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I. Introduction

Amino acid derivatives containing a cyclopropane fragment
attract the attention of chemists and biochemists who endeavour
to use them as starting materials for the preparation of peptide
mimetics. The reviews published in the past decade 1 ± 3 are
devoted to the survey of preparation procedures and the proper-
ties of natural and synthetic cyclopropane-containing amino
acids.

The simplest representative of this unique class of compounds
is 1-aminocyclopropane-1-carboxylic acid (1), a direct precursor
of ethylene biosynthesis in plants.

Some cyclopropane-containing amino acids have been iso-
lated from natural sources. They include carnosadine 4, 5 from the
red seeweed Grateloupia carnosa, coronamic acid 6 (a component
of the toxin produced by the bacteriaPseudomonas coronafaciens),
hypoglycine A and trans-carboxycyclopropylglycine 7, 8 from
Blighia sapinda fruits; hypoglycine A is known to induce hypo-
glycemia in animals.

Since 1-aminocyclopropane-1,2-dicarboxylic acid derivatives
belong to conformationally rigid analogues of amino acids, their

incorporation into the peptide chain makes its spatial structure
more rigid.9, 10 In particular, steric strain between the C=O group
and the cyclopropane ring restricts the torsional rotation angle
around the Ca7C(O) bond. The fact that changes in the con-
formational parameters affect the interaction of the peptide with
its specific receptor 11 can be used in the study of the receptor
structure and the mechanisms of its binding to the ligand.

The ability of cyclopropane-containing amino acids to fix the
conformation responsible for the biological activity of various
peptides affects their interactions with enzymes. For example,
incorporation of 1,2,3-trisubstituted cyclopropanes into model
tripeptides affords strong inhibitors of renin, the angiotensin-
liberating proteolytic enzyme.12 Studies of reactions of enzymes
with peptide analogues of substrates containing cyclopropane
derivatives of amino acids have shown that these fragments
increase the hydrolytic stability of peptides.13, 14

Among other derivatives of compound 1, a special place is
occupied by 1-aminocyclopropane-1,2-dicarboxylic (2,3-metha-
noaspartic, cycloaspartic, HAsp) { acid (2), a conformationally
rigid analogue of aspartic acid. Its Z and E isomers are mono-
conformational analogues of `condensed' and `extended' confor-
mations of glutamic acid (3), as regards the distance between the
amino and 5-carboxy groups.

Aspartic and glutamic acids play an important role in various
metabolic processes occurring in living organisms. They represent
neuromediators of the central nervous system 15 the functional
disorder of which is related to Alzheimer's and Huntington's
diseases as well as epilepsy.16 Synthetic agonists and antagonists
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of specific receptors of aspartic and glutamic acids may have
therapeutic significance.

Studies of metabotropic glutamate receptors (mGluRs) which
control the transmission of electrical signals from nerve cells
mediated by interacting membrane proteins suggest that they are
activated by L-glutamic acid in an `extended' conformation.17 An
analysis of the biological role of these receptors is complicated due
to insufficient activity, selectivity and bioaccessibility of presently
known agonists and antagonists of mGluRs. Carbo- and hetero-
cyclic compounds containing a fragment of the acid 2 are potential
selective antagosists of glutamate receptors and interesting sub-
jects for the study of structure ± activity relationships.18 ± 22

It is known also that (�)-cis-1-aminocyclopropane-1,2-dicar-
boxylic acid is an agonist of theN-methyl-D-aspartate receptor.23

The present review is devoted to surveying the methods for the
synthesis of derivatives of 1-aminocyclopropane-1,2-dicarboxylic
acid including miscellaneous carbo- and heterocyclic compounds
and peptides. Special attention is given to the methods for the
preparation of individual stereoisomers of these compounds,
some of which possess pharmacological activity.

II. Methods for the synthesis of 1-aminocyclo-
propane-1,2-dicarboxylic acid derivatives

A problem in the synthesis of compound 2 is associated with the
fact that the acid itself and its esters, which contain a free amino
group, are unstable compounds.1 The data from the first synthesis
of acid 2 (see Ref. 24) were not confirmed by the results of
subsequent investigations.2, 25 ± 27

The ability of the cyclopropane fragment to be involved in
conjugation and to transfer the effects of the attached functional
groups 28 favours push ± pull reactions in 2-aminocyclopropane-
carboxylic acid. Acid 2 undergoes spontaneous ring-opening as a
result of which the unshared electron pair of the nitrogen atom
takes part in the formation of a double bond giving rise to
imines.29, 30

Thus an attempt to synthesise amino acid 2 by reaction of
triphenylphosphine with a mixture of cis- and trans-1-azidocyclo-
propane-1,2-dicarboxylates (4) obtained by cycloaddition of ethyl
diazoacetate to a-azidoacrylate resulted in diethyl 2-triphenyl-
phosphiniminopent-2-ene-1,5-dioate (5).25

However, recently a series of stable compounds containing a
functionalised cyclopropane ring were successfully prepared. The
known methods for the synthesis of acid 2 and its derivatives can
be divided into several groups, viz., 1,3-dipolar cycloaddition of

diazo compounds at unsaturated bonds, syntheses based on
reactions of acetylenedicarboxylates with nitrogen-containing
compounds, addition of sulfur ylides to dipolarophiles and intra-
molecular cyclisation.

