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1. Introduction
The overwhelming importance of R-amino acids in

biologically relevant processes has also been mani-
fested for many cyclopropane-containing derivatives.1
With the growing realization that some â-amino acids
also display significant biological activities2 and
because the latter are valuable constituents in pep-
tides,3 cyclopropyl-substituted analogues have at-
tracted widespread attention in recent years. In
addition, cyclopropyl-modified â-alanines have been
proved to be useful intermediates in organic synthe-
ses, making use of the amino, the carboxyl, and the
cyclopropyl group as reactive functionalities.

There are three different possibilities how â-ala-
nine (1) can be fused directly with a cyclopropane
ring: the cyclopropyl group can be placed like two
geminal substituents in the R- or â-position of 1 as
depicted in 2 or 3, respectively, or incorporating the
R- and â-position as shown in 4. As long as the
cyclopropane ring is not further substituted, no
stereochemical issues arise in 2 and 3. In contrast,
the possibility of diastereomers (E/Z-position of the

amino and carboxyl group) as well as of enantiomers
exists in 4, which consequently has to be addressed
in synthetic strategies toward this structure.
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2. r-Cyclopropyl-Modified â-Alanines
Commercially available 1-cyanocyclopropanecar-

boxylic acid (5),4 also easily prepared from ethyl
cyanoacetate and 1,2-dibromoethane5a-b or from
trimethylsilylacetonitrile,5c-d offers a simple but most
effective entry into R-cyclopropyl-modified â-alanines
of type 2 (Scheme 2). The cyano group can be reduced
by catalytic hydrogenation in the presence of plati-
num dioxide to yield 6, and subsequent protection of
the amino group gives rise to the N-Boc-protected
amino acid 7, being suitably functionalized to be
incorporated into peptides. Likewise, the methyl ester
8 can be converted to the aminoester 9 by catalytic
hydrogenation over Raney-nickel, followed by N-Boc
protection to 10 and subsequent saponification to 7.

The amino acid 7 has been used in the synthesis
of analogues of depsipeptides belonging to the family
of the cryptophycins (11 and 12),6 which exhibit high
activity against a broad spectrum of solid tumors
(Figure 1, Table 1). It was hypothesized that ester
hydrolysis of the â-alanine unit in these molecules
might be one process that would decrease their
cytotoxicity. Consequently, the increase of steric bulk

around the ester bond should improve stability and
therefore antitumor activity. Incorporation of 6 in-
stead of â-alanine into these structures, using stan-
dard HOBt/DCC carboxylic acid coupling methodol-
ogy resulted indeed in highly active derivatives 11c,
11d, and 12c, both in vitro as well as in vivo.7 It is
interesting to note that the incorporation of larger
rings than cyclopropyl, such as cyclopentyl or cyclo-
hexyl, was less well-tolerated, although the bond
angles in the latter analogues are closer to the ones
in the natural products.

Homooligomers of 6, up to the hexamers 16, were
prepared starting from 7 and 10 (Scheme 3).8 X-ray
crystal structures of 13, 14a, and 15 revealed the
formation of boatlike eight-membered H-bonded rings,
in which the exocyclic C-CO bonds each adopt a
bisected conformation9 with respect to the cyclopropyl
moiety, which serves as an additional conformational
lock in these structures (Figure 2).

On the basis of this structural motif, a pleated
ribbon- or stair-like structure was suggested as a
model for â-peptides consisting of the building block
2 (Figure 3). It was further established that 16c as
well as â-peptides in general are stable against a
broad variety of proteases, but also do not inhibit the
latter.10 Not too surprisingly, molecules specifically

Scheme 1. Cyclopropyl-Modified â-Alanines 2-4

Scheme 2. Synthesis of r-Cyclopropyl-Modified
â-Alanine 75,a

a Reagents and conditions: (a) H2, PtO2, HOAc, 86%; (b) Boc2O,
NaOH, dioxane, 93%; (c) H2, Raney-Ni, MeOH, 1 bar, r.t., 4 h; (d)
Boc2O, MeCN, NEt3, 0 °C, 2 h, 80% (2 steps); (e) LiOH, MeOH,
r.t., 3 d, 48%.

Figure 1. Cryptophycins and cyclopropyl analogues exhibiting high antitumor activity.7

Table 1. Cryptophycins and Cyclopropyl Analogues
Exhibiting High Antitumor Activity7

IC50 (nM)compound
11 or 12 R1 R2 X 11 12

b Me Me O 0.02 0.05
c -(CH2)- -(CH2)- O 0.16 0.014
d -(CH2)- -(CH2)- NH 0.010 -a

e Et Et O 1.1 1.6
f Pr Pr O 8.5 8.7
g -(CH2)2- -(CH2)2- O 0.3 0.4
h -(CH2)2- -(CH2)3- O 63 110

a Not determined.

Figure 2. Boatlike eight-membered H-bonded ring in
homooligomers 13-16.
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designed to interact with the world of R-peptides do
not obviously recognize â-peptides.

The inherent reactivity of an acceptor-substituted
cyclopropane ring toward nucleophiles was utilized
in the benzyl ester 17 to inactivate the flavoenzyme
monoamine oxidase (MAO) (Scheme 4),11 a process

that is linked to antidepressant12 or anti-Parkinson13

properties. It was proposed that MAO-induced oxida-
tion of the aminomethyl group generates the bisac-
tivated cyclopropane 18, which becomes subsequently
attached to the flavin coenzyme to yield a structurally
modified, thus inactivated adduct 19 (Scheme 4).

A detailed study14 revealed that the oxidative
modification of 17 takes place by an initial single
electron transfer, followed by a rate determining
R-C-H bond cleavage. To gain insight into this
mechanism, derivatives of 17 labeled with 14C, deu-
terium, or tritium isotopes in the R-position were
required. While a carbon-14 label is easily introduced
using ethyl 14C-cyanoacetate following the protocol
outlined above (cf. Scheme 2), the synthesis of the
deuterium- and tritium-labeled derivatives was ef-
fectively accomplished by sodium borohydride reduc-
tion using cobalt(II)chloride as a catalyst (Scheme 5).

The inhibition of dihydroorotate dehydrogenase
(DHOD), a target for chemotherapy of parasitic
diseases, can be effected by 5-spirocyclopropanobar-
bituric acid.15 It was envisioned that 5-spirocyclopro-
pyldihydroorotic acid (21) would be the most direct

Scheme 3. Homooligomers of r-Cyclopropyl-Modified â-Alanine 68,a

a Reagents and conditions: (a) (i) TFA, CH2Cl2, 0 °C; r.t., 1.5 h. (ii) 7, HOBt, EDC, CH2Cl2, NEt3, 0 °C; r.t., 16 h, 70%. (b) LiOH, MeOH,
H2O, 79%. (c) (i) TFA, CH2Cl2, 0 °C; r.t., 1.5 h. (ii) 7, HOBt, EDC, CH2Cl2, NEt3, 0 °C; r.t., 16 h, 93%. (d) (i) 14a, TFA, CH2Cl2, 0 °C; r.t.,
1.5 h. (ii) 14b, HOBt, EDC, DMF, NEt3, 0 °C; r.t., 16 h, 87%.

