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Abstract--Z(S),3’(S)-N-(3-Amlno-3-carboxypropyl)azetldlne-2-carboxyllc acid and 2(S)J(S),3”(S)-N-[N-(3- 
amlno-3-carboxypropyl)-3-amlno-3-carboxypropyl]azet~dine-2-carboxyllc acid have been isolated from seeds of 
Fayu~ \rl~c~rrctr L. (bccchnuts) The structures have been established by PMR- and ‘%-NMR-spectroscopy and 
by syntliesis liom L-azetldine-Zcarboxylic acid. fie second- ot^tlie new ammo acldi IS IdeWlcai with nicotlan- 
amme. previously isolated from N~cot~u~ tahacutn but assigned a different formula The rmg openmg reactions 
01 azetldine-dcarboxyik ac1d.m neutral‘ soiutlon liave been studied.and. tlie ctiemlcai and possiliiy blochemlcal 
precursor rol‘e oftlils ammo acid.tbr various ammo acIdi mciuding the two new ones dkscribed.here. mcotianme 
~V(~-ammo-5-cart5oxypropyl)mcotmic acidJand’metlilonme is discussed. 

INTRODUCTION 

IN THE course of a study of the free amino acids in seeds of Fagus siloutica L. two new 
amino acids were obtained.‘s2 The present pap er describes the identification of these two 
amino acids as 2(S),3’(S)-N-(3-amino-3-carboxypropyl)azetidlne-2-carboxylic acid (1) and 

2(S),3’(S),3”(S)-N-[~-(3-amlno-3-carboxypropyl)-3-amino-3-carboxypropyl]azetidine-2- 
carboxyhcacid (2) 2 Is Identical with mcotlanamme which has previously been isolated from 
NUX~UUXU tahuclnm and for which the lsomerlc structure 3 has been proposed.3 Both 1 and 
2 can be produced chemically from azetldine-2-carboxyhc acid (4) by rmg opening. The 
possibility of ring opening of 4 has therefore been studied, and the chemical and possibly 
biochemical precursor role of 4 for various ammo acids including 1, 2, mcotiamne [N-(3- 
amino-3-carboxypropyllnicotinic acid, Q4 and methlonine is discussed. 

METHODS AND RESULTS 

The partial isolation of 1 and 2 has been described in the previous communication.’ 
Final purification was accomplished by preparative paper chromatography and crystalli- 
zation from water to produce chromdtographically and analytically pure samples both 
having the elemental composltlon (C4H7N02) 

* Taken in part from the thesis of I Krlstensen, Copenhagen (1973) ’ 
I KRISTENSEN, I (1973) Free Ammo Acids and ;43lutamyl PeptIdes m Fuyus ~~loat~ca L , Thesis, The Royal 

Vetermary and Agricultural Umverslty, Copenhagen 
’ KRISTENSEN, I, LARSEN, P 0 and SQRENSEN, H (1974) Phytochemstr_~ 13, 2803 
3 NOMA, M, NOGLICHI, M and TAMAKI, E (1971) Tetrahedron Letters, 2017 
4 NOMA, M , SAKUMA, H and TAMAKI, E (1968) Phjrothemwtry 7, 1861 
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The results obtamed by 13C-NMR-spectroscopy for 1.2.4 rn strong base. and %-methyl- 
azetrdine (6) are displayed m Table 1. The two carbouyl groups m 1 appear as only one 
peak. Otherwise the numbers of C-atoms observed arc m agreement with the structures 
proposed Also the chemical shifts and the number of hydrogen atoms on each C-atom 
are m agreement wrth the proposed structures. 
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The results obtained by PMR-spectroscopy for 1 and 2 are displayed m Table :! The 
spectrum of 2 IS identical m all respects with that pubhshed for ntcotlanamme.3 Howe\cr 
the cmtphng patterns cstab~hA by decou&ng expermeuts x r3 CkXtrl:\ ~ii-C~~1?3p~ti_IM~ With 

structure 3 The <rgnals for the r-protons rn the u7ctd1rre pzr t of the rn(Jfcculc\ XIV hrctden 
in the DOH-bands The same IS observed for 4.” ’ The spectrum of I contams two 
CH2-CH,-CH spin systems, that of 2 three The spm cystcms assigned to the rmg part 
of the molecules are snntlar to the knovvtn system of 4 .’ (’ The IR spectrum of 2 I\ tdcnt_tcal 
m all respects wrtit thrt of an authcntrc xamp’re of mcotriinamrn~ ’ 

