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AZETJDINE-ZCARBOXYLIC ACID. FROM LILY OF THE VALLEY 

TO KEY PHARMACEUTICALS. A JXJBILEE REVIEW 

Franpis Couty* and Gwilherm Evano 

Instirut Lavoisier & Versailles, UMR CNRS 8180 
Universitd & Versailles 

45, Avenue &s Etats-Unis, 78035 Versailles Ce&x, FRANCE 

INTRODUCTION 

~-Azetidine-2-carboxylic acid 1, also commonly nmed ~-Aze or L-A-2-C (Fig.]) is a 
non proteinogenic amino acid homologue of proline and it was first isolated fifty years ago 
(1955), by Fowden from the liliaceae Convulkzria MajaZis (lily-of-the-valley); it was the first 
known example of naturally occurring azetidine.' Virtanen and Link0 are credited with indepen- 
dent discovery of the compoundz but they proposed an incorrect formula and later acknowledged 
Fowden's one as correct? Although 1 is quite rarely found in nature, its derivatives have been 
found in different natural products and are of significant importance as active pharmaceutical 
ingredients. 

As a constrained amino acid, ~-Aze  has found many applications in the modification of 
peptides conformations4 as well as in the area of asymmetric synthesis which include its use in 
asymmetric reduction of ketones? Michael additions: cyclopropanations,' Diels-Alder reactionsa 
and a-amination of carbonyl compounds? 

&COOH 
N 
H 

1: L-Azetidine-2-carboxylic acid (LAze) 

Fig. 1 

~-Aze  is white crystalline solid quite stable to strong basic,' reducing'O and oxidizing 
conditions.' It has been reported to decompose (mainly to homoserine lactone) upon treatment 
with 6M HCl at reflux.' Analytical characterizations include X-ray diffraction," which show that 
the azetidine ring is buckled 11" from a plane, 'H NMR spe~tra , '~ . '~  I3C NMR spe~ t ra , ' ~ . ' ~  
melting poir~t,'~-'~ IR spe~tra,'~ optical and pK,  value^.'^ Its natural occurrence and 
biological activity will be briefly overviewed in the first part of this review, followed by a survey 
of ~-Aze as part of natural and synthetic compounds. 

The (S) enantiomer of 1 is commercially available, but only in small quantities. 
Although 1 is readily prepared as a racemate, only few methods allow for its asymmetric 
preparation. After a brief and non-exhaustive overview describing the syntheses of racemic 
1, the following sections of this review will focus on the enantioselective syntheses and 
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COUTY AND EVANO 

reactivity of the (S) enantiomer. The last section will be dedicated to the synthesis of substi- 
tuted derivatives. 

I. NATURAL OCCURRENCE, BIOLOGICAL ACTIVITY AND BIOSYNTHESIS 

As mentioned in the Introduction, 1 was first isolated by Fowden from 70% aqueous 
ethanol extracts of fresh leaves or seeds of Convallaria Majalis (lily-of-the-valley);'J4 at the 
same time, 1 was found as well in the rhizomes of Polygonaturn o f l c ian i l i~?~~'~  and as the prin- 
cipal free amino acid in several plants of the Liliaceae and Agavaceae families including species 
of the genera Rhodea, Bowiea and Dracanea, and has been identified as a constituent of more 
than 20 of 90 species e~amined. '~  Later, 1 was also isolated from Delonh re@,'* sugar beet,I9 
Haliclona sp. and Chalinopsilla sp?O 

Compound 1, which is believed to be an antagonist of proline?' does not participate in 
protein synthesis. As most non-proteinogenic amino acids, 1 serves as poison for predators and 
has a wide range of biological activities. First, it has been reported to inhibit the proliferation of 
E. Coli." Since that time, it has been demonstrated that the incorporation of 1 in place of proline 
changes the folding of proteins23 and alters the structure of ~ol lagen?~ keratin" and hemo- 
globin.% Moreover, 1 was found to have teratogenic effects and to cause various malformations 
in animals (lung, palate, e t ~ ) ? ~ 2 * 2 ~  

Concerning the biosynthesis of this non-proteinogenic amino acid, in 1964 k t e  and 
coworkers established that ~ - A z e  is formed in the plant Convalluria Majalis from methionine 
(2)?O By administration of methionine labeled with '4c at the carboxylic acid group, the authors 
isolated radioactive 1. Decarboxylation and analysis of the evolved carbon dioxide, further estab- 
lished that all the radioactivity of 1 was located on the carboxyl group. Based on these observa- 
tions and other studies with 15N-labelled precursors~' it was considered that 1 may be formed by 
intramolecular displacement of thiomethyladenosine by the a-amino group of S-adenosylmethio- 
nine 3 as illustrated in Scheme 1. Sung and Fowden reported that in the legume Delonix regia, 1 
might be formed from 2,4diaminobutanoic 

-s 
Biosynthesis of L-Azetidine-Z-carboxylic acid in Convallaria MajaZis. 

Scheme 1 

II. NATURAL AND SYNTHETIC COMPOUNDS INCORPORATING 
AZETIDINE-2-CARBOXYLIC ACID 

Since the discovery of 1, a few natural products containing this amino acid have been 
isolated. They include phytosiderophores niwtianamine 4?3 mugineic 5,- 2'deoxymugineic 635 
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AZETIDINE-ZCARBOXYLIC ACID. FROM LILY OF THE VALLEY TO KEY PHARMACEUTICALS 

and isomugineic F acids as well as medicanine 8 (Fig. 2).% Natural products possessing a substi- 
tuted azetidine-2carboxylic acid, such as the antifungal and cytotoxic vioplides A and C!’ the 
antibiotic p01yoxins~~ and substituted azetidine-2,4dicarbxylic acids have also been isolated?9 

4: nicotianamine 7: isomugineic acid 

&..:A: X H & - O H  

5: X = OH, rnugineic acid 
6: X = H, Tdeoxymugineic acid 

8: medicanine 

Fig. 2 

Due to its unique structure, 1 has been recently used in the formulation of many 
compounds with significant and various biological activities. The most recent and well-known 
examples are the thrombin inhibitors meZugutrm@ (9) or exend‘ (lo).@ In 1982, Petri110 and 
coworkers showed that mercaptoacyl compound 11 was an inhibitor of the angiotensin- 

9: R = R’ = H: Melagatran” 
10: R = Et, R’ = OH: Exenta” .... I I  

11: ACE inhibitor 12: selective hypoxic cell cytotoxic 1 3  inhibit the pi85 phosphotymsine 
in human breast cancer cells agent and radiosensitizer 

cod Md) 

o=s=o M.0 

CN 

15: cathepsin K inhibitor 1 4  antagonist of VLA-4 
Fig. 3 

CI 

43 1 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
4
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



COUTY AND EVAN0 

converting enzyme (ACE).'" After this first report, Suto and coworkers at Parke-Davis found 
that compound 12 incorporating the ~-Aze moiety was an efficient selective hypoxic cell cyto- 
toxic agent and radiosensitizeF2 while the geldanamycinh-Aze adduct 13 was found to inhibit 
the pl85 phosphotyrosine in human breast cancer SKBR-3 cellsP3 More recently, researchers 
from Merck reported on the discovery, synthesis, and biological evaluation of 14 as antagonist 
of VLA-4, a key cell surface integrin playing an important role in inflammation by promoting 
leukocyte attachment and extravasation from the vasculature into the peripheral tissuesP4 
Finally, Deaton and coworkers at GlaxoSmithKline demonstrated that cyanamide 15 was an 
especially efficient picomolar cathepsin K (a cysteine protease playing a key role in oste- 
oroposis) inhibitor P5 
III. SYNTHESES OF AZETIDINE-2-CARBOXYLIC ACID 

Due to the simplicity of its structure, there are not many possibilities or bond discon- 
nections that can be used for the synthesis of 1. However, due to its high added value and 
potential, there are many variations for each synthetic mute and every single synthesis, espe- 
cially the asymmetric types, have been extensively patented. For clarity, only new and original 
syntheses will be discussed in this section while not all possible variations will be systemati- 
cally surveyed, unless a new concept was used or a significant improvement to an existing 
method or procedure was reported. 