1. 1,3-Dipolar cycloaddition of diazo compounds to
unsaturated bonds
Addition of diazo compounds to alkenes, alkynes and hetero-
cycles is a classical approach31 widely employed in the synthesis of
cyclopropane-containing amino acids.3, 13, 32 ± 38 This reaction first
yields dihydropyrazoles which are decomposed upon heating or
irradiation with evolution of nitrogen and closure of the cyclo-
propane ring.

The possibility of preparing acid 2 derivatives by addition of
diazoacetates to protected a,b-dehydroalanine has been demon-
strated.39 N-Acetyl-a,b-dehydroalanine ethyl ester reacts with
ethyl diazoacetate to give diethyl N-acetyl cycloaspartate (6)
(yield 12.5%); however, the attempts to establish the configura-
tion of the resulting stereoisomer failed.

Cycloaddition of diazoacetates to a dehydroalanine derivative
with subsequent deprotection has been undertaken by Stammer,1

but acid 2 could not be isolated in a free state.

The low yields of acid 2 derivatives and difficulties in the
isolation of the target product have stimulated further studies of
reactions of alkyl diazoacetate with N-protected a-aminoacry-
lates.40

It was found 41 that methyl diazoacetate reacts with methyl
2-acetylaminoacrylate in dichloromethane at room temperature
to give dihydropyrazole 7 (yield 60%) and a mixture of Z and E
isomers of dimethyl 1-acetylaminocyclopropane-1,2-dicarb-
oxylates (8) (total yield 30%). Presumably, the ring closure occurs
via the zwitterion 9.

When the reaction is carried out in chloroform, the yields of
cyclopropane derivatives increase to 70%.42With a twofold excess
of methyl diazoacetate, the ratio of Z- and E-isomers was 1 : 3 in
dichloromethane and 1 : 1 in chloroform.

It has been shown 43 that hydrolysis of the Z isomer 8 with
3 M HCl is accompanied by the formation of 2-ketoglutaric acid
(10) (yield 60%) and (Z)-1-aminocyclopropane-1,2-dicarboxylic
acid hydrochloride (2) (yield 8%). The E isomer 8 gives the more
stable hydrochloride of anhydride 11 and the hydrochloride of the
E isomer of acid 2 (yields 60% and 6%, respectively) under
identical conditions.
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Removal of methyl protective groups in Z and E isomers of
compound 8 by treatment with 1 M NaOH (22 8C, 10 h) and
subsequent acidification of disodium salts to pH 5 ± 6 give (Z)-
1-acetylaminocyclopropane-1,2-dicarboxylic acid (12) and (E)-1-
acetylaminocyclopropane-1,2-dicarboxylic acid (13) anhydride,
respectively.

Further acidification to pH 2 and boiling of the Z isomer 12
affords compound (Z)-2 (yield 15%) and an acyclic product 10,
whereas anhydride 11 hydrochloride is the only hydrolysis prod-
uct of the E isomer under identical conditions.

Dihydropyrazoles 7 and 14 decompose on boiling in DMF for
40 ± 60 min to give the corresponding N-acetylaminocyclopro-
pane-1,2-dicarboxylates 8 and 15 in 50% and 40% yields, respec-
tively.44

Cycloaddition of diazo compounds to N-tert-butoxycar-
bonyl-a,b-dehydroalanine p-nitrobenzyl ester yields dihydropyr-
azoles 16. Decomposition of compounds 16 and subsequent
removal of protective groups gave cyclopropane-containing
amino acids that were further used for the preparation of peptides
which are of interest for their use as renin inhibitors, analgetics
and sweeteners.45

Heterocyclic compounds containing a fragment of 1-amino-
cyclopropane-1,2-dicarboxylic acid provide illustrative examples
of systems with a stabilised cyclopropane fragment. In addition,
their rearrangements afford products manifesting useful proper-
ties. Therefore, the development of methods for the synthesis of
these compounds is attracting the attention of investigators.