Both 1 and 2 reacted as x-ammo acids when treated ‘M-tth nmhydrm after masking M tth 
cupric ions.? Paper electrophorectc at vartous pH-values mdtcated that pK, for 1 and pK, 

’ M4CrtL,G E md Sa\rrsx_G B \t%i).,f PILL\ C’iwrn 6% Xi 
’ THO~S W A and WILLMA.\ M K !. 1.972) orq Mq.t &.wuwu<<~ 4, II5 7 

LARSCU P 0 and KIM., A I i.Wll tiur~h RK~/~.L\. 4 ru 38, I.48 
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TABLE 1 ‘3C-NMR-~~~~~~~~~~~~~ DATA FOR ~-(~-AMINO-~-CARBOXYPROPYL)AZETlDlNE-2-CARBOXYLlC ACID (I), 

I~-[~-(~-AMINO-~-CARBOXYPROPYL)-~-AMINO-~-CARBOXYPROPYL]AZETIDINE-~-CARBOXYLIC ACID (2), AZETIDINE-2- 

CARBOXYLIC ACID (4), AND N-METHYLAZETIDINE (6) 

Carbon 
atom 

1 2 4 6* 
Spin- Spin- S with 
spm spm 6 m excess 

6 sphttmg 6 sphttmg D,O NaOH 6 

1 117491 s [1749] s 1749 1835 - 

4 174.9 s 1747 s 
4” 1736 - - - 

2 69 0 d 690 iI 59 9 603 51.9 
3’ 54 5 d 61 6 d - - - 
3” - 548 d - - - 

3 234 t 23 3 t 24.2 26 7 171 
2 27 9 t 29 3 t - - 
2” 270 t - - - 

4 53 6 t 532 t 43 7 43 4 57.9 

1’ 52 7 t 52 7 t - (46 6) 
1” 462 t - - 

The spectra were recorded m DZO at 22 63 MHz on a Bruker HX 90E Instrument usmg the pulse technique 
wltii Fourier transformation Spin-spm spilttmgs mdlcatmg the number of H-atoms on each C-atom were 
obtained for 1 and 2 from partially decoupled spectra. s Smglet, d doublet, t trlplet &Values are m ppm downfield 
from TMS Dloxane was used as internal standard m the measurement of the spectra of 4 [G(TMS) = G(&ox- 
ane) + 67 4 ppm] No Internal standard was used m the measurement of the spectra of 1 and 2, but the &value 
for the COO--group at lowest field was assumed to be at 174 9 ppm For designations of atoms see Formula 
chart For azetldme Itself (Eastman-Kodak) was found S 22 4 and 48 2 (neat hqmd), 21.8 and 47 3 (10% sol. m 
DZO, and 19 3 and 47 7 (IO?< sol of the hydrochloride m D,O) 

* Ref 5, measurement on neat hqmd 

for 2 are about 7. The high value of the macroscopic dissociation constant can partly be 
explained by the proximity of the positive charges [the pK,- and pK,-values for 2,4-dia- 
mmobutyrlc acid are 8.28 and 10.50 (Ref. S)], partly by the alkylation of the azetidine 

nitrogen Cazetidme Itself has a pK, value of 11.29, whereas N-methylazetidine has a pK, 

TABLE 2 PMR-SPECTROFKOPI~ DATA FOR ~-(3-AMINO-3-CARBOXYPROPYL)AZETIDINE-2-CARBOXYLIC ACID (1) AND 

~-[~-(~-AMINO-~-CARBOXYPROPYL)-~-AMINO-~-CARBOXYPROPYL]AZETIDINE-2-CARBOXYLIC ACID (2) 