1. Syntheses of Racemic Azetidme-2-carboxylic Acid4 
To verify the proposed structure of 1, Fowden developed a simple and efficient 

racemic synthesis from y-aminobutyric acid 16. Hell-Volhard-Zelinski bromination of 16 
allows for the preparation of bromide 17 which is cyclized to (*)-l upon treatment with barium 
hydroxide (Scheme 2). 

- dCWH P, Br2 Ba(OW2 

(*)-1 
HBr9 HzN-rco2H H2N-COzH 

17 Br 16 

Racemic Synthesis from y-Aminobutyric Acid 

Scheme 2 

Aiming at improving the overall yield of this procedure, several publications have been 
reported for the synthesis of bromide 17, the direct precursor or 1. Okada and coworkers reported 
the synthesis of (*)-1 from 2-pyrrolidinone 18 via 3-bromo-2-merhoxy-1 -pyrroline 19. Treat- 
ment of 18 with dimethyl sulfate followed by subsequent bromination with NBS yields 19; 
hydrolysis of 19 gave the required a-bromoacid 17 which was cyclized with barium hydroxide 
as in Fowden's procedure (Scheme 3)P7 

Br 
HCl Ba(OH)* GHCOOH 

HCI, H2N, ,yCO2H - 1) Me2S04 Go H 2)NBS 

18 19 17 ur (*)-1 
Racemic Synthesis from 2-Pyrrolidinone 

Scheme 3 
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A Z E T D ~ Z C A R B O X Y L I C  ACID. FROM LILY OF THE VALLEY TO KEY PHARMACEUTICALS 

A final modification of Fowden's synthesis reported by Pichat and coworkers was used 
for the synthesis of 1 labeled with 'T at the C-4 position. Ring opening of p-propiolactone 20 
with labeled potassium cyanide followed by hydrogenation gives labeled y-aminobutyric acid 21 
which is following Fowden's synthesis with an additional protectiondeprotection step provided 
labeled 1 with improved the overall yield (Scheme 4)PS 

1 ) K*CN 1) phthalimide 
HCI, HzN-COzH * . 2) P, Br2 

3) conc. HCI 
qo 2)H~,Pt02,HCl * 

20 21 (54%) 

NaOH 
HCI' HzNyC@H 

49% from 2: 

Racemk Synthesis of Labeled Azetldine-ZcarboxyUc Add from fi-Propiolactone 

Scheme 4 

An improved method was reported by Cromwell and Rodebaugh who synthesized (*)-1 
from y-butyrolactone 22 in 53% overall yield. Benzyl a,ydibromobutyrate 23 was p r e p d  from 
22 by a bromination-transesterification sequence. The reaction of 23 with benzhydrylamine 
allows for the formation of N,O-protected azetidine-2-carboxylic acid which can be hydro- 
genated directly over Pearlman's catalyst to give (*)-1 (Scheme 5)P9 Many variants of this route 
using other esters or amines have been reported later and can be used to synthesize various 
protected derivatives of (d-1 such as PMB-(lt)-Aze-OMe,so P\CH-(*)-Aze-OMeP9 allyl-(*)- 
Aze-OEt5' or p-tolyl-(*)-Aze-OBn.52 

1 ) P, Brz 

2)  BnOH, HCl * BrTCaBn 
I )  Ph$XNH2 

2) Et3N 

(*)-1(76%) 0 Br 3) H2, P&C 
22 23 (70%) 

Raeunic Synthesis from y-Butyrolactoae 

Scheme 5 

Finally, Einhom and Luche reported an efficient original racemic synthesis of N-Boc- 
(*)-1 using an intramolecular alkylation of an acyclic amino acid deri~ative.5~ Reductive amina- 
tion of glyoxylic acid 25 with 2chloroethylamine hydrochloride 24 followed by Boc protection 
gave N-Boc, N-(2chloroethyl)glycine 26. Treatment of 26 with excess LDA generates a dianion 
which leads to the formation of the four-membered ring in 45% yield (Scheme 6). 

* l.5- 
a 

0 1) NaBH3CN LDA (2 eq.) 

Boc 
24 25 2) B w ~ O  * (NAcGH I Y 

c'*NH*Hcl + b 0 2 H  

Boc 
26 N-B=-(*)-1(45%) 

Racemic Syn- by Intrnmoleeulnr Alkylatbn of a Glycine Derivative 

Scheme 6 
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COUTY AND EVAN0 

Not surprisingly, 1 has been the focus of asymmetric syntheses since the 1980s. Many 
synthetic ways have been developed and will be surveyed in the following paragraphs. 

2. Asymmetric Syntheses of ~-Azetidme-2-carboxylic Acid 

Development of an efficient, simple and commercially advantageous process for 
producing optically active 1 by asymmetric synthesis has been a subject of growing interest and 
numerous recently approved patents, all aiming at providing an azetidine-2-carboxylic acid. 
Synthetic routes or processes developed for the synthesis of 1 can be classified according to the 
bonds that are formed in the key step and/or the origin of the stereoselectivity (Scheme 7). Asym- 
metric syntheses of 1 will be described according to this classification. 

resolution \\ 

Asymmetric Syntheses of 1: the Possibilities 

Scheme 7 

a) Resolution of Racemic &etidine-2-carboxylic Acid 

A trivial way to obtain 1 in an enantiomerically pure form is the resolution of the DL- 

form of this acid. After screening various common resolving bases such as brucine, strychnine, 
etc., Rodebaugh and Cromwell reported the use of L-tyrosine hydrazide on the N-carbobenzyloxy 
derivative of (*)-1 (Table 1, Entry Using Vogler's conditions, the D-amino acid salt precipi- 
tates first from methanol and can therefore be isolated in an enantiomerically enriched form. This 
process, however, has the major disadvantage of using L-tyrosine hydrazide, an expensive 
resolving agent impractical for industrial scale. An excellent alternative was found in the direct 
and simple resolution of (*)-1 with D-tartaric acid: in two steps, enantiomerically pure 1 is 
obtained in 36% yield (Table 1, Entry 2)?5 

Another convenient method for producing enantiomerically enriched N-alkyl deriva- 
tives of 1 rely on the use of an enzymatic hydrolysis. Among the enzymatic systems used for this 
resolution, Arthrobacter SC-6-98-28,% Chirazyme ~ - 2 ~ ~  and Novozyme 43S7 have proved to be 
the most efficient ones (Table I, Entries 3-5). If an enantiomerically pure amide derivative is 
needed, enzymatic ammoniolysis with Cadi& Antartica can be used in place of enzymatic 
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AZETIDINE-ZCARBOXnIC ACID. FROM LILY OF THE VALLEY TO KEY F'HARMACEUTICAIS 

hydrolysis (Table I, Entry 6)" In all cases, enantiomeric excesses of products are good or excel- 
lent. The major drawback of these methods is mostly the cost of the required enzyme: "classical" 
asymmetric syntheses making use of chiral induction are therefore excellent alternatives, espe- 
cially for large scale synthesis. 

Table 1. Chemical and Enzymatic Resolution protocols for Azetidine-2-Carboxylic acid 
Entry Substrate Conditions products Reference 

1 

6 

qc- CbZ 

d- 
Bn 

L(- Bn 

ac- Bn 

R 
R = Bn, PMB, ally1 

COOH COOH cf m d c f  54,5a 
1) L-tyrosine hydrazide 
2) recrystallization 
3) 3M HCI, H20 'CbZ 'CbZ 

1 )  D-tartaric acid, 

2) recrystallization 
C~HTCHO, AcOH 

3) KOH, H2O 

Arthrobacter 
SC-6-98-28 

Chirazyme L-2 

Novozyme 435 

fiom from 
mother liquors precipitate 

46% 44% 

d" 55 

36%. ee = 99% 

qCWH Bn 

46%. ee = %.4% 

JCWH 

Bn 
LA, 

4696, ee = 98.4% 

,COOH 

56 

57 

57 

'Bn 
4746, ee = 91.4% 

COOW COOM. 