Figure 3. Model for a possible pleated-ribbon or stair-like structure of â-peptides consisting of 1-(aminomethyl)-
cyclopropanecarbonyl residues; torsion angles Φ, Θ, and Ψ used for the construction of the model based on an X-ray structure
of 14b; adapted from ref 8. Copyright 1999, Wiley-VCH.

Scheme 4. r-Cyclopropyl-Modified â-Alanine 17 as
an Irreversible Inhibitor of the Flavoenzyme
Monoamine Oxidase (MAO)11,14
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analogue containing the cyclopropane group for ac-
tivation and irreversible inhibition. Its synthesis was
achieved16 by subjecting the cyclopropanecarboxal-
dehyde 1917 to a modified Strecker protocol. The
resulting amino acid 20 was cyclized with sodium
cyanate, followed by nitrile hydrolysis to give rise to
the target compound. However, so far no data on the
biological activity of 21 have been reported.

3. â-Cyclopropyl-Modified â-Alanines and Other
â-Amino Acids with Cyclopropyl Groups

There are two general strategies toward â-cyclo-
propyl-modified â-alanines 22. Cyclopropylideneac-
etates 23 have been proved to be highly reactive
Michael acceptors, making facile 1,4-additions of
nitrogen nucleophiles possible. Most notably the

group of de Meijere developed this strategy,18 utiliz-
ing the resulting amino acids as conformationally
restricted building blocks for peptidomimetics, but
also as bifunctional starting materials to a great
variety of spiroanellated heterocycles. In an alterna-
tive approach toward 22, cyclopropylideneiminium
ions 24, being generated in situ from cyclopropanone-
N,O-acetals 25, can be reacted with carbon nucleo-
philes such as enolates.

3.1. â-Cyclopropyl-Modified â-Amino Acids from
Cyclopropylideneacetates

Due to its excellent reactivity toward nitrogen
nucleophiles, cyclopropylideneacetates are most valu-
able starting materials toward the title compounds.
Their synthesis can be achieved in large quantities
by two general routes.

Tetrachlorocyclopropene (26), readily available from
tetrachloroethene and sodium trichloroacetate,19 un-
dergoes thermal ring opening to perchlorovinylcar-
bene 27, which can be efficiently trapped with a large
number of alkenes to form 1-chloro-1-(trichloroethe-
nyl)cyclopropanes 28.20 From these intermediates,
2-chloro-2-cyclopropylideneacetates 29 can be ob-
tained by treatment with potassium hydoxide or
sodium methoxide in methanol followed by hydrolysis
of the resulting ortho esters (Scheme 8).

Alternatively, the cyclopropanone hemiacetal mag-
nesium salt 30 can be transformed to the cyclopro-
pylideneacetate 31 by a Wittig-Horner-Emmons
olefination21 or, more efficiently, by benzoic acid-
catalyzed Wittig olefination (Scheme 9).22

Due to the electron-withdrawing chlorine substitu-
ent in the R-position and the angle strain in the
double bond caused by the attached cyclopropyl
moiety, chlorocyclopropylideneacetates 29 are par-

Scheme 5. Synthesis of Deuterium- and
Tritium-Labeled r-Cyclopropyl-Modified
â-Alanines 1714,a

a Reagents and conditions: (a) NaBH4/CoCl2•6 H2O, MeOH,
-20 °C; (b) NaBD4/CoCl2‚6H2O, THF/D2O, -20 °C; (c) NaBT4/
CoCl2‚6H2O, H2O, 0 °C.

Scheme 6. Synthesis of
5-Spirocyclopropyldihydroorotic Acid (21)16,a

a Reagents and conditions: (a) TMSCN, KCN, 18-crown-6; (b)
NH3, MeOH; 50% (2 steps); (c) NaOCN, HCl aq., 78%; (d) LDA,
THF, 36%; (e) 3 M HCl aq., 54%.

Scheme 7. Retrosynthetic Analysis of
â-Cyclopropyl-Substituted â-Alanines

Scheme 8. Synthesis of Methyl
2-Chlorocyclopropylideneacetates 29 from
Tetrachlorocyclopropene (26)20

Scheme 9. Synthesis of Cyclopropylideneacetates
31 by Olefination of the Hemiacetal Magnesium
Salt 3022
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ticularly reactive toward 1,4-addition of nucleophiles.
Thus, rapid addition of nitrogen nucleophiles at room
temperature or below takes place (Scheme 10), giving
rise to the â-amino-R-chloroacetates 32 (Table 2,
entries 6, 7, 14-17, and 21-31) or to their substitu-
tion products 33 (Table 2, entries 1-5, 8-13, and 18-
20) depending on the reaction conditions.23

Dialkyl- or arylalkylamines, diphenylmethylidene-
amine, or azide can be added in a highly efficient
manner. A dimethylamino or diethylamino group
introduced in this way is not only a nitrogen func-
tionality but can also be used as a leaving group,
allowing the synthesis of novel cyclopropylidene-
acetates 35 (Scheme 11).24

Following the strategy of nitrogen nucleophile
addition to access aminocyclopropyl acetates of type

32, it was possible to synthesize the parent alanine
analogue 36 as well as the R,â-diamino acid 38
(Scheme 12).25 It should be noted that diphenylmeth-

ylideneamine is an especially useful nitrogen nucleo-
phile, being reactive enough in 1,4-additions to R,â-
unsaturated carbonyl compounds as well as being
easily cleaved subsequently to produce a free amino
group.

A particular useful application of this synthetic
route is also the conversion of 39 to 40 (Scheme 13),
not only giving rise to cyclopropyl-modified â-alanines
with a serine side chain mimic, but also allowing the
subsequent synthesis of the lysine mimic 41, the
arginine mimic 42, and the cysteine mimic 43.26 The
compounds 41 and 42 were converted to 3′,4′-methano-
analogues 44 and 45 of the antiobiotics TAN-105727

A and B (Scheme 14).