Hydrogen Signal 
atom (6 ppm) 

1 2 
Effect of Slgnal Effect of 

lrrachatlon (6 ppm) lrrachatlon 

2 
3a + 3b 
4a + 4b 

l’a + l’b 

2’a + 2’b 

3’ 
I”a + 1”b 
2”af2”b 

3” 

41 Changes at 2 4-2 9 47 
2 4-2.9 Changes at 3 7-4 1 24-29 
37-42 37-42 

3 42 (1. J 7 5 Hz) 
3.46 (t. .I 7 5 Hz) Doublet at 2-17 3 42 (WI) 

2 14 Broad smnlet at 3 45, 20--24(m) 
(two trIplets, J 7 and 5 5 Hz) smglet-at 3 9 1 

3.91 TrIplet at 2 14 3 83 
3 29 (t) 

- 20-24(m) 

- 3 90 (t) 

Changes at 2.4-2.9 
Changes at 3.7-4.1 
Triplet at 2 4-2 9 

Changes at 2 O-2.4 

Singlets at 3 29, 3 42, 
3 83 and 3 90 

Changes at 2 O-2 4 
Smglets at 3 29, 3 42, 

3 83 and 3 90 

The spectra were recorded m DzO at 90 MHz on a Bruker HX 90E Instrument usmg the pulse techmque and 
Fourier transformation &Values are m ppm downfield from sodmm 2,2,3,3-tetradeuterlo-3-(trlmethylsllyl)pro- 
pionate For designation of atoms see Formula chart 

’ ALBERT, A (1952) B~o~hrrn J SO, 690 
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value of 10.40 (Ref. 9)] and partly by the statlstical effect due to the presence of two or 
three ammomum groups m the molecules. The pK, value for 4 has never been determined 
with accuracy but paper electrophoresls at various pH-values indicates that it lc about 10. 

The structures 1 and 2 were further corroborated by synthesis from 4 and the configur- 
ation at all centers estabhshed as L (or S) (see belou) 

Structure 3 for mcotlanamme was orlgmally proposed partly on account of the mass spec- 
trum of the trlmethyl ester of this compound.” In Scheme 1 are shown the trlmethyl esters 
correspondmg to structures 2 and 3 with the expected cleavages indicated Mass spectro- 
scoplc dlstmction between the two structures 1s not easy However the strong peaks In the 
spectrum published” at /II/CJ 142 and 204 favour structure 2 The peak at DI#CJ 204 ma! orl- 
gmate from p-cleavage with ;s-hydrogen rearrangement m structure 2 In conclusion the 
combined evidence mcludmg that previously reported for nlcotlanamme-’ IS 111 agreement 
with structure 2, whereas especially the NMR-data and the synthesis from 4 are mcompat- 
able with structure 3 

C02Me 

~NjCH+H~H+i&i&NH2 ,286 

116 128 lL2 156 171 COzMe C02Me 

Obviously 1 and 2 are polymerlzatlon products of 4 4 IS known to be stable m strong 
base’” Just like azetldme Itself and other azetldme derlvatlves. “,” Rmg opening by nuc- 
leophllic attack is therefore not possible when the ring mtrogen atom 1s uncharged but 

only when It IS m the protonatcd, posltlvely charged form glvmg electrophlhc assistance 
to the reaction In hydrochloric acid, 4 1s decomposed to give homoserme (7). 4-ammo-z- 
hydroxybutyrlc acid (8). 2-ammo-4-chlorobutyrlc acid (9). and 4-ammo-2-chlorobutyrlc 
acid (10) ” The acid-catalyzed rmg opemng of azetldlne Itself and of other azetldme derl- 
vatlves IS well-known ’ l I2 The stablllty of 4 at neutral pH-values has not previously been 
studied closely 