50 

m d Q  R 

NH3, Candida 
htartica 

R 
ee>99% 80<ee<97% 

b) Asymmernk Syntheses with Chiral Induction 

The first asymmetric syntheses of 1 was reported in 1956 by Fowden starting from L- 

a,ydiaminobutyric acid 26.'J4 Nitrosation of 26 in the presence of hydrochloric acid gave a- 
chloroacid 27 resulting from a double inversion of configuration. Treatment of this hydrochlo- 
ride with barium hydroxide initiated cyclization and allowed for the isolation of the unnatural 
enantiomer, i. e .  (+)-1 (Scheme 8). This synthesis was later revised and all possible combina- 
tions of reagents (various esters and protected amines) were patented in 2003 by the Kaneka 
Corporation .58 
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COUTY AND EVAN0 

AgN02, HCI Ba(OHh COOH 

- Q-: 
(+)-I 

* bN1c'H-Ycop 
NH2 27 

Asymmetric Synthesis from L-a,y-Diaminobutyric Acid 

Scheme 8 

26 

Kondo and Ueyama recently reported a very similar synthesis in which the a- 
chloroacid required for the cyclization was obtained from (S)4phthalimido-2-hydroxybutanoic 
acid, an inexpensive, readily available enantiopure starting material (Scheme 9).59 

PhthN = 

Asymmetric Synthesis from (S)-4-Phthalimido-2-Hydroxybu~oic Acid 

Scheme 9 

0 

A simple variation of these syntheses consists in reversing the location of the leaving 
group and of the nucleophile on the precursor's skeleton by switching from a-halo-y-aminobu- 
tync acid to a-amino-y-halobutyric acid. The first report using this strategy published in 1973 by 
Miyashi and coworkers is summarized below. Treatment of tosyl-L-homoserine lactone 30 with 
hydmbromic acid, followed by recyclization of 31 with sodium hydride gave tosyl-protected 
azetidine-2-carboxylic acid 32. After removal of protecting group by sodium in liquid ammonia, 
the optically active (-)-1 was obtained (Scheme lo).@' 

1) N a ,  
HBr, 6 r y C O z E t  dcooH Na, d c m H  

To NHQ - EtOH N. NH3 liq. 
To NHTS 

3 o o  31 (90%) 32 (95%) (-)-1(73%) 

Asymmetric Synthesis from Tosyl-L-Homoserine Lactone 

Scheme 10 

Similarly, Baldwin and coworkers reported the cyclization of homoserine tosylate 35. L- 
methionine 33 was initially converted into homoserine 34, which by simple functional group 
transformations gave 35, the substrate of the cyclization reaction step. Treatment of this 
compound with diisopropylethylamine did not give the expected ~-azetidine-2-carboxylic acid 
benzyl ester but its N-tosyl derivative 36 (Scheme Zl)!' 

Another variation used a starting material other than L-glutamic acid. A photochemi- 
cally induced radical decarboxylation of Barton's ester of (5')-N-Boc-glutamic acid a-terr- 
butyl ester in the presence of CBICI ,~~ afforded bromide 38 in 91% yield. Protecting group 
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* Ho+YcOOH - 2)BnBr 
1) MeBr / s w -  

I 
33 NHz 

2) KHCO3 3) TsCl 
4) TsOH 

28% from 33 

I 
34 NH2 

his, OTs 
35 

Asymmetric Synthesis from L-Metbionine 

Scheme 11 
manipulation followed by a base-induced cyclization finally gave the methyl ester 39 of ~ - A z e  

(Scheme 12).63 

1) i-BuOCOCI. NMM 

CootBu 1) TFA, EgSiH 

N H b  3 ) ~ w l ~ P  *“y- 2) TMSCI, MeOH* 
CBrC13 38 (91%) 3) Na2C03 39 (82%) 

Hop-fc-u 
37 

Asymmetric Synthesis from ~Glutamic add 

Scheme 12 

Finally, the most recent synthesis of ~-azetidine-2-carboxylic acid, relying on a similar 
strategy reported by Hanessian, is depicted in Scheme 13. This lengthy synthesis based on a zinc- 
mediated asymmetric addition of ally1 bromide to the Oppolzer’s sultam derivative of O-benzy- 
loxime 40 is not particularly convenient for the synthesis of (+l but gives interesting results for 
the synthesis of substituted derivatives (see Scheme 22).@ 

40 41 (85%) 
u -  

1) 0 3  1) Hz, PdC 

- 
2) NdH4 L O M S  MsOH 

3) MsCI, pyr. N 2) NaHCO3, 
* M a 0  

DMAP CIU’ ’OBn i-ROHiHZO 44 (3545%) 
66% 43 reflux 

Asymmetric Synthesk using Oppolzer‘s Sultam 

Scheme 13 

1) HCI 

42 (53%) 

-POOH 

2) Dowex * 

In 1981, Wasserman and coworkers adapted Cromwell’s racemic synthesis49 by 
reacting 2,4-dibromobutyrates with chiral amines in excellent ~ i e lds .6~  Zwanenburg and 
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COUTY AND EVAN0 

coworkers later reported the application of this procedure to (9-a-methylbenzylamine 46 and 
obtained diastereoisomeric esters 47 and 48 which where separated by column chromatography 
(Scheme 14): Once again, all variations of this process have been patented by the Sumimoto 
Chemical Company.66 

2 cQ?m ..+C&b 

K2C03 'r 
Ph Y 

o7 I)P.Brz ph46 cf + G 
CH3CN Ph 

2) MeOH - BrL/ycozb 
Br 0 

22 
45 47 (85%) 48 

Asymmetric Synthesis &om a-Methylbenzylamine and y-Butyrolactone 

Scheme 14 
An entirely different procedure based on the reduction of fl-lactams according to 

Ojima's was reported by the Kaneka Corporation in 2000.68 The required p-lactams 50 
were obtained in three steps from (Q-aspartic acid 49 by esterification, protection of the amine 
and cyclization of its magnesium salt. Reduction of lactams 50 gave chiral azetidinol51 which 
was further transformed to (-)-1 (Scheme Z5)Ps 

COORI 1) SOC12, RlOH 

- doH reduction 

f l  51 

YH2 2) R2R3R&CI 

4COOH 3)fBuMgCl - 
0 SiRzR3h 

HOOC 

49 
50 

1) protection 
2) oxidation 

3) deprotection * dcooH 
(-1-1 

Asymmetric Synthesis from (S)-Aspartic Acid via P-Lactams 

Scheme 15 

Except for Zwanenburg's synthesis, these syntheses do not allow for the preparation of 
both enantiomers of azetidine-2-carboxylic acid. Moreover, none of them are ideal for large- 
scale preparation in terms of cost, safety issues, or number of steps involved. For specific 
research interests, a cost-effective, safe synthesis of both enantiomers of azetidine-2carboxylic 
acid that is amenable to large-scale preparation was requir&:O such a synthesis was designed for 
this cyclic amino acid. 

A very short method to form the four-membered ring could make use of an intramolec- 
ular 4-e~o-ter-alkylation~~ starting from compound 54 (Scheme 16) possessing both leaving and 
electron-withdrawing groups required for the cyclization. Therefore chloride 54 was synthesized 
in a three steps sequence starting from commercially available a-methylbenzylamine 46 as the 
source of chirality. Chloride 54 was next subjected to the key cyclization step (tBuOK, THF, rt) 
to form the four membered ring and gave a crude 6:4 mixture of diastereoisomers 55 and 56 
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AZETJDINE-ZCARBOXYLIC ACID. FROM LILY OF THE VALLEY TO KEY PHARMACEUTICALS 

which were easily separated by flash column chromatography. Further functional group transfor- 
mations (nitrile hydrolysis to carboxylic acid followed by debenzylation) from either 55 or 56 
provided access to both enantiomers of the desired cyclic amino acid 1 (Scheme 16). 