Table 2. Addition of Nitrogen Nucleophiles to 2-Chloro-2-cyclopropylideneacetates 29 (see Scheme 10)23

entry R R1 R2 R3 R4 R5 Nu X yield (%) ref

1 Me Me Me Me Me Cl piperidine piperidinyl 57 23a
2 Me Me Me Me H Cl piperidine piperidinyl 67 23a
3 Me Me H H Me Cl piperidine piperidinyl 59 23a
4 Me Me H Me H Cl piperidine piperidinyl 51 23a
5 Me H H H H Cl piperidine piperidinyl 71 23a
6 Me Me H H Me Cl HNEt2 Cl - 23a
7 Me H H H H Cl HNEt2 Cl 78 23a
8 Me Me H H Me Cl HNEt2 NEt2 32 23a
9 Me H H H H Cl HNEt2 NEt2 56 23a
10 Me Me Me Me H Cl HNEt2 OMe 30 23a
11 Me Me H H Me Cl HNEt2 OMe 21 23a
12 Me Me Me Me Me Cl HNMe2 NMe2 64 23a
13 Me Me H H Me Cl HNMe2 NMe2 67 23a
14 Me Me H H Me Cl NaN3 Cl 62 23a
15 Me H H H H Cl NaN3 Cl 56 23a
16 t-Bu H H H H Cl HNPhMe Cl 67 23b
17 Me H H H H Cl HNdCPh2 Cl 98 23c/23d
18 Me H H H H H HNdCPh2 H 90-100 23c
19 Et H H H H Br HNdCPh2 Br 70 23c
20 Me H H H H H HNdCPh2 H 40 23e
21 Me H H H H Cl HNdCPh2 Cl - 23e
22 Me H H H H Cl HNBn2 Cl 89 23f
23 Me H H H H Cl HNdCPh2 Cl 91 23f
24 Bn H H H H Cl HNBn2 Cl 91 23f
25 Bn H H H H Cl HNdCPh2 Cl 88 23f
26 Me Me H H H Cl HNdCPh2 Cl 66 23d
27 Me Me H H Me Cl HNdCPh2 Cl - 23d
28 Me H H H H Cl HNMe2 Cl 93 23g
29 Me H H H H Cl HNBn2 Cl 88-96 23h
30 Me H H H H Cl H2NBn Cl 88-96 23h/23i
31 Me H H H H Cl H2NCH2CO2tBu Cl 88-96 23h

Scheme 12. Synthesis of â-Cyclopropyl-Modified
â-Alanines25

Scheme 10. Addition of Nucleophiles to
2-Chloro-2-cyclopropylideneacetates 2923

Scheme 11. Synthesis of 2-Substituted
2-Cyclopropylideneacetates 3524

â-Aminocarboxylic Acids with a Cyclopropane Ring Chemical Reviews, 2003, Vol. 103, No. 4 1607



The lysine mimic 50, being a homologue of 41, was
synthesized making use of the titanium(IV)-mediated
cyclopropanation of amides (Scheme 15). Starting
from the â-benzyloxyamide 47 and homoallylmagne-
siumbromide (48), 49 was directly obtained in good
yield as a 2.5:1 mixture of E/Z-diastereomers.28

Hydroboration of the vinyl group allowed the subse-
quent introduction of the amino functionality, while
oxidation of the hydroxy function to the carboxylic
acid completed the synthesis of 50.

The enantioselective synthesis of â-cyclopropyl-
modified â-alanines and higher homologues was

achieved using (4S,5R)-4,5-diphenyloxazolidin-2-one
(52) as a chiral auxiliary (Scheme 16, Table 3).29

Despite the fact that 52 is a poor nucleophile, in the
presence of 10 mol % KH/DB-18-C-6, addition to
racemic 51-R already takes place at -20 to 0 °C with
48-88% yield, demonstrating again the high reactiv-
ity of the latter type of acrylate in 1,4-additions.
Excellent trans selectivity with respect to the sub-
stitutent on the three-membered ring, but apparently
also quite good diastereoselectivity with respect to
the newly formed stereocenter at C-2, is observed,
although selectivities in the latter case were difficult
to establish. The resulting diastereomers 53-R and
54-R can be separated by chromatography, thus
allowing the resolution of the racemic starting mate-
rial due to the stereogenic center at C-2′, and further
individual transformation as exemplified with 53-R.
Dehalogenation with zinc-copper couple, removal of
the chiral auxiliary by catalytic hydrogenation and
saponification leads to the free amino acid 56.
Alternatively, the lithium enolate of 55-R can be
highly diastereoselectively (g19:1) substituted with
trisyl azide, giving rise to enantiomerically pure
diamino acids 58 after removal of the protecting
groups. The amino acids obtained by this strategy
appear to be useful as conformationally restricted
building blocks for peptides with the added bonus of
side chains of naturally occurring R-amino acids
being attached to the cyclopropyl group, mimicking
serine (Table 3, entries 5-7), cysteine (Table 3, entry
8), or lysine (Table 3, entry 9).

Rather than participating in intermolecular sub-
stitutions, a secondary amino group in compounds
of type 32 can also act as a nucleophile intramolecu-
larly. This way, spirocyclopropane derivatives 61 of
aziridinecarboxylic acid (62), which has been used as
a unique conformationally restricted amino acid in
peptidomimetics, become accessible (Scheme 17).30

However, for the success of this synthesis it was
necessary to discover that the carboxamide function-
ality in 61 greatly enhances the stability of the
azaspiropentane ring system. Simple stirring of the
esters 60-Me in DMF at room temperature results
in the predominant formation of 2-aminocyclobuten-
ecarboxylates of type 65. However, the ring closure
of 60-Me to yield 61 can be achieved by treatment of
60-Me with a combination of a primary amine,
triethylamine, and sodium hydride, thus presumably
first transforming the methyl ester to the corre-
sponding amide before the intramolecular nucleo-

Scheme 13. Synthesis of Cyclopropyl-Modified
â-Alanines with r-Amino Acid Side Chain
Functionality26,a

a Reagents and conditions: (a) HBn2, MeOH, 79% (n ) 1), 77%
(n ) 2). (b) (i) Pd/C, H2 (4.5 bar), 4-7 d, (ii) Cbz-Cl, Na2CO3 aq.,
48% (n ) 1), 78% (n ) 2).

Scheme 14. Synthesis of 3′,4′-Methano-Analogues
44 and 45 of the Antiobiotics TAN-1057 A and B26,a

a Reagents and conditions: (a) (i) 2N NaOH, dioxane, 1 h, (ii)
HATU, (iPr)2NEt, DMF, 46, (iii) PdCl2, H2, MeOH, 93% (44), 66%
(45).

Table 3. Addition of
(4S,5R)-4,5-Diphenyloxazolidin-2-one (52) to Racemic
Cyclopropylideneacetates 51-R (See Scheme 16)29

51-R 53-R/54-R

entry R X
yield
(%)

1 Me H 73
2 Bn H 48
3 Me Me 64
4 Bn Me 79
5 Me OMe 68
6 Bn OMe 69
7 Me OBn 57
8 Me SMe 59
9 Me NHCbz 88

Scheme 15. Synthesis of Cyclopropyl-Modified
â-Alanine 49 via Cyclopropanation of Amide 4628,a

a Reagents and conditions: (a) 48, MeTi(OiPr)3, 12 h, THF, 56%.
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philic substitution takes place. Alternatively, the
direct spiroaziridination of cycloalkylidene acetates
with larger than three-membered rings under high
pressure has also been developed.31

Following the protocol by de Meijere et al.,30 the
primary amides 66 are obtained when ammonia is
used for the second step, thus opening the possibility

to incorporate the carboxy-terminus of 66 into pep-
tides as suggested with the successful synthesis of
67b. However, all attempts to deprotect the N-termi-
nus in the azaspiropentane unit have failed so far.