Reaction of 2-diazopropane with dimethyl acetylenedicarbox-
ylate (17) gives the adduct 18 in high yield; photoirradiation of the
latter results in the evolution of nitrogen and its conversion into
dihydropyrazole 19, a bicyclic derivative of the acid 2, which
represents a convenient synthon for the synthesis of cyclopropenes
and dienes.46

1,2-Bis(methoxycarbonyl)-3,3-dimethylcyclopropene (21) ob-
tained by photolysis of 3H-pyrazole 20 reacts with a-diazocyclo-
hexanone in benzene to give isomeric tricyclic adducts 22a and 22b
in a 3 : 1 ratio (total yield 70%).47

A reaction of cyclopropene 21 with diazocyclopropane gen-
erated in situ from N-nitroso-N-cyclopropylurea under the action
of sodiummethoxide inmethanol afforded a spirocyclic adduct 23
in 48% yield.48
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Diazoindeno[2,3-b ]benzothiophene 24 adds to acetylenedi-
carboxylate 17 to give a stable polycyclic dihydropyrazole 25; its
stereoconfiguration was not determined.49

Cycloaddition of ethyl diazoacetate to 3-nitrocoumarin in the
presence of silica gel yields a mixture of ethyl 4,5-benzo-1-nitro-2-
oxo-3-oxabicyclo[4.1.0]hept-4-ene-7-carboxylate (26) and chro-
meno[3,4-c]pyrazolecarboxylate 27.

According to the 1H NMR spectroscopic data, compound 26 is an
endo-isomer with a cis-arrangement of the two protons in the
cyclopropane ring and incorporates a nitro analogue of com-
pound 2.50

Spirocyclopropene 28 obtained by addition of diazoindene to
dimethyl acetylenedicarboxylate (17) with subsequent elimination
of a nitrogen molecule and cyclisation of the vinylcarbenium
intermediate 29 reacts with 2-diazopropane to give a spiro
derivative 30.51

The reaction of substituted spirocyclopropenefluorenes 31
with 1-(3,5-dinitrophenyl)-3,4-dihydroisoquinoline (32) in an-
hydrous diethyl ether was studied.52 In addition to the expected
products (tetrahydroindolizines 33), this reaction gave novel
spiroazanorcarenefluorenes 34 formed upon intramolecular 1,6-
cyclisation of the intermediate 35 (Scheme 1).
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The structure of compounds 34 was established using X-ray
diffraction analysis and NMR spectroscopy. Azanorcarene 34
(R1=H, R2=Me) was found to possess acidochromic proper-
ties. Its ethanolic solution has a green colour which changes to
bright violet on addition of aqueous NaOH.

The addition of diazomethane to alkene fragments of hetero-
cyclic systems was studied in the course of synthesis of substituted
tricyclic nitrogen-containing compounds.53 ± 55 Condensation of
keto acid derivatives 36 with 5-aminopyrazoles 37a ± c gave
pyrazolo[1,5-a ]pyrimidines 38a ± c which react with diazo-
methane at 0 8C to give 6H-cyclopropa[e]pyrazolo[1,5-a ]dihydro-
pyrimidines 39a ± c in 61%± 100% yields. At room temperature,
this reaction gives exclusively 5-methylated derivatives 40a ± c.53

Compound 38a (R1=Ac) reacts with ethyl diazoacetate in
dioxane at 70 8C in the presence of copper as a catalyst to give
6-ethoxycarbonyl-6H-cyclopropa[e]pyrazolo[1,5-a ]dihydropyrim-
idine 41; its stereoconfiguration was assigned as trans based on the
1H NMR spectroscopic data.53

Cyclopropane derivatives of partially hydrogenated pyr-
rolo[1,2-a]pyrimidines, which can be used as catalysts in the
synthesis of polyurethanes, have been synthesised. For example,
diethyl 6,7-dimethyl-8-cyanopyrrolo[1,2-a]pyrimidine-3,4-dicar-
boxylate (42) reacts with an excess of diazomethane at room
temperature to give the corresponding cyclopropane derivative of
pyrrolopyrimidine 43 (yield 40%).54

The cyclopropane derivative of imidazo[1,2-a]pyrimidine 44
was obtained analogously. This is representative of an interesting
class of compounds which includes substances manifesting
analgetic, antiinflammatory, antipyretic and anticonvulsive
activities.55

Selective irradiation (l=250 ± 350 nm) of a spiro-fused di-
azirine 45 and of dimethyl acetylenedicarboxylate (17) in dry
toluene gives pyrazole 46 which is further converted into a spiro-
fused cyclopropene 47with liberation of nitrogen. The addition of
a second molecule of diazirine 45 to the product formed gives
cyclopropadihydropyrazole 48 (yield 12%) after column chroma-
tography on silica gel. Further irradiation is accompanied by the
cyclopropane ring opening and elimination of nitrogen, as a result
of which compound 48 is converted into diene 49.56

Reaction of cyclopropene 21 with morpholine in anhydrous
diethyl ether under irradiation with a mercury lamp afforded
morpholinocyclopropane 50, a potential pyrethroid, as a mixture
of two diastereomers as can be judged from 1H NMR spectro-
scopic data (total yield 54%).57

2. Reactions of acetylenedicarboxylates with other nitrogen-
containing compounds
The 1-amino-1,2-dicarboxycyclopropane system can be formed as
a result of reactions of electrophilic alkynes with bisdiazines.

