N- 
oxalyllysine do not isomerize under the usual conditions. 
However, from a synthetic point of view one important 
question arises. For the formation of the imidazolidine 
there should be an attack of the free amino group on the 
carbonyl of a usually little reactive amide carbonyl. In 
textbooks of organic chemistry we find several examples 
of reactions called ‘transaminations’ and ‘acetylation of 
amines by amides’ [7]. In the latter case salts of the amine 
are used. The amine can also act as nucleophile as in 
transamidation reactions (Fig 5). 

Moreover, in certain circumstances, the reason for the 
relative inertness of the amide bond can be suspended as 
proposed here by a hydrogen bridge. In this case a 
hydrogen bridge can be formed between the proton on 
the amide nitrogen and the carbonyl of the free acid. In 
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Table 2. “C NMR chemical shift of DKP at some strategic pH values 

PH CH, CH COOH (DAPRO) CO (Oxalyl) co (Oxalyl) 

0.3 42.4 53.2 173.3 _* 

2.0 42.5 53.1 189.: 160.6 160.1 
7.1 45.4 56.9 178.3 162.5 162.4 

12.17 --- - - - 

*Could not be distinguished from the resonances for a- and /?-ODAP. 
tThe rearrangement/hydrolysis is so fast that no ‘“C NMR spectrum of DKP could 

be run with our facilities. 

=3.71; c&,=3.42; 6,=4.13, JAx=4.62 Hz, JB,=?, JAB= 
- 13.08 Hz. The resonances for H-A and H-X are enlar- 
ged because of their coupling constant with the labile 
protons. Besides this ABX spin system there are two 
further doublets at 6=8.71 and 6=8.74, respectively, of 
labile protons, with J =4.37 Hz and 4.56 Hz, pointing to 

3 JCI-NH) couplings (in DMSO soln). 
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