The N-alkylated amine adducts 60-R can also effi-
ciently be used in cyclization reactions to yield spiro-
cyclopropane-anellated four, five-, six-, and seven-

Scheme 16. Asymmetric Synthesis of â-Cyclopropyl-Modified â-Amino Acids 56 and 58 (For Details, See
Table 3)29,a

a Reagents and conditions: (a) (i) DB-18-C-6, THF, 10 mol % KH, -20 f 0 °C, 4-12 h. (ii) Separation by chromatography. (b) Zn/Cu,
THF/H2O (100:1), 12 h. (c) (i) 4 bar H2, 10% Pd/C, MeOH, H+. (ii) NaOH, Dowex 50. (d) (i) LiHMDS, THF, trisyl azide, -78 °C. (ii)
CH3CO2H, r.t.

Scheme 17. Synthesis of 1-Azaspiropentane-2-carboxamides30

â-Aminocarboxylic Acids with a Cyclopropane Ring Chemical Reviews, 2003, Vol. 103, No. 4 1609



membered rings, leading to interesting templates for
peptidomimetics or analogues of natural products.

Starting from 59-R, the addition of an amine
followed by the acylation with an amino acid can be
carried out in a one-pot procedure to yield 68-R
almost quantitatively (Scheme 18, Table 4).32 After
removal of the N-Boc protecting group, cyclization
takes place, leading predominantly to the seven-
membered ring lactams 71 for R ) Me and R2 ) H.
The six-membered ring amino ester 69-tBu was
obtained exclusively (Table 4, entry 6) by using the
t-butyl ester 59-tBu as starting material, thus pre-
venting lactamization due to steric hindrance. A quite
remarkable kinetic resolution takes place when chiral
amino acids (R2 * H) were used in this sequence.
While in the initial addition to yield 68-R no induc-
tion at C-2 is observed, the (2S)-isomer cyclizes
exclusively to the amino ester 69-R, while the (2R)-
isomer forms mainly the chlorolactams 71 along with
only traces of 70-R.

A broad variety of geometrically defined bi- and
tricyclic small peptides 72 can be obtained by a
second coupling/cyclization sequence carried out with
69-Me and N-Boc amino acids (Scheme 19).32a Al-
though in the case of the highly complex diketopiper-
azines 72f-72h only moderate yields are achieved
and forcing reaction conditions are necessary, result-

ing in partial epimerization at the position of R3, this
strategy opens the possibility for the rapid assembly
of a variety of peptide â-turn mimetics.33

The chlorolactams 71 can be efficiently converted
to heteroarene-anellated [1,4]-diazepinediones 75 and
78 utilizing the Cloke rearrangement34 of cyclopro-
pylketimines 73 (Scheme 20) and cyclopropyl ketones
76 (Scheme 21).32b

Scheme 20. Synthesis of
Pyrrolo[3,2-e][1,4]-diazepinediones 7532b,a

a Reagents and conditions: (a) NaN3, DMSO, 80-90 °C, 5 h;
(b) <5 × 10-5 mbar, 170-220 °C, 30-60 min; (c) DDQ, CHCl3,
40 °C, 16 h.

Scheme 21. Synthesis of
Furo[1H][1,4]-diazepinediones 7832b,a

a Reagents and conditions: (a) HCl aq., MeOH, 2 h; (b)
<5 × 10-5 mbar, 200 °C, 30 min; (c) DDQ, CHCl3, reflux, 72 h.

Scheme 18. Six-Membered Ring Amino Esters
69-R/70-R and Seven-Membered Ring Lactams 71
Obtained from 59-R (For Details, See Table 4)32,a

a Reagents and conditions: (a) (i) R1NH2, THF, 0 °C, (ii) NBoc-
amino acid, DCC, py, THF; (b) (i) TFA, CH2Cl2, 0 °C, (ii) NaHCO3
(aq.), CH2Cl2, 0 °C.

Table 4. Six-Membered Ring Amino Esters 69-R/70-R
and Seven-Membered Ring Lactams 71 Obtained from
59-R (see Scheme 15)32

yielda (%)

entry R R1 R2 69-R 70-R 71

1 Me n-pentyl H 22 -b 60
2 Me 2-furfuryl H n.r.c -b 55
3 Me Bn H 18 -b 60
4 Me 4-MeOC6H4CH2 H n.r.c -b 53
5 Me 4-ClC6H4CH2 H n.r.c -b 61
6 Me PhCH2CH2 H 18 -b 63
7 t-Bu PhCH2CH2 H 61 -b 0
8 Me Me Bn 20 2 19
9 Me Me (indol-3-yl)CH2 21 2 22
10 Me Me (CH2)2SMe n.r.c 0 20
11 Me Me i-Bu n.r.c 0 19

a Overall yields from 59-R. b Not applicable. c Not reported.

Scheme 19. Confromationally Restricted, Small
Bi- and Tricyclic Peptides 7232a,a

a Reagents and conditions: (a) (i) (S)-HO2CCHR3NR4Boc, DCC
or EDC, py, CH2Cl2, (ii) TFA, CH2Cl2, 0 °C, (iii) DMF, 60-130 °C.

1610 Chemical Reviews, 2003, Vol. 103, No. 4 Gnad and Reiser



The synthesis of a spirocyclopropane anellated
â-lactam has also been accomplished starting from
60-tBu (Scheme 22).35 Upon liberation of the amino
acid 79 using nonbasic conditions, cyclization to 81
was successful using 2-chloro-1-methylpyridinium
iodide (80) as condensing agent.

A very useful variant of the addition of nitrogen
nucleophiles to chlorocyclopropylideneacetates is their
direct reaction with amides 83 (Scheme 23, Table 5),

ultimately opening a very short route to R-hydroxy-
â-cyclopropyl-modified â-alanines 85.36 Initially, the
oxazoline carboxylates 84 are formed, introducing
both the amino and the hydroxy functionality through
the amide. Aromatic amides 83 give superior results
in these formal cycloaddition reactions (entries 1-22),
moreover, they add to ring-substituted chlorocyclo-
propylideneacetates 82 or 39b with moderate to high
trans selectivity (entries 16-22).