The reactivities of cyclic bisdiazines in nucleophilic cyclo-
addition reactions were studied in the reaction of compound 51
with acetylenedicarboxylate 17 in CH2Cl2 in a nitrogen atmos-
phere.58, 59 In addition to a non-symmetrical 1 : 3 adduct 52, this
reaction yields a symmetrical 1 : 2 adduct 53 which incorporates
1,2-diaminocyclopropane-1,2,3-tricarboxylic acid.
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Pyrimido[1,2-e]purines 54 were prepared by the reaction of
7-alkyl-8-amino-1,3-dimethylxanthines (55) with acetylene dicar-
boxylate 17. Along with compounds 54, this reaction yields
xanthines 56, the addition products of twomolecules of the alkyne
17 to the amino group of xanthine 55 followed by intramolecular
cyclisation involving an additional molecule of compound 17. The
structure of compounds 56 was established by mass spectrometry
and X-ray diffraction analysis.60

Reaction of allyl amines 57 with acetylenedicarboxylate 17 in
chloroform gives 3,3-dichloro derivatives of 1-aminocyclopro-
pane-1,2-dicarboxylic acid 58 as side products formed in low
yields as a result of addition of dichlorocarbene, generated from
chloroform, to the double bond of the enamine fragment of
compound 59.61

3. Addition of stabilised sulfur ylides to dipolarophiles
Phenacylidenesulfuranes 60a react with acyl azides 61 in benzene
at 20 8C to give 2 : 1 adducts 62 and azido analogues of 1-amino-
cyclopropane-1,2-dicarboxylic acid 63. Reaction of ethyl
azidoformate (61, R2=OEt) with ethoxycarbonylmethylidenedi-
methylsulfurane (60b) gives exclusively the derivative 64
(R=OEt) with a trans-configuration of the cyclopropane ring
protons and an intramolecular hydrogen bond (1H NMR spec-
troscopic data). Reactions of compound 60b with benzoyl azides
61 also yield the cyclopropane derivatives 64 rather than the 2 : 1
adducts.62

Reaction of dihydrooxazolones with sulfur methylides was
studied in order to prepare functionalised spirocyclopropanes that
can be rearranged into non-natural amino acid derivatives upon
heating.63 4-Cyclohexylidene- and 4-cycloheptylidene-2-phenyl-
4,5-dihydrooxazol-5-ones 65a,b react with phenacylidenedime-
thylsulfurane (60a, R1=Me) in dry THF at 0 8C to give spiro-
fused cyclopropanes 66a,b in 84% and 35% yields, respectively.
1H NMR spectroscopic data suggest that in both cases the major
isomer has a trans-configuration of the carbonyl groups.

Under identical conditions, reaction of dihydrooxazolone 65a
with ethoxycarbonyl methylidenedimethylsulfurane (60b) gives a
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mixture of diastereomers (3 : 1) (1H and 13C NMR spectroscopic
data) in a total yield of 97%.63

4. Intramolecular cyclisation reactions
Substituted imines undergo [2+1]-cycloaddition at the C=C
bond to give cyclopropanes. The derivatives 67 synthesised from
ortho-substituted anilines by diazotisation and condensation with
ethyl chloroacetate were used to prepare cyclopropacinnolines 68.
The endo-position of the R group in the resulting compounds was
established by 1H NMR spectroscopy.64

Compounds 68 are interesting in that they undergo rearrange-
ments upon boiling to give heterocyclic structures with potential
biological activity.65, 66

Easily accessible azo-substituted phosphorus ylides are also
subject to intramolecular cycloaddition at the double bond.
Phosphorane 69 loses a PPh3 group upon heating in toluene to
give cyclopropacinnoline 68 (R=Me) and the product of its
thermal rearrangement 70 (yields 10% and 43%, respectively).67

III. Methods for the synthesis of individual
stereoisomers of 1-aminocyclopropane-1,2-
dicarboxylic acid

The current demand for all four cycloaspartic acid 2 diastereomers
is explained by the fact that their incorporation into peptide
structures changes the conformations and, as a consequence,
biological activities of the peptides as regards their binding to
receptors. However, the methods for the synthesis of individual
stereoisomers of derivatives of compound 2 are very few in
number. Some recently developed procedures for their synthesis
based on diastereoselective reactions using chiral starting com-
pounds and catalysts are considered below.