OH CI 

BrCHzCN, KzCO3 SOCIz, CH2C12 - ( N A c N  (NnCN reflux A Ph 
54 (93%) 

A CH3CNN;lux 
Ph Ph 

Ph : M Z Z k -  
46 

52 (78%) 53 

f t-BuOK 
+OH , DMSO then BrCHzCN, Et3N Br 

61% 

dC02” 

(-)-I 
(24% overall yield) 

..&N 

QH 

(+)-I 
(22% overall yield) 

* 
Hz, Pd/C, MeOH 

Y 92% (2 steps) 
I 

Ph 
57 

p0.H 
Hz,Pd/C,MeOH @ 

* NHMCI r 90% (2 steps) 
Ph 
58 

* 35% HCI dCN 
Y 50°C 

Ph 
55 (44%) 

,CN 
+ 

* 35% HCI cl;‘ 
Y 50°C 

Ph 
56 (40%) 

Asymmetric synthesis from a-Methylbemylamine using n 4-exo-kt-Alkylation 

Scheme 16 

Finally, Sugai and coworkersn reported a related approach to ~-azetidine-2carboxylic 
acid from aminodiester 59 prepared in two steps from a-methylbenzylamine 46 and ethyl 
br~rnomalonate?~ The key step, azetidine ring formation by double alkylation with 1,2dibm- 
moethane, was successful and Krapcho decarboxylation using BHT as proton source gave 
monoester 47 in 57% yield with 26% diastereoisomeric excess. After ester hydrolysis with 
Chirazhe L-2 and debenzylation, ~-Aze  (-)-1 was obtained (Scheme 17). 

C o Z ~  Br-“ $& 1) Eto2cyC02E1 

r 
Ph A Ph 

* dC” 

M c * N H  C M O S  

Br, DBU 

Ph ‘ 2)MeOH,DBU * 
46 

60 (99%) 59 (70%) 

LiC1,BHT 6’- 1) Chirazirne L-2 

2) H2, Pd/C 
(-)-1(75%) 

Asymmetric Synthesis from a-Metbylbenzylamine using a Double Alkylation 

Scheme 17 

r 57%. de = 26% 
Ph 

47 
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COUTY AND EVAN0 

All syntheses of 1 described in the preceding paragraphs have contributed to the study 
and development of its reactivity which interestingly combines the effects of the amino acid 
group and of the strained heterocycle. This reactivity will be briefly surveyed in the next section. 

IV. REACTIVITY OF AZETIDINE-2-CARBOXYLIC ACID 
1. L-A% in Peptide Chemistry 

~-Aze  is a non-proteinogenic amino acid which has been used for the preparation of 
modified peptides. Its behavior in peptide chemistry, recently summarized in the excellent 
Houben-Weyl seriesJ4 appears to be close to that of pmline. However, some differences mainly 
due to the ring strain, should be mentioned. First, the formation of NCA (N-carboxyanhydride) is 
strongly disfavored due to the steric requirement for the closure of the fused NCA ring. Simi- 
larly, the formation of piperazin-25-dione resulting from the self-condensation of two amino 
acids is also disfavored because the central ring piperazin-2,5-dione is forced to adopt a boat 
conformation that induces a non-planar conformation of the amide bonds?5 Therefore, poly-(~- 
Aze) can be conveniently prepared by simple polycondensation of its pentachlomphenyl ester. 
Conventional depmtection by hydrogenolysis can be achieved, although it was reported that N- 
benzyl depmtection of the free carboxylic acid using Pearlman's catalyst was sluggish. However, 
the N-benzhydryl-0-benzyl ester can be selectively deprotected.'6 

As previously stated, an important characteristic of this amino acid, resulting from its 
ring strain, is its instability towards strong acids. Under the conditions typically required for 
complete peptide hydrolysis (6N HCl, 1 10°C, 24 h or more), ~-Aze  decomposes completely, 
giving mainly homoserine, resulting from ring opening by water, and other ninhydrin-positive 
products, formed by the ring opening by chloride ion. This instability, initially reported by 
Fowden,', should not be however considered as a general rule since it has been shown (see 
Schemes 16, 276 and 32), that azetidinic amino acids resulting from the corresponding amino 
nitriles survived the harsh acidic conditions required for nitrile hydrolysis. 

2. Reactivity of the Carboxylic Acid Moiety 

Cromwell reported77 that the carboxylic acid moiety in N-alkyl derivatives 61 could 
serve as excellent precursors of ketones under Tegner's conditions (reaction with organolithium 
reagents), yielding 2-acylazetidines 62 in good yields. Complete reduction of the carboxylic 
acid group with LiAIH, to ~-azetidine-2-methanol 63, has been reported in unstated yield 
(Scheme 18)?8 

R'LI (2 equ.), 
Et20,5- 12h 

N 
I n R' 

6 c w  
Yield greater T 

Fi  
.. 

61 R = 1-Bu, C,$Ill, 
C3H7, C7Hi7 

than !"% 
62 R = Me, Bu, Ph 

I 

63 

Partial or Total Reduction of the Carboxylic Acid Group 

Scheme 18 
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AZETIDINEZCARBOXYLIC ACID. FROM LJLY OF THE VALLEY TO KEY PHARMACEUTICALS 

Apart from these "classical" functional group interconversions, Wassermanm studied in 
details the generation of strained iminium ions 65 from the reaction of N-alkyl derivatives 64 
with chlorinating agents. Oxidation of these iminium ions with a peracid in the presence of pyri- 
dine ultimately afforded the corresponding f3-lactams 66 (Scheme 19). This efficient method- 
ology was subsquently used in a synthesis of (+)-3-aminonocardicinic acid, the core structure of 
the nocardicin antibiotic.s0 The efficiency of the decarboxylation process was however shown to 
be dependent of the substitution pattern of the azetidine ring.8l 

CICOCOCI 0 ArCO3H.Pyridine 4 0  

I 70% (R = Bn) R 
* N +,Cr - N  

I 
R 

& c w  N 
I 
R 

64 R = 1-Bu, C&I, I ,  65 66 
Bn, PhCH2CH2 

Oxidative Decarboxylation of Azetidiae2-carboxylic Acid Derivatives to p-Lact9ms 

Scheme 19 

3. Oxidation to PLactams 

Due to the importance of the f3-lactam ring, other oxidation protocols of ~-Aze deriva- 
tives to azetidin-4-one-2-carboxylic acid esters have been studied. During a general study 
directed at the oxidation of cyclic amino acids derivatives by catalytic amounts of RuO, and 
NaIO, as co-oxidant, Tanaka and co-workers showed that high efficiency could be reached when 
N-Boc derivatives were Thus, oxidation of 67 occurred in good yield and selectivity 
(only C4 position oxidized), giving N-Boc protected lactarn 68 which could be further depro- 
tected to 69 through cleavage with "FA (Scheme 20). 

Ru04, aqueous metaperiodate, 
&cow N AcOEt'H20.72h o=&c&* TFA O=&c&b 

N 
I 
H 

___c 

85% 
N 

I 73% I 
Boc Boc 

67 68 69 

oxidation to Functionalized p-Lactams 

Scheme 20 

V. SYNTHESIS OF AZETIDINE-2-CARBOXnIC ACID DERIVATIVES 

This section will report on the synthesis of some derivatives of ~-azetidine-2carboxylic 
acid. Preparation of the natural derivatives such as mugineic acids 5-7 and nicotianamine 4, 
whose total syntheses have been extensively studied will not be covered here; it will focus on 
simple derivatives that can be envisioned as conformationally restricted analogues of natural 
amino acids. Syntheses in this section will be classified according to the substitution pattern of 
the derivatives obtained, starting with alkyl-substituted derivatives. 
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C O W  AND EVAN0 

1. Alkyl-substituted Derivatives 
a) 4-Alkyl-substituted Derivatives 

Early reports in this area were disclosed by Cromwell who reported the reaction of a,y- 

dibromovaleryl esters 70 with various primary amines.@ This reaction afforded fair yields (41- 
57%) of racemic azetidines with virtually no selectivity since nearly equimolar mixtures of cis 71 
and t rans 72 isomers were obtained. Partial epimerization occurred during saponification of ester 
groups which led to mixtures of carboxylic acids in which the tram isomer was the major one 
(translcis: 9/1). Treatment of this mixture with thionyl chloride followed by reaction with 
methanol then afforded pure trans-isomer of 1 -alkyl-2-carbomethoxy-4-methylazetidines 75 
Scheme 21a. Formation of the cis derivative as a single isomer was attributed by the authors to 
its higher thermodynamic stability. To the best of our knowledge, no asymmetric synthesis of 
related Calkyl-substituted derivatives have been reported so far. 