3.2. â-Cyclopropyl-Modified â-Alanine Derivatives
from Cyclopropanone-N,O-acetals

As an alternative to the addition of nitrogen
nucleophiles to cyclopropylideneacetates, the coupling
of enolates with cyclopropanone-N,O-acetals offers an
efficient way to the title compounds. Early on, Vils-
meier et al. executed this strategy with morpholino-
substituted bicyclo[n.1.0]alkanes, which undergo clean
reactions with sufficiently C,H-acidic compounds.37

In particular, 86 reacts with Meldrum’s acid (87)
at 0 °C to give 89 in high yields (Scheme 24). The

stereochemical outcome of this transformation can
be rationalized by assuming the formation of the
intermediate iminium cation 88, which is attacked
by 87 from the sterically less hindered exo face of the
bicyclic system. Consequently, to account for the re-
versal of stereoselectivity by carrying out the reaction
at room temperature, as demonstrated with 86a, it
is assumed that elimination of morpholine in 89a can
take place to give rise to 90a, which is again attacked
from the exo face by morpholine to ultimatively lead
to the thermodynamically favored product 91a. The
Meldrum’s acid residue can be efficiently degraded
to a carboxylic acid or carboxamide functionality, e.g.,
treatment of 89a or 91a with a wide variety of
amines leads to the amides 92a or 93a, respectively
(Scheme 25).38 Only in the latter case, an additional
substitution of the morpholino group by amine takes

Scheme 23. Synthesis of
r-Hydroxy-â-cyclopropyl-Modified â-alanines 8536,a

a Reagents and conditions: (a) NaH, MeCN, 0 f 20 °C, 24 h;
(b) (i) 1N HCl, 100 °C, 30 min, (ii) 5 N NaOH, PhCOCl, 0 °C, 2 h,
70% over 2 steps.

Scheme 24. Aminobicycloalkyl Meldrum’s Acid
Derivatives37

Scheme 22. Formation of Spirocyclopropane
Anellated â-Lactam 8135

Table 5. Addition of Amides 83 to
Chlorocyclopropylideneacetates36

entry
cyclopropylidene-

acetate amide R2
83 yield

(%) dr

1 59 Ph 60 -a

2 59 3-C5H4Nb 38 -a

3 59 2-C4H3Oc 49 -a

4 59 p-CN-C6H4 74 -a

5 59 o-Me-C6H4 70 -a

6 59 m-Me-C6H4 58 -a

7 59 p-Me-C6H4 50 -a

8 59 m-F-C6H4 75 -a

9 59 p-Br-C6H4 73 -a

10 59 o-NO2-C6H4 47 -a

11 59 p-NO2-C6H4 47 -a

12 59 o-Cl-C6H4 77 -a

13 59 p-Cl-C6H4 68 -a

14 59 o-I-C6H4 72 -a

15 59 m-I-C6H4 49 -a

16 82 Ph 56 9:1
17 82 o-Me-C6H4 68 17:1
18 82 o-I-C6H4 55 17:1
19 82 p-NO2-C6H4 40 2:1
20 82 m-F-C6H4 46 7:1
21 82 3-C5H4Nb 25 5:1
22 39b p-NO2-C6H4 41 2:1
23 59 Me 6 -a

24 59 Et 24 -a

25 59 n-Pr 24 -a

26 59 t-Bu 25 -a

a Not applicable. b Nicotinic acid amide. c Furan-2-carbox-
amide.
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place, again most likely via the intermediate 90a.
Once the Meldrum’s acid unit is degraded, no further
exchange with amines, e.g., in 93a, was observed.

In a related approach, the reaction of the N,O-
hemiacetal 94 with the stabilized ylide 95 in the
presence of catalytic amounts of benzoic acid leads
to the amino ester 96 (Scheme 26).39 This product is
formed by a 1,4-addition of dimethylamine, being
liberated from 94, to the bicyclic cyclopropylidene-
acetate 97.

The coupling of enolates with cyclopropyliminium
ions also offers an efficient entry to â-cyclopropyl-

modified â-alanines (Scheme 27).40 Treatment of the
N,O-acetals 98 with TiCl4 generates an iminium ion
best described as 99, which reacts in moderate yields
with ketene silyl acetals or lithium ester enolates to
the amino esters 100.

4. 2-Aminocyclopropanecarboxylic Acids
(â-ACCs)

The bridging of the carbon atoms in â-alanine
bearing the amino and the carboxylic acid functional-
ity by a methylene group creates the most severely
conformationally restricted â-alanine analogues that
can be envisioned. Therefore, the 2-aminocyclopro-
panecarboxylic acids (â-ACCs) 4 appear to be attrac-
tive as constituents of peptides; however, their syn-
thesis and utilization as building blocks in peptide
synthesis poses a number of challenges. In contrast
to the cyclopropyl-modified amino acids discussed so
far, even the parent 2-aminocyclopropanecarboxylic
acid contains two stereogenic centers, giving rise to
cis/trans diastereomers 101 and 102, which each
exist as a pair of enantiomers 101/(ent)-101 and 102/
(ent)-102, respectively (Scheme 28). Moreover, â-ACCs
4 belong to the class of vicinally donor-acceptor
substituted cyclopropanes,41 which are extremely
prone to undergo ring opening, resulting in their de-
gradation as exemplified in the sequence 4f103f104.
Therefore, they are generally only stable if the amino
group is protected by at least one electron-withdraw-
ing group.

4.1. Synthesis of 2-Aminocyclopropanecarboxylic
Acids (â-ACCs)

The common strategy toward â-ACCs is the direct
cyclopropanation of a suitably functionalized alkene
with a carbene or a carbenoid, mostly generated in
situ from a diazo compound. Nucleophilic addition to
an alkene with an electron-withdrawing group (EWG)
and concurrent 1,3-elimination is also possible, re-
quiring a suitable leaving group either on the nu-
cleophile or in γ-position to the EWG of the alkene.
The stepwise synthesis of starting materials, being
appropriately functionalized to undergo base-induced
3-exo-tet ring closure, has also been executed toward
â-ACC derivatives.42

Scheme 25. Synthesis of Bicyclic
â-Cyclopropyl-Modified â-Alanine Amides38

Scheme 26. Synthesis of the Bicyclic
â-Cyclopropyl-Modified â-Alanine Ester 9639

Scheme 27. Ti(IV)-Mediated Reactions of
N,O-acetals 98 and Ketene Silyl Acetals or Lithium
Ester Enolates40

Scheme 28. Stereoisomers and Inherent
Reactivity of 2-Aminocyclopropanecarboxylic
Acids
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In principle, three different approaches toward the
parent structure from acyclic starting materials are
possible, which indeed all have been successfully
realized (Scheme 29): (a) (formal) addition of a
carbene to a â-dehydroamino acid, requiring the
efficient and ideally stereoselective synthesis of the
latter; (b) (formal) addition of a carbene, bearing a
carbonyl group, to an enamine or to an acrylate,
subsequently transforming in the latter case one of
the carboxyl groups to an amino group by a Curtius
degradation, or (c) (formal) addition of a N-substi-
tuted carbene to an acrylate.

4.1.1. â-ACCs from â-Dehydroamino Acids

Copper(I)-catalyzed43 cyclopropanations with dia-
zoacetates of acyclic enaminoesters 105 and enami-
nocarboxanilide 109 proceed in high yields to the
â-ACC derivatives 106 and 110, respectively (Schemes
30 and 31).44 Already on contact with dry silica, ring
opening to 107 and 111 occurs, leading to the
ketoester 108 and the pyrrolidone 112 upon hydroly-
sis. The delicate balance of the stability of 2-ami-
nocyclopropanecarbonyl compounds became evident
from the fact that the analogous cyclopropanation of
enaminoketones immediately led to ring-opened prod-
ucts.