1. Syntheses based on diastereoselective reactions
The preparation of a trans-isomer of an N-tert-butoxycarbonyl
derivative of acid 2 has been described.68 Methyl (1RS, 5SR)-2-

oxo-3-oxabicyclo[3.1.0]hexane-1-carboxylate (71) was synthes-
ised by condensation of epichlorohydrin with dimethyl malonate
in the presence of freshly prepared sodiummethoxide as a catalyst.
Ammonolysis of bicyclic lactone 71, protection of the free
hydroxy group by reaction with tert-butyldimethylsilyl chloride
in the presence of imidazole and subsequent Hoffmann rearrange-
ment with lead tetraacetate in tert-butyl alcohol yielded N-Boc-
protected cyclopropane 72; selective deprotection of its hydroxy
group gave alcohol 73 in 85% yield. The next step included mild
oxidation of the primary alcohol in a neutral medium by in situ
generated RuO4 with retention of the cyclopropane ring and the
protected amino group. The monomethyl ester 74 with trans-
configuration of the carboxy groups was obtained in 60% yield.
This method can also be used for the preparation of isomers with
definite absolute configuration starting from optically active
epichlorohydrin.

Dialkyl 1-phthalimidocyclopropane-1,2-dicarboxylates 75a,b
having a trans-configuration were prepared starting from dialkyl
N-phthaloyl-4-bromoglutamates 76a,b upon boiling in ethanol in
the presence of triethylamine.69 Under the action of 1 or 2 equiv.
of AlCl3 in the presence of NaI, esters 75a,b are converted either
into monoalkyl esters of 1-phthalimidocyclopropane-1,2-dicar-
boxylic acid or into a free diacid. According to X-day diffraction
analysis,69 1H NMR and 13C NMR spectroscopic and GC/MS
data,70 dialkyl esters 75a,b represent individual isomers with a
trans-configuration of ester groups relative to the cyclopropane
ring, although the starting bromo derivatives 76a,b were used as a
mixture of diastereomers.

HPLC studies have shown 70 that (2S,4S)-isomers of com-
pounds 76 react with bases much more slowly than (2S,4R)-
isomers. This reaction is accompanied by epimerisation at the
C(4) atom of glutamic acid. It was suggested that the abstraction
of the proton and the bromide ion follows a concerted mechanism
and is similar to the E2 mechanism. The reaction begins with an
attack of the base on the proton at C(2) and the formation of a
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transition state. As this reaction requires that the C(1) ±C(5)
atoms are coplanar in the transition state and that the anti-
abstraction of the proton and bromide ion occur, the activation
energies of the reactions of threo-isomers (2S,4S)-76a,bmarkedly
exceed those of the erythro-isomers, presumably due to forced
shielded positions of C(5)-carboxy and phthalimide groups in the
transition state of threo-isomers. Therefore, the transformation of
amixture of diastereomers of compounds 76a,b into derivatives of
acid 2 is stereospecific and gives exclusively trans-isomers.

An original method for the synthesis of derivatives of acid 2
based on diastereoselective cycloaddition of stabilised sulfur

ylides to substituted 4-methylideneoxazolidin-5-ones was pro-
posed.26

Treatment of compound 77 with ethyl dimethylsulfonioace-
tate in THF at 0 8C gives a mixture of three diastereomeric
cyclopropane adducts separated by column chromatography.
(1R,3R,6R)- and (1S,3R,6R)-isomers of 7-benzoyl-1-ethoxycar-
bonyl-4-oxo-6-phenyl-5-oxa-7-azaspiro[2.4]heptane (78a and
78b) were isolated as a 9 : 1 mixture in a total yield of 55%, the
yield of the diastereomerically pure product 78c was 6%. The
assignment of the stereoconfiguration of the isomers formed was
carried out based on X-ray diffraction analysis and NMR
spectroscopic data (Scheme 2).

Treatment of a mixture of isomers 78a,bwith sodium borohy-
dride in ethanol results in the oxazolidinone ring opening, as a
result of which a mixture of diastereomers of 1-aminocyclopro-
pane-1,2-dicarboxylic acid derivatives 79a and 79b is formed in a
9 : 1 ratio.