u . ~ c ~ R '  R2NH2 flR2 C&R' +p~cozR' 
Vderolactone -- 

'R2 
Br Br 41-578 

71 72 70 
R1 = Me, Bn 

R2 = C4H9, C3H7. Cd41  I ,  Bn , 

Synthesis of 4-Methyl Derivatives 

Scheme 21a 

b) 3-Alkyl- and Aryl-substituted Derivatives 

The synthesis of 3-alkyl- and aryl-substituted derivatives of azetidine-2-carboxylic acid 
is well documented. The first report of such compounds appeared a decade ago in the work of 
Shue and co-w0rkers,8~ who described the preparation of racemic amino acids 80 and 81 that can 
be viewed as conformationally restricted analogues of phenylalanine. The synthesis of these 
amino acids involves an original and unprecedented intramolecular alkylation as a key step for 
building the four-membered ring. The starting material of this synthesis was obtained by two 
consecutive alkylation reactions of benzylamine, first with t-butyl bromoacetate, then with 
bromoacetophenone, which gave aminoketone 76. Reduction of the ketone followed by chlorina- 
tion gave chloride 77 that was treated with L W S :  after generation of the enolate, intramolec- 
ular alkylation occurred and gave tram-isomer 78 and cis-isomer 79 which were separated by 

442 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
4
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



AZETIDINEXARBOXYLIC ACID.FR0M LILY OF THE VALLEY TO KEY PHARMACEUTICALS 

flash chromatography. Relative configurations of these esters were attributed on the basis of 
NOE experiments. Removal of protecting groups by hydrogenolysis with Pearlman’s catalyst 
and hot formic acid hydrolysis finally provided amino acid hydrochlorides 80 and 81 in good 
overall yields (Scheme 2Jb). 

In 1999, Hanessian and co-workers described for the first time the diastereo- and enan- 
tioselective synthesis of 3-substituted derivatives of azetidine-2-carboxylic This 
synthesis, which was first applied to the preparation of 1 itself (Scheme 13), relies on the 

1) BrCHzCOztBu, K2CO3, KI. DMF 
2) PhCOCHZBr, Hunig’s base, acetone 

BnNHa 

“‘Y Ph 

91% 

LiHMDS, -78°C - 
‘N-COztBu I 69% 

Bn 
77 

O Y P h  I )  NaBH4-CeC13 

Synthesis of 4-Phenyl-substikuted Derivatives 

Scheme 21b 

stereoselective allylation of Oppolzer’s sultam 40 derived from glyoxylic acid 0-benzyl oxime. 
Treatment of this sultam with Zn dust and allylic bromides 82 or 83 led to adduct 84 or 85 in 
high yields with total syn diastereoselectivity . Simple functional group transformations (six 
steps) eventually afforded functionalized mesylates that were cyclized and further hydrolyzed to 
give 23-cis-azetidinic amino acids 86 and 87 whose stemhemistries were proven by X-ray 
crystallography. However, when the same protocol was applied to a starting alkene bearing an 
i-Pr group, both syn and anti adducts were obtained in equimolar ratio. From the mixture of 
adducts, only the anti diasteroisomer could be cyclized to 2,3-trarrs-azetidine amino acid 88. 
Interestingly, the epimerization of the N-Cbz derivative 89 was also reported, and gave trans- 

isomer 90 in 54% isolated yield, together with 25-3096 of recovered 89 (Scheme 22). 

443 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
4
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



COUTY AND EVAN0 

Very recently, Enders applied his well-known SAMP/RAMP hydrazone methodology 
for the synthesis of alkyl-substituted 2,3-trans derivatives?’ In this event, hydrazone 91 was 
stereoselectively alkylated with 2-(trimethylsilyl)ethoxymethyl chloride (SEMCl), yielding 92 

with high diastereoselectivity. Stereoselective addition of phenyllithium to the hydrazone 
moiety gave hydrazines 93 that were subjected to reductive cleavage, the released primary 
amines being further protected as their tosylsulfamides 94. Cyclization to azetidines was 
performed via a two-step sequence involving cleavage of the TMS-ethyl protecting group with 
LiBF, followed by a Mitsunobu reaction. By use of this sequence, azetidines 95 were obtained 
in high overall yields and could serve as precursors to the corresponding azetidinic amino acids 

8 2 R = P h  
83 R = I-Naphtyl “OBn 

40 84 R = Ph: 93% (98% de) 
85 R = 1 -Naphtyl85% (98% de) 

MeOH, ;flux 

-3) Chromatography 

2) 3N HCI LOMs 
bBUo i 

(DOWEX 50 H’) );IH~.MSOH 

Fl (+25-30%of89)  

1 )  LMMDS, -78°C 
2) H20 ,  -78 to O T  

&COOt-Bu N I 54% 

89 cb2 90 CbZ 

Hanessian’s Asymmetric Synthesis of 3-substituted Derivatives 

Scheme 22 

by oxidation of the 2-phenyl to the carboxylic acid group followed by N-deprotection with 
sodium naphtalenide. Azetidinic amino acids with various substituents at C-3 could be prepared 
using this sequence (Scheme 23). 
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9 

N 2) Na, Naphtalene, -78T 
- 1) RuC13 cat., H5IO6 

I 
Ta 

PhLi, CeC13, = N  - 
-105°C 

LDA,-1000C, 
SEMCl - w-= 
66-778 L , - W S  

0, 
H z  - 

R R 
92 

--- H 4  

91: R = Me, Et, i-FY, n-Bu. 

I 9 
&COzH 

N 
I 
H 

1 )  LiBF4 
1) BHyTHF TI, 2) DIAD, 
2) TsCl, KzC03 pph3 

58-6496overall Ph 86-945 
overall 

- 
- 
R 9 4  

93 J 

- 95 
% R = Me, Et. i-R. n-Bu. 

Ended Asymmetric Synthesis of Isubstituted Derivatives 

Scheme 23 

If Enders methodology allowed for the synthesis of trans 3-substituted derivatives of 
azetidine-2-carboxylic acid, their cis isomers can be conveniently obtained using a recently 
reported method,88 based on an intramolecular Cexo-let alkylation strategy for the synthesis of 
azetidines from fJ-amino alc0hols.8~ The sequence starts with enantiomerically pure fJ-amino 
alcohols 97-100, easily prepared in two steps from commercially available substrates. Chlorina- 
tion of these amino alcohols with thionyl chloride gives a mixture of regioisomeric chlorides 
resulting from the non-selective opening of a transient aziridinium ion by its chloride coun- 
teranion. Fortunately, it was found that this mixture could be equilibrated to the more substituted 
isomers 101-104 by simple heating at 60°C in DMF, in high overall yield and with no loss of the 
optical purity. Intramolecular alkylation of these chlorides was next effected by treatment with 
LiHMDS in THF, in the presence of HMPA (Scheme 24). This intramolecular alkylation was 
found to be highly diastereoselective and produced only the 23-cis isomers 105-108. The effi- 
ciency of this reaction was found to be highly dependent on the steric crowding around the elec- 
tmphilic center since the cyclization did not proceed with an isopropyl group. The orthogonally 
protected amino acids produced in this process were shown to be suitable for peptide synthesis. 
From a mechanistic point of view, it should be noted that the origin of this high 23diastemse- 
lectivity is still a matter of debate and that related compounds bearing a nirrile moiety in place of 
the t-butyl ester cyclized with no stereoselectivity. 
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COUTY AND EVAN0 

Bn Bn 

101 97 

1) SOC12/ DCM 

- Bn 
2) DMF, 65°C Bn 

98 
76-889 

5 A 
0. nIiCQ$-Bu 0 . ~ ~ 1 C 0 2 t - B ~  

N N 
I I 
Bn Bn 
105: 80% 106: 73% 

&cl-aA N N ' 11 I C02t-Bu 

I I 
Bn Bn 
107: 85% 108: 50% 

LiHMDS, THFMMPA 
-78 to 0°C 

Couty's Asymmetric Synthesis of 3-Substituted Derivatives 

Scheme 24 

3,3-Dialkyl-substituted azetidinic amino acids have also been reported. The first example was 
disclosed by Goodman et ~ 1 . ~  who reported the synthesis of azetidinic amino acid 113, protected 
as N-PhFI (9-phenylfluorenyl) from aspartic acid: alkylation of 109 with methyl iodide yielded 
110, whose DIBALAH mediated reduction gave 112, together with some amounts of lactone 111. 
Mesylation of 112 followed by heating eventually provided fair yield of 113 (Scheme 25). 
Bicyclic amino acid 117 was synthesized by Bryans and coworkers9' and tested as a conforma- 
tionally restricted analogue of the anticonvulsant drug gabupentin (118). The synthesis of 117 in 
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AZETIDJNE-2-CARBOXYLIC ACID. FROM LILY OF THE VALLEY TO KEY PHARMACEUTICAIS 

its racemic form required eight linear steps from cyclohexanecarbonitrile 114, the key step for 
the ring closure being a conventional intramolecular N-alkylation (115 + 116, Scheme 25). 