Cyclic aspartic acid analogues 115 were obtained
in a highly stereoselective manner from the masked
â-dehydroamino acid 113, readily available from
glyceralaldehyde in both enantiomeric forms.45 Cy-
clopropanation of 113 was achieved by 1,3-dipolar
cycloaddition of diazomethane followed by photo-
chemical extrusion of nitrogen from the correspond-
ing intermediate pyrazolines (Scheme 32). Remark-
able is not only the high yield (75-100%), but also
the perfect 1,2-stereoinduction46 with which this
transformation takes place. The aminoester 115 was
further transformed to the highly constrained peptide
surrogate 117.

Cyclopropyl-modified pyrimidine nucleosides have
found widespread interest for application as antivirus
and anticancer agents.47 Thus, copper-catalyzed cy-
clopropanation of thiadiazinone 118 with ethyl dia-
zoacetate proceeds to the bicyclic system 119 with
complete exo selectivity (Scheme 33).48 The relatively
low yield of 30% in which 119 was isolated is most
likely due to the use of copper bronze for the genera-
tion of the carbene. Only more recently the much
higher activity of copper(I) triflate for the decomposi-
tion of diazoacetates was discovered, which is today

Scheme 29. Retrosynthetic Analysis of â-ACCs

Scheme 30. Cyclopropanation of Acyclic Tertiary
Enaminoesters 9344,a

a Reagents and conditions: (a) Cu(acac)2 (3 mol %), ethyl
acetate, 80 °C, N2dCHCO2Me; (b) silica gel, ethyl acetate; (c) HCl
aq., CH2Cl2.

Scheme 31. Cyclopropanation of Acyclic Tertiary
Enaminocarboxanilide 9744,a

a Reagents and conditions: (a) Cu(acac)2 (3 mol %), ethyl
acetate, 80 °C, N2CHCO2Me; (b) silica gel, ethyl acetate; (c) HCl
aq., CH2Cl2.

Scheme 32. Synthesis and Application of
Cyclo-Asp Derivatives 11546,a

a Reagents and conditions: (a) CH2N2, hν, 100%; (b) (i) HCl,
MeOH, (ii) RuO2‚xH2O, NaClO4, 63%; (c) 116, EDC, HOBt, CH2Cl2,
87%.
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the copper salt of choice for cyclopropanation reac-
tions. Not surprisingly, 119 is a stable compound due
to the electron withdrawing sulfonyl group on nitro-
gen.

Likewise, addition of dihalocarbenes (Scheme 34,
Table 6, entries 6-9 and 11-13), generated from the
corresponding phenylmercurymethyl trihalides, to
uridines 120 proceeds in good yields to the adducts
121.49 Assisted by the nitrogen donor and the carboxy
acceptor on the three-membered ring, in the presence
of nucleophiles, the 7-halo-substituted bicyclo[4.1.0]-
heptanes undergo facile electrocyclic ring opening
with concurrent expulsion of the endo halogen,50

leading to 1,3-diazepinediones 123.51 The cyclopro-
panation of 120 via thermal decomposition of ethyl
diazoacetate gave inferior results (Table 6, entries
1-5 and 10).

Cyclopropanation of 120 was also successfully
carried out with dimethylsulfoxonium methylide to
give rise to thymine mimics 124, which can not only
be photochemically rearranged to 1,3-diazepinediones
125, but also hydrolyzed to the cis-â-ACC derivatives
126 in excellent yields (Scheme 35).52 In this ap-
proach the amino group is part of a urea moiety,
which prevents ring opening of the cyclopropane.

The cyclic chloroenamines 127 can elegantly be
converted to â-ACC derivatives 128 by a domino 1,4-
addition-cyclization sequence (Scheme 36). Addition

Scheme 34. Cyclopropanation of Uridines 120 and
Ring Enlargement to 1,3-Diazepinediones 12349,51,a

a Reagents and conditions: (a) carbene source (see Table 6),
DMF, ∆T; (b) MeOH, 110 °C, sealed tube, 5 h, 5-30%.

Scheme 35. Cyclopropanation of Uridines 120
with Dimethylsulfoxonium Methylide52,a

a Reagents and conditions: (a) trimethylsulfoxonium chloride,
NaH, THF, reflux, 58-66%; (b) hν, 45%; c) NaOH, H2O, r.t., 83-
98%.

Scheme 36. Domino 1,4-Addition-Cyclization
Sequence to â-ACCs 12853,a

a Reagents and conditions: (a) NaCN, (nBu4)Cl, H2O, 65%, or
succinimide, MeCN/H2O, 60 °C, 32-84%.

Table 6. Addition of Carbenes to Uridines 12049,51

yield (%)

entry R1 R2 carbene source X Y exo endo

1 Me Me N2CHCO2Et CO2Et H 43 29
2 PhCH2 PhCH2 N2CHCO2Et CO2Et H 27 14
3 PhCH2OCH2 Me N2CHCO2Et CO2Et H 7 7
4 Ph(CH2)3 Me N2CHCO2Et CO2Et H 23 40
5 PhCH2OCH2 PhCH2 N2CHCO2Et CO2Et H 4 2.5
6 PhCH2 PhCH2 PhHgCBrCl2 Cl Cl 80
7 PhCH2 PhCH2 PhHgCBr3 Br Br 38
8 PhCH2 PhCH2 PhHgCCl2F Cl F 38 43
9 AcRiba H PhHgCBrCl2 Cl Cl 72
10 CH2CO2EtRiba H N2CHCO2Et CO2Et H 0 <5
11 AcRiba Me PhHgCBrCl2 Cl Cl 50-70
12 AcRiba Me PhHgCBr3 Br Br 50-70
13 AcRiba Me PhHgCCl2F Cl F 50-70

a

Scheme 33. Cyclopropanation of Thiadiazinone
11848
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of cyanide53 or succinimide54 proceeded with high
stereoselectivity, placing the nucleophile on the exo
side of the bicyclic framework. Quite instructively,
the amino function in 128 is not protected by an
acceptor group; nevertheless, the geminally located
electron-withdrawing group obviously is sufficient to
render the molecules stable.

4.1.2. â-ACCs from Enamines
Initially, the cyclopropanation of enamines with

diazoacetates did not appear to be an efficient route
toward â-ACCs. An early example was reported by
Wenkert et al.55 in which the â-ACC derivative 130
could be isolated starting with 129 as a single dia-
stereomer, albeit only in 14% yield. Upon exposure to
HCl, the γ-formylester 131 was obtained (Scheme 37).