Attempts to hydrolyse the ester groups of the isomers 78a and
78b by treatment with 6 MHCl were unsuccessful, since this led to
cyclopropane ring opening.26

A method for the synthesis of (E)-2,3-methanoaspartic acid
derivatives 71 (Scheme 3) is based on the use of a chiral cyclo-
propane with substituents which can readily be converted into
amino and carboxy functional groups. Reaction of 1-phenyl-
seleno-2-triethylsilylethene (80) with di-tert-butyl methylidene-
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malonate (81) in the presence of ZnBr2 in CH2Cl2 at 730 ± 0 8C
gives a mixture of di-tert-butyl 2-[(phenylseleno)(triethylsilyl)me-
thyl]cyclopropane-1,1-dicarboxylate (82) and protected cyclobu-
tane 83 (7 : 3) in high yield. Presumably,72 the cycloaddition
mechanism is similar to that proposed 73 for vinyl ketones. The
nucleophilic selenide 80 attacks the electrophilic alkene 81 acti-
vated by a Lewis acid to give the zwitterion A; its cyclisation gives
substituted cyclobutane 83. Intermediate A undergoes rearrange-
ment to the zwitterion B, which can be converted into an electron-
stabilised intermediate C containing a selenium bridge. The latter
is cyclised to compound 82; its stereochemistry was established as
(S,S) or (R,R) using 1H and 13C NMR spectroscopy (Scheme 3).

Stereoselective reduction of a less shielded ester group in
compound 82, which is in the trans-position relative to the
substituent at C(2), gave an alcohol 84. The product 85 formed
after protection of the hydroxy group in the alcohol 84 was
oxidised using the RuCl3 ±NaIO4 system. Treatment of the acid
formed with diazomethane in ether resulted in compound 86.
Removal of the protective tert-butyldimethylsilyl group, oxida-
tion of the primary alcohol to an acid and its subsequent reaction
with diphenyl phosphorazidate accompanied by the Curzius
rearrangement and addition of tert-butyl alcohol to the isocyanate
formed afforded dialkyl (�)-(E)-1-[(N-tert-butoxycarbonyl)ami-
no]cyclopropane-1,2-dicarboxylate (87); its stereochemistry was
established by NMR.

The diastereoselective addition of diketopiperazine 88 to the
double bond of methyl 2-bromoacrylate has been described.74

Elimination of hydrogen bromide yields the cyclic dipeptide 89
incorporating protected acid 2.

2. Syntheses based on the use of chiral compounds
The methods for the synthesis of individual stereoisomers of
cyclopropane-containing amino acids from optically active start-
ing compounds are often more efficient than those based on
stereoselective reactions. The use of commercially available opti-
cally active synthons allows one to reduce the number of synthetic

steps and to increase the yield and optical purity of the final
product.

A method for the synthesis of methyl-(2S,3R)-N-benzyloxy-
carbonyl cycloasparaginate from chiral diols was proposed.75, 76

The Wittig ±Horner condensation of phosphonates 90a ± c with
isopropylidene-D-glyceraldehyde (91) synthesised from D-manni-
tol yielded (Z)-dehydroamino acid derivatives 92a ± c containing
one chiral centre (Scheme 4).

Addition of diazomethane to the double bond of intermedi-
ates 92a ± c gives dihydropyrazoles 93a ± c; their photochemical
degradation affords optically pure cyclopropane derivatives
94a ± c in a quantitative yield (data from 1H and 13C NMR
spectroscopy).

The diastereoselectivity of 1,3-dipolar cycloaddition at the
double bond is explained 75 by the fact that diazomethane attacks
preferably from the less shielded re-side of the C(2) atom of
compound 93.

Removal of the isopropylidene protective group in com-
pounds 94a ± c is carried out under mild conditions in order to
prevent cyclopropane ring opening and epimerisation of the diols
formed. Treatment of derivatives 94a ± c with 5% HCl in meth-
anol for 4 ± 4.5 h at room temperature affords chiral diols 95a ± c
in quantitative yields; the assignment of their stereoconfigurations
was made based on 1H NMR spectroscopic data. Hydrolysis
performed for a longer time caused epimerisation of chiral centres
of cyclopropane to yield (2R,3S)-enantiomers of the diols 95.

Oxidation of the diol 95a with sodium periodate in the
presence of ruthenium oxide at room temperature gives a dicar-
boxylic acid monoester (2S,3R)-96 in 63% yield.75, 76

Reaction of compound 95a with thiocarbonyldiimidazole
gave (2S,3R)-thiocarbonate 97; its absolute configuration was
established unambiguously using X-ray diffraction analysis.

Other cyclopropane-containing amino acids, viz., (7)-allo-
coronamic and (7)-allonorcoronamic acids and (7)-(Z)-2,3-
methanohomoserine,75, 76 were synthesised starting from the
diols 95, which demonstrates the efficiency of the latter as
enantiomeric synthons in the stereocontrolled synthesis of natural
compounds containing a cyclopropane fragment and methano
analogues of proteinogenic amino acids.
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Enantiomerically pure amino acids, which can undergo chem-
ical transformations without loss of their optical activities, can be
used as the starting compounds in the synthesis of 2,3-methano
amino acid derivatives.