KHMDS, Me1 P h M f i i % z  DIB AL-H - 
74% 89% 

C%W 

+PhMH$bb MsCl, Et3N then heat 

110 

+ PhFl-NH 

109 

60% 
PhFl 

OH 111 (1 :2.7) 112 

OBn NaH, 

114 59% 

115 116 

Synthesis of 3 J - D i ~ y l - s u ~ t u t e d  Derivatives 
Scheme 25 

118 
Gabapentin 

(+/-) 117 

c) 2-Alkyl-substituted Derivatives 

The well-known methodology developed by Seebach for the asymmetric synthesis of 
amino acids was successfully applied to the preparation of a-substituted derivatives of azeti- 
dine-2-carboxylic acid.w To this end, sequential alkylation of Boc derivative 119 with ethyl 
iodide and 1 -bromo-2-chloroethane stereoselectively gave 120. N-Boc deprotection initiated 
intramolecular alkylation and furnished bicyclic imidazolidinone 121 whose acidic hydrolysis 
finally gave enantiopure azetidinic amino acid 122. More recently, access to this 2-alkyl substi- 
tuted derivatives based on a chemoselective reduction of p-lactams 123 was reported by 
Cativiela et ~ 1 . 9 ~ .  a transformation that is best achieved using diphenylsilane in the presence of a 
rhodium catalyst. These conditions were found to be compatible with the presence of the ester 
group and allowed various substituents to be introduced at the 2-position of the heterocycle. 
However, access to enantiopure amino acids fust required the resolution of the starting lactam, 
which was performed on a single example by HPLC for the synthesis of optically pure amino 
acids 126 and ent-126, compounds that can be envisioned as conformationally constrained 
derivatives of phenylalanine (Scheme 26). 
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COUTY AND EVAN0 

79% '121 
120 

5595% I 
* ($;OzRz 

Ph2SiH2. 

" 125 
rb RhH( CO)( PPh& 

5 1-94% 
rb 

123 124 R3 = PMB 
Asymmetric Syntheses of 2-Substituted Derivatives 

Scheme 26 

enr-126 

The same amino acid was obtained through asymmetric cyclization involving memory 
of chirality, as depicted in Scheme 27a." Treatment of N-Boc protected amino ester 127 with 
KHMDS gave azetidine 128 directly in 61% yield and with 95% ee. Although the absolute 
configuration of this compound was not ascertained, this straightforward synthesis is particu- 
larly elegant and implies the formation of enantiomerically enriched transient enolate with a 
chiral C-N axis. 

CozM KHMDS, DMF, -60°C 

61% 
128 (ee = 95%) 

127 
Asymmetric Syntheses of 2-substituted Derivatives using Memory of Chirality 

Scheme 27a 

d)  Polysubstituted Derivatives 

The synthesis of polysubstituted azetidinic amino acids is not a well documented topic. 
In 2003, it was reported" that intramocular akylation of the ephedrine-derived N-cyanomethyl 

chloride 129 produces azetidinic amino nitrile 130. The diastereoselectivity of this cyclization 

was proven to arise from a thermodynamic control operating during the anionic ring-closure. 
Hydrolysis of the amino nitrile required quite harsh conditions but allowed the isolation of azeti- 
dinic amino acid 131 in good yield, without epimerization or ring cleavage. This amino acid 
could be utilized in peptide synthesis, as exemplified in Scheme 27b. 
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AZETIDINEZCARBOXYLIC ACID. FROM LILY OF THE VALLEY TO KEY PHARMACEUTICALS 

Ph 35% HCl, 
LiHMDS 

84% 
Bn 72h  

129 (8:92) 130 

1)  TMSCVMeOH 

2) H2, Pd/C then HOBt, 

HOBt, EDC, 

EDC, HCl, Et3N, (L)-Ala-OMe, 

Bn (L)-N-Boc-Ala, CH~CII 

133 32% overall 58% overall 132 

Asymmetric Synthesis of Polysubstituted Derivatives 

Scheme 27b 

The reaction of dimethylsulfonium methylide 135 with phenyl-substituted N-tosyl 
aziridines provides a general strategy for the synthesis of polysubstituted azetidine-2-carboxylic 
acid derivatives. Following the pioneering work of Vaultier and CarriC,% Nadir9’ quite recently 
reported the preparation of a series of N-tosyl azetidines 137-138. This reaction which first 
involves a nucleophilic opening of the aziridine by the ylide followed by 4-exo-tef ring closure, 
was found to be highly regioselective (exclusive attack of the ylide at a benzylic position in 
136) and stereoselective, as illustrated with the selected examples shown in Scheme 28u. 

Finally, azetidinic amino acid SF-1836 140 (Fig. 4), a cyclopropyl fused azetidine 
derivative, was isolated from the culture filtrate of Srreptomyces zaomyceticus, and its peculiar 
structure was determined by an X-ray radiocrystallography.m 

‘SfiC@U 

c 

43% 

Regioselective opening 

bph 

137 

hph 

138 

\ A  S’ C@Et 
I S02Ph 

U 
1 

21% Ph Am 
139 

Synthesis of Polpbstituted Derivatives through Ring Expansion of Aziridines 

Scheme 28a 

Flg. 4 
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COUTY AND EVAN0 

2. Other Functionalized Derivatives 
a) Additional Moiety: Carboxyfic Acid 

The synthesis of derivatives of azetidine-2-carboxylic acid bearing an extra carboxylic 
group is welldocumented. Early work in this field was conducted by Baldwinw and followed by 
KozykowskiIoo who reported the preparation of both cis-2,4-azetidinedicarboxylic acid 147 and 
truns-2,4 azetidinedicarboxylic acid 148, using an adaptation of the procedure initially devel- 
oped by Cromwell (vide supra). The synthesis depicted in Scheme 28b starts from glutaric anhy- 
dride 141 which is first brominated and transesterified to give dibenzyl ester 143. Reaction of the 

1) Br2, cat. P Br Br 

uC&Bn Bn&C 
BnOH, AF'TS cat. 

89% 143 

2) HCOOH 

0 

BnNH2, DMF, 80°C --I 142 
0 0 0  3)AcCl * 

141 48% 

BnO&&COzBn + B n O 2 C ~ - ~ C O Z B n  
N 
I 
Bn Bn 

145 (28%) 144(31%) 

8 1 % H2. Pd(0H)z 

N 
I 

79% H2. Pd(OW2 1 1 

Synthesis of 24-Azetidinedicarboxylic Acid 

Scheme 28b 

latter with benzylamine affords a mixture of cis-145 and trans-144 that could be separated by 
flash chromatography. Finally, subsequent concurrent hydrogenolysis of both amine and ester 
groups gives the free amino acid in one step. Biological studies of these amino acids towards 
NMDA receptors revealed that 147 is a selective ligand for NMDA subtypes excitatory amino 
acid receptors, but not for kainate or quisqualate receptors. Subsequently, the tram-isomer of this 
diacid was resolved through its (-)-8-phenylmenthyl diesters,I0' and it was demonstrated that the 
(-)-(S,S) enantiomer was an activator of the metabotropic receptors. 

The synthesis of racemic azetidine 2,3-dicarboxylic acid 150 through the oxidative 
cleavage of the double bond of 148 (Scheme 29) has been described recently.Io2 To our knowl- 
edge, no biological evaluation of this compound has been reported so far. 