Also, the reaction of R,â-dehydroalaninate 132 with
ethyl diazoacetate initiated by copper led only in low

yield to 133 as a single isomer of undetermined
configuration (Scheme 38).56

Nevertheless, under more forcing conditions, cop-
per bronze was shown to be quite effective as a
catalyst for the cyclopropanation of the enamine 134
with ethyl diazoacetate (Scheme 39).57 Without a
solvent and at a reaction temperature of 135 °C, 135
was obtained in 64% yield as a mixture of exo and
endo isomers in almost equal amounts. The diaster-
eomers could be separated by chromatography, but
more interestingly, it was discovered that upon
treatment with boron trifluoride etherate endo-135
can be converted to exo-135, most likely via the
zwitterion 137. Saponification of 135 leads to the
carboxylic acid 136, which upon activation as its acid
chloride reacted with indole-3-carboxaldehyde. No
matter whether endo-136 or exo-136 was employed
in this amide coupling, only the exo isomer 139 was
obtained, suggesting that isomerization via the ketene
138 had taken place. After alkenylation of 139, ring
opening of 140 was achieved by removal of the Teoc
group with fluoride to give rise to 141, which served
as a precursor to the alkaloid (()-eburnamonine
(142).

The bistrimethylsilyl-protected enamine (E)-143
was found to undergo cyclopropanation to 144 with
methyl diazaoacetate in high yields if copper(II)
acetylacetonate43 was employed as a catalyst (Scheme
40).58 Good trans selectivity was observed, and using
the chiral copper catalyst 146, moderate enantiose-
lective (trans-144, 20% ee; cis-144, 56% ee) induction
was achieved. In contrast, the corresponding (Z)-143
failed to give a cyclopropanation product, and more-
over, dirhodiumtetraacetate, usually a most success-
ful cyclopropanation catalyst, failed completely in
these transformations. Not surprisingly, deprotection
of the amino group in 144 was not possible without
destruction of the cyclopropane moiety, but after
reduction of the ester group, the amino alcohol 145
could be obtained in good yields. However, with 144

Scheme 39. â-Acc 135 as Key Intermediate for the Synthesis of (()-Eburnamonine (142)59,a

a Reagents and conditions: (a) Cu-bronze, N2CHCO2Et, 135 °C, 64%; (b) NaOH, EtOH, H2O, THF (3:1:1), r.t., 66%-quant.; (c) (i) (COCl)2,
NEt3, Et2O, (ii) indole-3-carboxaldehyde, LDA, THF, -78 °C, 52%; (d) NaHMDS, Ph3PCH3Br, 86%; (e) Bn(Me)3NF, THF, sieves, 45°C, 81%.

Scheme 37. Cyclopropanation of
2-Methyl-1-pyrrolidinylpropene (129)55,a

a Reagents and conditions: (a) ethyl diazoacetate, CuCl, hexane,
reflux, 14%; (b) HCl, EtOH, H2O, no yield given.

Scheme 38. Cyclopropanation of
r,â-Dehydroalaninate 13256,a

a Reagents and conditions: (a) N2CHCO2Et, Cu, CH2Cl2, 55 °C,
12.5%.
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it was demonstrated for the first time that the amino
function in a â-ACC can be liberated in situ, thus
allowing peptide coupling with amino acids via the
N-terminus (cf. Section 4.2).

N-protected pyrroles, which are readily available
in bulk quantities, have proved to be versatile start-
ing materials for a broad variety of â-ACC deriva-
tives. Their cyclopropanation with alkyl diazoacetates
was pioneered by Fowler et al. using copper bronze,59

but later on it was discovered that copper(II) triflate
activated by phenylhydrazine is a more active cata-
lyst. Thus, 147a can be cleanly converted to the
monocyclopropanated product 148, which is obtained
exclusively as the exo diastereomer in 39-45% yield
on a multigram scale (Scheme 41).60 By appropriate

manipulation of the ester group and oxidative cleav-
age of the cyclic Boc-protected enamines 148 or 149,
either the cis-amino acid 150 or the trans-amino acid
151 can be synthesized. As with 144 (cf. Scheme 40),
an in situ coupling of the N-terminus of N-Boc
protected â-ACC derivatives of type 150 or 151 could
be developed, allowing their full incorporation into
peptides (cf. section 4.2). Furthermore, the remaining
ester group in 151 has been transformed into side
chain mimics of R-amino acids, giving rise to novel
trifunctional â-ACC derivatives 152-155 (Figure 4).61

Moreover, the amino aldehyde 156, being obtained
after ozonolysis and reductive workup of 148 (cf.
Scheme 41), undergoes highly diastereoselective nu-
cleophile additions following the Felkin-Anh46 para-
digm, giving rise to a broad variety of trans-â-ACC
derivatives 145 (Scheme 42, Table 7).62

In contrast to the cyclopropanation of the corre-
sponding furans,63 this reaction could not be rendered
enantioselective for pyrroles 147. However, an enzy-
matic resolution of 148 was developed,60b allowing the
synthesis of all â-ACC derivatives obtained via this
route in enantiomerically pure form. Alternatively,
pyrroles 160, in which the nitrogen is acylated by the
C-terminus of an amino acid, can be employed as
starting materials (Scheme 43).64 Although there is
no selectivity in the initial cyclopropanation, the
diastereomers 161 and 162 can readily be separated
by chromatography to yield them as single stereo-

Scheme 40. Cyclopropanation of
Bistrimethylsilyl-Protected Enamines58,a

a Reagents and conditions: (a) N2CHCO2Me, Cu(acac)2,
Cl(CH2)2Cl, 80 °C, 77%; (b) (i) LiAlH4, THF, r. t., 90%, (ii) MeOH,
reflux, 86%.

Scheme 41. Selective Synthesis of cis- (150) and
trans-â-ACCs (151) from N-Boc-pyrrole (147)60,a

a Reagents and conditions: (a) N2CHCO2Me, Cu(OTf)2/Ph-
NHNH2 (0.2 mol %), CH2Cl2, 39-45% (70-74% after recovery of
147a; (b) KOH/MeOH/H2O, 79%; (c) (i) O3, CH2Cl2, -78 °C, (ii)
Me2S, -78 °C f r.t., 79-88%; (d) (i) NaClO2, H2O2, 96-100%, (ii)
DEAEA, acetonitrile, 87%; (e) (i) O3, MeOH, -78 °C, (ii) Ac2O,
NEt3, CH2Cl2, -78 °C f r.t., (iii) DEAEA, MeCN, 66% overall.

Figure 4. â-ACC derivatives with R-amino acid side chain
functionality.61

Scheme 42. Synthesis of â-ACC Derivatives by
Addition of Nucleophiles to Aldehyde 156 (For
Reagents and Conditions, See Table 7)62

Table 7. Synthesis of â-ACC Derivatives by Addition
of Nucleophiles to Aldehyde 15662
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isomers. Following oxidative cleavage of the bicyclic
system as outlined in Scheme 41, peptides containing
the â-ACC unit can be obtained.