Thus the 2,3-cyclohomoserine derivative 98 with protected
amino and carboxy groups was oxidised with RuCl3 ±NaIO4 to
give compound 99 (yield 51%). However, attempts at deprotec-
tion of the amino group led to the destruction of the cyclopropane
ring.2

3. The use of metal complexes
Chiral metal complexes are widely used for the preparation of
enantiomerically pure substituted cyclopropanes 77 including
amino cyclopropanecarboxylic acids. This approach was used, in
particular, for the synthesis of stereoisomers of cycloaspartic acid
derivatives.

Reaction of methyl N-protected 2-aminoacrylate (100) pre-
pared by dehydration of serine methyl ester with ethyl diazoace-
tate yields a mixture of four cyclopropanes which represent
addition products of ethoxycarbonylcarbene at the double bond
[(E)- and (Z)-101] and incorporation products into the N7H
bond of the amino group [(E)- and (Z)-102] (Scheme 5).78

An achiral complex, copper acetylacetonate (A), and a chiral
copper complex of hemicorrine (the Pfalz complex, B) were used
as catalysts. Z Isomers of the reaction products were predom-
inant; the use of the Pfalz complex made it possible to increase
their content. The yields of substituted cyclopropanes 101 and 102
depend on both the amount of ethyl diazoacetate and the nature of
the catalyst. Thus reaction of compound 100 with 1.3 equiv. of
ethyl diazoacetate in the presence of catalystA afforded a mixture
of E and Z isomers of compounds 101 (101a : 101b=45 : 55, total
yield 15%) and 102 (102a : 102b=41 : 59, total yield 8%). The
reaction performed in the presence of 2.5 equiv. of ethyl diazo-
acetate and the Pfalz catalyst gave amixture ofE andZ isomers of
compounds 101 and 102 in a 1 : 4 ratio (total yields 40% and 20%,
respectively).

The methyl ester of dehydroalanine 103 with two tert-but-
oxycarbonyl groups at the nitrogen atomwas synthesised in order
to prevent the formation of products 102; its treatment with an
eightfold excess of ethyl diazoacetate in the presence of the Pfalz
catalyst gave only the Z isomer of 1-[bis(tert-butoxycarbonyl)-
amino]-2-ethoxycarbonyl-1-methoxycarbonylcyclopropane (104)

(yield 85%). Removal of one Boc-group from compound 104 was
performed by treatment with trimethylsilyl chloride inmethanol ±
dichloromethane or with a fourfold excess of trifluoroacetic acid
in the presence of triethylsilane, which gave the Z isomer of the
derivative 101. The same conditions were used for the cleavage of
two Boc-groups from compound 104 in the presence of 13 equiv.
of trifluoroacetic acid to give trifluoroacetate 105. Saponification
of the diester 104with an alkali gave consecutively compound 106
with a free a-carboxy group and a dicarboxylic acid 107.

1-Ethoxycarbonyl-4,5-bis(methoxycarbonyl)-6,6-dimethyl-
2,3-diphenyl-2-azabicyclo[3.1.0]hex-3-ene (108), a chiral deriva-
tive of the acid (E)-2, was prepared in 62% yield using a photo-
induced reaction of the N-vinylaminocarbene iron complex 109
with acetylenedicarboxylate 17.79

IV. Properties of 1-aminocyclopropane-1,2-di-
carboxylic acid derivatives

Rearrangements of compounds 40 and 41, which yield diazepines
with potential biological activities, have been studied.80, 81

Thus compound 41 is converted into diazepine 110 in the
presence of silica gel in chloroform; this reaction is accompanied
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by the cleavage of one ethoxycarbonyl group (1H and 13C NMR
data).80

Treatment of diethyl ester 40b (R1=CO2Et) with ethanolic
KOH leads to profound rearrangement of the molecule and the
formation of substituted pyrazolylpyrrole 111 by cyclopropane
ring opening.81

Boiling of 1,1a-bis(ethoxycarbonyl)-1-methyl-1a,7b-dihydro-
cyclopropa[c]cinnoline (68, R=Me) in xylene affords a 1,4-
dihydrocinnoline derivative 112 in 60% yield,65 while boiling in
acetic acid gives an individual isomer of an acetoxydiazepine
derivative 113 (yield 60%) with a non-established spatial struc-
ture.66