Derivatives in which the additional carboxylic acid is not directly linked to the azetidine 
ring have also been reported. Kozikowski's pioneering work in this area described the synthesis of 
azetidinic amino diacids 155 and l58.Io3 In this sequence, p-lactam 151, prepared in several steps 
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1 )  RuO2 cat. 
5- AcOH, 

Aqueous HCI 

85% 

Aqueous NaI04 
0°C 

2) CH2N2 
L - ySolCII..() 

N 
I 
Boc 

148 (*)-149 
Synthesis of 2J-Azetidine Dicarboxylk Acid 

Scheme 29 

from (D)-aspartic acid, was N-silylated and the benzyl ester was cleaved by hydrogenolysis. An 
efficient and highly stemselective alkylation with allyl bromide was next conducted, to give, 
after Ndesilylation, the azetidin-2-one 153. Simultaneous reduction of ester and amide groups 
with DEAL-H followed by N-protection and Jones oxidation eventually furnished azetidine 
154. A three step sequence gave the fully deprotected diacid ( i )  oxidative cleavage of the alkene 
with ozone, (ii) oxidation of the intermediate aldehyde and (iii) depmtection by hydrogenolysis. 
Alternatively, hydroboration of 156 followed by oxidation gave dioll57 that was converted into 
homologous diacid 158 through conventional chemistry (Scheme 30). It should be 

1) TBSCl, Et3N, 
DMAP A .~IIC&H ::?ieOH ’ 0  

2) H2, PdC 

61 % P 3) LDA, 
D-Aspartic acid __ O=O”llc%Bn 

N 
H allyl bromide 

TBS 141 --- 
74% overall 152 

li 
153 

..111 P ‘OH 

CBZ 
156 

I )  03. then Me2S 
2) 0 2 m 2  

* ~ C @ l i  3) H2. Pd/C 
- 

0 x Y 31% - x  I 49% 

1) DIBAL-HRHF 
2) CBZCI, Et3N 

.*‘lCO* 3) J O ~ S  oxidation 
N 

CBZ 
154 

1) Jones oxidation 
c 

.d 2) Hz. PdC - x -  65% 

9-BBN. then H2@ 

75% 

P 
CBZ 

157 
Kozikowski’s Synulesrs of 3-SubstitUted Derivatives 

Scheme 30 
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COUTY AND EVAN0 

noted that the enantiomers of 155 and 158 were also prepared following the same route, starting 
from (L)-aspartic acid. 

These amino acids are conformationally constrained analogues of glutamic acid and 
were prepared in order to study their binding with neuroexcitatory amino acids receptors. Em- 
155 was found to be a potent kainic acid receptor agonist, as well as a potent inhibitor of Na+- 
dependent glutamic acid uptake. 

The lengthy procedure described above (1 1 linear steps and 8% overall yield from 151) 
to prepare (-)-155 was recently improved by Lubell,lW who described the preparation of 
azetidines trans-164 (and cis from 162), starting from orthogonally protected aspartic acid 159. 
The key step is based on an alkylation with allyl iodide, affording 160 in a non-stereoselective 
manner. DIBAL-H reduction of the diasteroisomeric mixture afforded syn-161 and anti-162 that 
could be separated at this stage by flash chromatography. After activation of the alcohol as a 
tosylate, ring closure eventually afforded in each case the corresponding azetidine (trans-164 
only shown) whose relative configurations were determined on the basis of NOESY spectra. 
Functionalization of the allyl side-chain in 164 by hydroboration was followed by protective 
group exchange to give N-Fmoc derivative 165. Oxidation of the primary alcohol finally 
afforded 166 in nine linear steps and 19% overall yield from 159, in spite of the low stereoselec- 
tivity of the allylation step (Scheme 31). 

Ally1 iodide 
NaHMDS, 1) DIBAL-H 

w z 

THF, -78% 2) Separation 
NHPhFl 

160 (dr = 3:2) 
96% 159 

PhFl 
163 (47%) 

NHPhFl 
161 (61%) 162 (30%) 

C S ~ C O ~ ,  CH3CN 

61% 

1 )  BH3*Me*S 
then H202. NaOH 

DMAP 
NaC102, NaOCl 

TEMPO 

W% 

2) TBSCI, Et3N. r: 
* * OH &C@t-Bu 

N 
I 

164 3 ) P d c . H ~  
4) FmocOSu, NaHC03 FmoC 

6 1 8 overall 165 

Lubell’s Synthesis of 3-Substituted Derivatives 

Scheme 31 
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AZETIDINEZCARBOXYLIC ACID. FROM LILY OF THE VALLEY TO KEY PHARMACEUTTCALS 

A new route to azetidine dicarboxylic derivatives bearing an additional alkyl 
substituent at C-4 was recently proposed.Io5 This methodology affords in a straightforward 
manner the four-membered ring through an intramolecular Michael addition of amino nitrile 
anion on unsaturated esters 169. The required substrates are prepared in a three step sequence 
from commercially available enantiomerically pure p-amino alcohols. The cyclization step 
gives a mixture of 2 3 4 s  and 23-trans isomers, resulting from thermodynamic control, and 
these compounds could be conveniently separated by flash chromatography. Transformation of 
these azetidines into free amino acids only required two steps: (i) acidic hydrolysis of the ethyl 
ester and nitrile groups and (ii) hydrogenolysis of the N-benzyl protecting group. Using this 
reaction sequence, a set of ten new amino acids of general structure 172 or 173 was prepared 
and these compounds were evaluated as new ligands for the glutamate receptors and trans- 
p o r t e r ~ ; ’ ~  amino diacids 172 (R = Me and R = n-R) were found to be selective inhibitors of the 
glutamate transporter EAAT-2 (Scheme 32). 

nu 

Synthesis of 34 Substituted Derivatives through Intramolecular Michael Addition 

Scheme 32 

b) Additional Moiety: Hydroqd Group (or derivatives) or Halogen 

compounds bearing a hydroxyl-substituted sidechain, have been prepared. Seebach’07 reported 
the synthesis of 175 via the generation of a highly strained enolate from bicyclic acetal174 and 
its trapping with aromatic aldehydes. The low yields of these reactions can be attributed to the 
exwme sensitivity of the strained acetall74 that was obtained in d ias tem and enantiomerically 
pure form only through the “silyl” methodology depicted in Schme 33 (previous attempts to 
prepare this compound led to total racemization).lo* 

The preparation of 3-hydroxylated derivatives of azetidinic amino acids has also been 
described, since it is a constituent of 3-epi-hydroxymugineic acid, a natural phytosiderophore acting 
as an iron transporter in plants. Early work in this area was reported by Hamada and coworkerS,109 
and starts with enantiopm epoxy alcohol 176, easily available through a Shaxpless’s epoxidation 
of cinnamyl alcohol. Regioselective opening of the latter with azide anion was followed by 
chemoselective tosylation of the primary alcohol and TBS protection of the secondary one. The 

Apart from hydroxylated derivative 165 described in the previous section, other related 

453 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
4
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



COUTY AND EVAN0 

LDA, -78°C 
ArCHO 

Then aqueous workup 
* $1 1) Et2NSiMe3, 

110°C 
()rcQzH N y 

I 2) t-BuCHO, E M ,  
H 1  TMSOTf + 1 5 4 %  

92% 
174 

(965% eel 
Seebach's Asymmetric Synthesis of a 2-Substituted Derivative 

Scheme 33 

175 

azide moiety in 178 was then reduced with ammonium formate and the amine was next protected 
as a sulfonamide. Ring closure of 179 then allowed for the formation of the azetidine ring. 
Finally, the phenyl group in this compound was oxidatively cleaved to give the acid that was 
esterified with trimethylsilyldiazomethane (Scheme 34). Deprotection of the N-tosyl protecting 
group in 180 was not described in the publication. 