When an aqueous solution of4 was heated to 100’ for 24 hr. PC analysts of the reaction 
mixture revealed the presence of 1. 2, and 7 whereas no 4 remained The production of 
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1 and 7 must take place by nucleophihc attack on a molecule of 4 with positively charged 
nitrogen by a molecule of 4 with uncharged nitrogen or H,O or OH- ions. 2 must be 
produced by attack on the rmg m 1 by 4 or less hkely by attack on 4 by the primary amino 
group of 1. Isomers of 1 and 2 could conceivably be formed by 1,Zfission of the rmg. These 
isomers would however contain primary ammo groups not !X to the carboxyl groups. No 
such compounds could be identified by use of a specific paper-chromatographic test for 
non-a-amino acids.’ Apparently for steric reasons the isomers of 1 and 2 are formed m 
very small amounts or not at all. The production of small amounts of 8 was not excluded. 

Since m water the amount of 4 with uncharged nitrogen must be very small heating was 
attempted of a solution of 4 containing half an equivalent of sodium hydroxide. As 
expected this resulted m increased yields of 1 and 2 and decreased yields of 7. This pro- 
cedure was used for a microsynthesis of 1 and 2 Heating of an aq soln of 100 mg of ~-4 
with half an equivalent of NaOH to 100” for 24 hr followed by preparative PC and ion 
exchange purification resulted in the isolation of 1. The identity with the natural product 
was established by determination of optical rotation and Infrared spectrum. Also 2 was 
isolated although m rather small amounts The identity with the natural product was 
established by determination of optical rotation and PMR-spectrum, whereas the infrared 
spectrum of the semicrystalline material was of low quality The synthesis from ~-4 and 
the identity of optical rotations established the configurations at all centers as L (or S) 
During the preparative paper chromatography of the reaction mixture additional com- 
pounds with smaller R, values than 1 and 2 were observed These compounds presumably 
are similar polymerization products containing four or more C,-units. 

The polymerization of hydrolysis of 4 m H,O is not fast; 24 hr at 100” resulted m com- 
plete conversion of 4. ReAux of a solution of 4 m 70% aq. methanol for 24 hr did not result 
in the production of 1, 2, or 7 m detectable amounts. A reference solution of 4 m H,O 
kept in the refrigerator for 5 years was still chromatographically pure. 

Other nucleophiles may be used for rmg openmg of 4. Heatmg m 1 N aq. pyridine 
resulted in the production of a new amino acid identified only by PC but assumed to be 
N-(3-amino-3-carboxypropyl)pyridmium betame (11). Heating with nicotimc acid resulted 
in the production of 5, a compound previously isolated from Nicotiana tabacum and 
named nicotianine 4 The identity was proved by isolation of the reaction product and com- 
parison of optical rotation and IR spectrum with those published for nicotianme.4 Heating 
of 4 m 1 N NH, resulted in the production of 2,4-diammobutyric acid (12) identified by 
paper chromatography. 

Use of amino groups from other ammo acids as nucleophilic reagents was tried. Heating 
of 4 in H,O with either alanme, y-ammobutyric acid, or asparagine resulted however 
mainly in the production of 7. Heating of the same solutions but with the addition of half 
an equivalent of NaOH resulted m Increased yields of 1 and 2. Apparently the ammo 
groups m alanme, y-ammobutyric acid, or asparagme are not competitive with the amino 
group from 4 itself. 

Heating of an aqueous solution of 4 and methyl mercaptan with half an equivalent of 
NaOH resulted in nearly complete conversion mto methionine (13) as revealed by paper 
chromatography. The methyl mercaptide ion IS therefore a better nucleophile for the ring 
opening than 4 itself. 