Thermolysis of spirocyclopropane 114 in boiling xylene and
subsequent alkaline hydrolysis yield a mixture of stereoisomers of
amino acid 115 of unknown configuration.63

Protected (Z)-cycloaspartic acid (2S,3R)-96 was used as an
optically pure starting compound in enantioselective synthesis of
(7)-(Z)-2,3-methano-L-glutamic acid.82

The reaction of acid 96 with thionyl chloride in toluene gives
acid chloride 116; treatment of the latter with diazomethane in

ether afforded the corresponding diazo ketone 117. Photolysis of
compound 117 in methanol was accompanied by the Wolff
rearrangement resulting in methyl ester 118. Subsequent hydrol-
ysis of the ester 118 with 6 M HCl in the presence of several drops
of glacial acetic acid (90 8C, 6 h) and treatment with propylene
oxide at 35 8C gave a free amino acid 119 in quantitative yield.

V. Peptides containing 1-aminocyclopropane-1,2-
dicarboxylic acid

The synthesis of peptides containing 1-aminocyclopropane-1,2-
dicarboxylic acid having a sweet taste has been described.83

The yields of di- and tripeptides containing a residue of acid 2
prepared by oxidation of peptides containing (�)-(Z)-2,3-meth-
anohomoserine with sodium periodate in the presence of RuCl3
are given below.84

Peptide Yield (%)

Boc-HAsp-L-Phe-OMe 8

Bz-HAsp-L-Phe-OMe 59

CF3CO-HAsp-L-Phe-OMe 82

Ac-HAsp-L-Phe-OMe 36

Boc-Gly-HAsp-OMe 45

Bz-Gly-HAsp 51

Bz-Gly-HAsp-Gly-OMe 42

Bz-Gly-HAsp-L-Phe-OMe 62

The possibility of removal of N-protective groups from
peptides where cycloaspartic acid is not terminal and the presence
of free carboxy groups in the side chain allow incorporation of
these short fragments into more complex peptides.

Condensation of the (2S,3R)-isomer of acid 96with amine 120
in the presence of 1-(3-dimethylaminopropyl)-3-ethylcarbodi-
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imide (DEC) as an activating reagent and 1-hydroxybenzotriazole
(HOBT) as a catalyst affords a conformationally rigid dipeptide
121 (yield 64%).85

Dipeptide analogues 122a,b were synthesised 86 by a reaction
of enantiomers of acid 96 with chiral a-substituted isoserine
derivatives 123a,b.

Reaction of (1S,2R,40S)-1-[N-(benzyloxycarbonyl)amino]-2-
(2,2-dimethyl-1,3-dioxolan-4-yl)cyclopropanecarboxylic acid
(124), obtained by saponification of the ester 95a with 1 M

methanolic NaOH, with the methyl ester of (R)-phenylglycine
yields the dipeptide 125. Removal of isopropylidene protection in
the peptide 125 with 5% HCl in methanol and subsequent
oxidation of the diol affords product 126. Condensation of
compound 126 with a-substituted isoserine derivative 123a
afforded the tripeptide 127.86

In addition to conformational rigidity, incorporation of a
cycloaspartic fragment into a peptide chain results in the intro-
duction of an additional lateral carboxy group, which may affect
the binding of the peptide to the active site of an enzyme or a
receptor. Some peptides containing cycloaspartic acid act as
analgesics and renin inhibitors and manifest antiviral activities
against the hepatitis C virus.87 They can also be used as sweet-
eners.45

* * *

1-Aminocyclopropane-1,2-dicarboxylic acid occupies a special
place in the series of 2,3-methano amino acids, firstly because it
represents a structural analogue of glutamic and aspartic acids
which play a crucial role in various metabolic processes occurring
in living organisms. Despite the instability of this amino acid,
original approaches to the synthesis of its numerous derivatives
some of which possess physiological activity have been developed.
The use of modern synthetic approaches has made it possible to
develop elegant procedures for the synthesis of individual stereo-
isomers of 1-aminocyclopropane-1,2-dicarboxylic acid deriva-
tives based on diastereoselective reactions and the use of readily
available enantiomeric starting compounds. Conformationally
rigid peptides containing 1-aminocyclopropane-1,2-dicarboxylic
acid play the role ofmolecular `probes' in the study of biochemical
processes. At the same time, the potentialities of 1-aminocyclo-
propane-1,2-dicarboxylic acid derivatives in the study of mecha-
nisms of biochemical reactions and the synthesis of
physiologically active compounds have not been completely
exhausted. Further progress in this branch of amino acid chem-
istry is expected in the near future.

This review has been written with the financial support of the
Russian Foundation for Basic Research (Project Nos 00-15-
97390, 01-03-96424, 01-03-07007, 02-03-06107, 00-03-40142).
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