T s O d N ,  
1) TsCI, Et3N 

N3 2) TBSCI, ~rnidazole, 
H O T P h  

NhCI 
176 OH DMF OTBS 

177 178 

Ph 1) NaH, MeOH 
2) RuC13, NaIO4 

* - TsO+Nms 3) TMSCHN2 

1) PdlC, NH4HC02 

2) TsCI, EBN, OTBS 
DMAP 19% overall 22% overall 179 

from 176 

Synthesis of an Intermediate en route to lepi-Hydroxymugineic Acid 

Scheme 34 

Dureault et al"o also reported a synthesis of this amino acid starting from L-diethyl 
tartrate. Transformation of the latter into trio1 181 was followed by acetalization with benzalde- 
hyde to give 182. Silylation of the primary alcohol and cleavage of the aced  gave a diol that was 
mesylated in good yield. Reaction of 183 with various amines then gave excellent yields of 
azetidines. Due to the presence of tertiary amine prone to oxidation, the oxidation of the side- 
chain was canied out in two consecutive Swern oxidation steps and via an intermediate cyanohy- 
drin (Scheme 35). However, it should be noted that attempts at selectively deprotecting the amine 
without cleaving the 0-benzyl group failed. 

A few years later, in the course of a study directed to the selectivity of proline hydroxy- 
lase, Ozaki reported the selective hydmxylation of ~ - A z e  by proline 3-hydroxylase (type I or LI), 
producing hydmxylated analogues of ~ - A z e  186."' Although the enzyme was shown to be espe- 
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AZETJDINE-ZCARBOXYLIC ACID. FROM LILY OF THE VALLEY TO KEY PHARMACEUTICALS 

1) TBSCI, Imidazole 
H$:n rC:;- Ph<’+OBn 2) A a m 2 0  9 

HO 0 3) MsCI, Et3N, 
HO HO DMAP 

L-Diethyl tartrate -- 
181 182 53% overall 

MsO 

TBSO 
183 

.OBn 

R 

OBn 

P O T B S  

184 
= Bn, Allyl, PMP 

1) TBAF 
2) swern 

3) Et2AlCN 
Swern 

4) MeOH 
25% overall 

QBn 

&cow 
N 
I 

185 
R = Bn, Allyl 

Dureault’s Synthesis of a 3-Hydroxyhted Derivative 

Scheme 35 

cially selective, the amino acid was isolated in low yield (29%) and the reaction was performed 
on only a small scale (25  mg) (Scheme 36). 

Proline-3-hydroxylase (Type 11) 
9 

P 29% 
n 1  

& C W  N 

186 
A 

Enzymatic Hydroxylation of L-Aze 

Scheme 36 

A photochemical cyclization involving the diradical 189 was described by Wessig.112 
This reaction led to azetidinol190, obtained with high diastemselectivity and in enantiomerically 
pure form. Methylation of the tertiary alcohol, (Mesilylation of the primary hydroxyl and Jones 
oxidation gave, after deprotection, amino acid 191. From a practical point of view, this synthesis 
is however quite tedious since the required substrate 188 for the photochemically induced ring- 
closure was prepad in eight steps from Meyer’s amino diol 187. The enantiomer of 191 could 
also be ppared  from ent-188, but the latter required ten steps from Dserine (Scheme 37). 

The formation of azetidine ring, involving intramolecular akylation of 13-amino alce 
hols is a quite conventional method and has been illustrated through numerous examples in this 
review. The efficiency of this method is, however, greatly influenced by the nature and relative 
stereochemistries of the substituents in the produced azetidine. The following work illustrates 
this point perfectly.113 When syn dimesylate 192 was subjected to intramolecular alkylation, 
azetidine 194 was produced as a minor product, aziridine 193 being formed almost exclusively 
through a 3-em-ref ring closure. On the other hand, when anti 195 (obtained in five steps from L- 
a s p h c  acid) was reacted in the same conditions, azetidine 1% was now produced exclusively 
through a preferred 4-em-let process (Scheme 38). 
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un un I 

hv 1 P h v  

-.. -.. 
B steps 

- 'h - 
- N 

cez' \ -  N 1 189 
CbZ' 

187 188 
(TDS = Thexyldimethysilyl) 

I )  MeI, NaH 
2) HF/MeCN Hx.: II, D 

p;' 3) Jonesreagent 
CbZ 4) Hz, PdlC 

190 54% overall 

TDS 

I 191 

71% - 

A Photochemical Ring Closure to a 3-Substituted Derivative 

Scheme 37 

* JlC02& MS0+CO2M. 

c PhFl 

OMS DMF, Et3N, 80°C -0- C Q ? h  

+ 
Y 
PhFl NHPhFl 

194 192 193 4 :  1 

PhFl 
1% 

Q" DMF, Et3N, 110°C 

73% 
NHPhFl 

195 

Synthesis of a 3-Substituted Azetidine through Cbemoselective Intramolecular Akylation 

Scheme 38 

To our knowledge, a single example of 3-halogenated derivative of L-Aze has been 
reported so far. This fluorinated derivative was obtained by treatment of the latter with CF30F 
under irradiation in liquid HF as solvent and produced cis-3-fluoro-azetidine-2-carboxylic acid 
197 in 53% yield (Scheme 39). Despite the astonishing selectivity of this reaction, the experi- 
mental protocol is not especially convenient and probably precluded the development of this 
interesting process."4 

Recently, the synthesis of amino acid 202, bearing a trifluoromethylated side-chain has 
been described."5 Its preparation summarized in Scheme 39 relies on a Wittig olefination of fJ- 
lactam 198 followed by stemselective hydrogenation of the exocyclic double bond to give azeti- 
dine 200. After reduction of the ester moiety in this compound, the primary alcohol was dehy- 
drated and the resulting alkene was oxidatively cleaved, to furnish racemic 202 in good yield. 
Since the intermediate 200 has also been prepared in optically pure form, an enantioselective 

456 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
4
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



AZETIDINEZCARBOXYLIC ACID. FROM LILY OF THE VALLEY TO KEY PHARMACEUTICALS 

synthesis of 202 is therefore possible. Moreover, 4-substituted derivatives of this amino acid 
should also be available using the chemistry described in this work. 

198 199 

43% Synthesis of Fluorjnated Derivatives 

Scheme 39 

c)  Miscellaneous Derivatives 

If a Wittig olefination was used in the preceding synthesis, olefination of b-lactams was 
also reported to proceed well with dimethyltitanmne (Petasis' reagent). In 2OO0, Martinez and 
Howel1116 reported the methylenation of 203, affording in moderate yield the unsaturated deriva- 
tives 204 (Sckme 40). In view of the diastereoselectivity of the hydrogenation step described in 

204 
R=Boc,Cbz 

B~o&)=o CmTiMez, 5 eq., 
N 

toluene, 70°C 
4569% A 

203 
R=Boc,Cbz 

- rt HO&*#-C&W 

2 4 ~  other ~unctionnlized Derivatives 
Scheme 40 
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COUTY AND EVAN0 

Scheme 39, these compounds appear to be excellent candidates for the preparation of 2,4-cis 
derivatives of azetidine-2-carboxylic acid. Very recently, De Kimpe et ~ 1 . l ~ ’  reported the prepa- 
ration of 3,3dimethoxyazetidine-2-carboxylic acid 207 through an intramolecular N-alkylation 
under carefully controlled conditions. To this end, hydrolysis of iminophosphorane 206, gener- 
ated from the corresponding a ide  205 in basic medium, induced the formation of amino acid 
207 after acidification. It should be noted however, that this compound was unstable and gave 
the acyclic amino acid 208 upon storage at room temperature, probably via a retro-Dieckman 
reaction (Scheme 40). 

VI. CONCLUSION 

The publication year of this review, 2006, marks the jubilee of 50 years since the 
discovery of 1 by Fowden.’J4 A retrospective look reveals that the interesting history of 1 to be 
typical for an azetidine: interest in this amino acid was initially restricted to isolated research 
groups and this constrained amino acid has been considered for long as a “lab curiosity”. 
However, in the past decade, a renewed interest has grown, as clearly demonstrated by the 
amount of synthetic work devoted to this molecule and its derivatives: among the 120 references 
cited in this review article, 56 were published in the last decade. The growing interest originates 
from the discovery by medicinal chemists of many bioactive molecules which incorporate L-Aze 
or its derivatives in their structure. 

As illustrated in this review, synthetic challenges aimed at the preparation of this simple 
molecule and its substituted derivatives in diastereo- and enantiomerically pure form have 
excited the imagination of synthetic chemists, even if a lot of work is yet to be done. From a 
more general point of view, there is absolutely no doubt that the growing interest in this field will 
continuously extend the knowledge in the chemistry of azetidines, an understudied yet highly 
promising class of he te r~cycles .~’~J~~ 
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