Heating of an aqueous solution of 4 with eqmmolar amounts of potassium cyanide only 
produced 1, 2, and 7. The cyanide ion is therefore not able to compete with 4 as a nucleo- 
phile. The various reaction possibilities for 4 are outlined in Scheme 2. 
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SCHEME 2 REACTIOV POSSIBILITES FOR A~FTII)IUL-2-(ARHOXYLIC ACID 
The reactton with water to give 7 and 8 and the dlmerlzatlon to glvc 1 always compete with the other 

posslbjhtxs 

Smce 1 and 2 are produced easily from 4 by chemical reactlon the possibility has been 
consldered that they are artefacts produced durmg the Isolation procedure from the beech- 
nuts. This can however be excluded for several reasons The large-scale Isolation which 

gave pure 1 and 2 Involved reflux with 70”,;, methanol for some hours, a number of evapo- 
ratlons under reduced pressure and the use of aq. ammoma or pyrldme on 1011 exchange 
resins.’ 4 1s however stable for 24 hr m refluxmg 70’/,; methanol Furthermore a partlal 
lsolatlon was performed without the use of heat In any steps.’ 2 could already be identified 
on paper chromatograms m the total ammo acid fraction obtamed by elutlon of the first 



Azetldme-2-carboxyhc acid denvatlves 2797 

ion exchange resin with pyndine. Both 1 and 2 could be identified by PC m the fraction 
of neutral ammo acids obtained after passage of the total amino acid fraction through a 

basic resin in the acetate form and subsequent fractlonatlon on an acid resin in the 3-chloro- 
pyridmium form by elutlon with aq. 3-chloropyridine 4 and its mam decomposition 
product in H,O, 7, were not identified in any of the fractions from either the large-scale 
or the small-scale isolation. It seems impossible that transformation of 4 mto 1 and 2 could 
take place under the experimental conditions without leaving any traces of 4 behind and 
without the concomitant production of 7, especially when it is considered that 4 has been 
isolated from plant material several times, sometimes under more vigorous conditions 
than those used m the present study. l3 We are therefore led to believe that 1 and 2 are 

true constituents of F. silvatzca. 

DISCUSSION 

4 has been found m various species of Llhaceae and Agavaceae,” ChenopodiaceaeX3 
and Leguminosae. I4 The occurrence of the two derivatives of 4 m F. sdvatica 1s therefore 
not too surprising. 1 and 2, even though they are true natural constituents, probably derive 
from 4. 

The structure 2 for mcotianamine also shows that this compound from Nlcotiana taba- 

cum IS a derivative of 4; the same 1s therefore rendered likely for 5. So few details are how- 
ever given about the procedures used in the isolation of nicotianamine and 5 that it cannot 

be totally excluded that they are artefacts produced from 4 and from 4 and nicotimc acid 
It would therefore be interesting to know if 4 Itself could be Identified m N. tabacum 

The biosynthesis of 4 has been studied several times. It is natural to assume that a pro- 
perly activated C,-precursor 1s mvolved. S-Adenosylmethiomne has been proposed as a 
possible precursor. I5 l6 More recent mvestlgatlons indicate a pathway via 2,4-dlaminobu- 
tyrlc acid and 4-amino-2-oxobutyric acid.17q1 * The present work, however, emphasizes 

that 4 1s itself an activated C,-compound which can act as precursor for a number of 
ammo acids, provided proper nucleophlhc attack takes place. 1, 2, and 5 are among 
natural ammo acids that can derive from 4, but other possible candidates are homoserine, 
2,4-diaminobutync acid, methionine, and homocysteine. Attack by a nucleophilic C-atom 
can also not be totally excluded No mformatlon is avallable on the transformation of 4 
m plants, even though there are no reasons to believe that it 1s an end product. In exper- 
iments with leaves from Convalluria nmpl~s It was however found that 4 was only slowly 
degraded. ’ ’ 

The reaction type producing 1 and 2 from 4 1s a new principle for the establishment 
of immo bonds. Such bonds are present m various ammo acids but in most cases they 
seem to be formed by reduction of Schlff bases produced from amino acids and keto acids. 
Immo bonds are also present in polyammes hke for example spermldme and spermme. 
These compounds are blosynthetlcally derived from putrescine and S-adenosyl-3-methyl- 
mercaptopropylamine.‘O 
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