Cyclopropanation of pyrroles has been also carried
out with diiodomethane/zinc-copper couple according
to the Simmons-Smith protocol, leading to the cis-
â-ACC ester 152 after ozonolysis and in situ acylation
of the resulting carbonyl oxide intermediate and
elimination of acetic acid with triethylamine (Scheme
44).65

4.1.3. â-ACCs from Acrylates
Acrylates have served as precursors for â-ACCs in

a variety of strategies. Key intermediates were cis-
and trans-cyclopropane-1,2-dicarboxylic acid deriva-
tives 166 or 167, respectively, which are accessible
either by cyclopropanation of acrylates 165 with
diazoacetates in a formal [2+1]-cycloaddition,66 or
with R-chloroacetic acid esters in a Michael addition/
1,3-elimination sequence (Scheme 45).67 Selective
saponification of only one ester group to the mo-
noester 168 and 169, respecitively, is possible with
sodium hydroxide, moreover, enzymatic hydrolysis of
the meso diester 166 with pig liver esterase affords
in 90% yield enantiomerically pure 168.68 Curtius
degradation with trapping of the intermediate iso-
cyanates of the mono acids completes the synthesis
of the â-ACC derivatives 170 and 171, respectively.
All attempts to deprotect the amino group in these

compounds to obtain the free amino acids or esters
resulted only in ring opening.

In a related approach, the nitrocyclopropanecar-
boxylic acid 173 was envisioned as a promising
precursor toward â-ACCs (Scheme 46).69 Reduction
of the acid and the nitro functionality proceeded in
good yield, giving rise to the amino alcohol 175, which
should prove to be a useful building block for organic
synthesis. However, all attempts to protect the amino
group and subsequently oxidize the alcohol to the acid
were not successful, and only products resulting from
ring opening could be obtained.

In contrast, in 2,3-methanohomoserine 17620b,45a,70

the oxidation of the hydroxymethylene group is suc-
cessful after protection of the amino and carboxylic
acid group (Scheme 47).69 Following this strategy, it
has been especially possible to synthesize peptides
177 and 178 of 2,3-methanoaspartic acid. Quite
obviously, it would be also possible to couple the
carboxylic acid in 177 with another amino acid, thus

Scheme 43. Cyclopropanation of Pyrroles 14864

Scheme 44. Synthesis of â-ACC 164 by
Simmons-Smith Cyclopropanation of
N-Methoxycarbonylpyrrole (147b)65,a

a Reagents and conditions: (a) Et2Zn, CH2I2, 45%; (b) (i) O3,
MeOH, -78 °C, (ii) Ac2O, NEt3, CH2Cl2, -78 °C f r.t., 60%.

Scheme 45. Synthesis of cis- and trans-â-ACC
Derivatives from Acrylates 16566-68,a

a Reagents and conditions: (a) N2CHCO2Et, heptane, molecular
sieves, 30 °C, 1 h, 72%; (b) ClCH2CO2Et, NaOMe, MeOH, 70%; (c)
PLE, 0.1M KH2PO4, pH 7, 20 °C; (d) NaOH/H2O, EtOH, reflux, 2
h, 70%; (e) (i) SOCl2, r.t., 85%, (ii) NaN3, toluene, reflux, 45%.

Scheme 46. Acid 173 as Potential Precursor
toward â-ACCs69,a

a Reagents and conditions: (a) (i) Br2, CHCl3, (ii) CH3NO2,
Na2CO3, DMF, 31%; (b) AlCl3, NaBH4, DME, 67%; (c) H2/Pd-C,
MeOH, 78%.
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achieving the incorporation of a â-ACC unit into
peptides (cf. Chapter 4.2).

After reduction of the ester groups of N-protected
â-ACC derivatives to the corresponding amino alco-
hols, the amino group can be manipulated by stan-
dard procedures. This way, 170 and 171 (cf Scheme
45) have been converted to a variety of carbocyclic
nucleoside analogues such as 180-181 (Figure 5).71

The aminopurine-substituted cyclopropanedicar-
boxylate 184 was synthesized from diethyl 2-chloro-
ethylidenemalonate (183) by conjugate addition of
182 with concurrent cyclization by 1,3-elimination
(Scheme 48).72 Selective 1,2-cyclopropane ring fission

was achieved by catalytic hydrogenation, subsequent
hydride reduction and acylation gave rise to the anti-
herpes virus agent famciclovir (185).

Chromium, molybdenum, and tungstencarbene
complexes with a pyrrole group as the heteroatom-
containing substituent on C-1 have been shown to
react as masked aminocarbenes with electron defi-
cient alkenes.73 Thus, methyl acrylate and 186 yield
the diastereomeric cyclopropane derivatives 187
(Scheme 49). The pyrrole group could be cleaved to
a formyl-protected amino group by ozonolysis, result-
ing in the â-ACC derivative 188 in good yield.

A few other reaction sequences with group VI metal
carbene complexes leading to amino-substituted cy-
clopropane carboxylic acid derivatives have also been
reported.74

The highly functionalized cyclopropane 191 is
formed along with the cyclobutane derivative 192 by
the reaction of 1-seleno-2-silylethene (190) with the
methylenemalonate ester 189 (Scheme 50).75 Selec-
tive reduction of the sterically less shielded ester
group in 191 gives rise to 193. The selenosilylmethyl
group can be converted with RuCl3/NaIO4 directly to
a carboxylic acid; thus, 194 was obtained from 193
by oxidation and subsequent esterification. Oxidation
of the hydroxymethylene group followed by Curtius
rearrangement finally led to the 2,3-methanoaspartic
acid 195 (cf. also Scheme 32 and Scheme 53).

4.1.4. â-ACCs from Other Cyclopropane and
Cyclopropene Derivatives

In certain cases, amino or carboxy groups can be
directly introduced into suitably functionalized cy-
clopropanes and cyclopropenes to accomplish the
synthesis of â-ACCs. Due to the high ring strain,
cyclopropene carboxylates are highly reactive toward
nucleophiles. Therefore, 1,4-addition of morpholine
to methylcyclopropene-1-carboxylate 196 occurred
readily at room temperature to give the addition
products 197 (Scheme 51). Remarkably, even 197c,
being substituted not only by the electron-donating
morpholino group, but in addition with a methyl
group on the same carbon atom was reported to be
stable.76

Dimethyl cyclopropenedicarboxylate 199 has been
generated and in situ trapped with ammonia. How-
ever, the initial report that the synthesis of the
diastereomeric â-ACC derivatives 200 (Scheme 52)
followed by transformation to the cyclic asparagines
analogues 202 was achieved77 turned out to be an
error.78 Instead, the methoxy derivative 201, being
formed by addition of methanol, produced from

Scheme 47. Synthesis of Peptides 179 Containing
2.3-Methanoaspartic Acid70,a

a Reagents and conditions: (a) (i) HCl, MeOH, (ii) PgNHCH2-
CO2Me, (iii) NaIO4/cat. RuCl3, 27-40%; (b) (i) Boc2O/NaOH, (ii)
DCC/HOBt or IIDQ, NEt3, HCl-Xxx-OMe (Xxx ) Gly, Phe), 33-
78%; (c) (i) excess TFA, (ii) DCC/HOBt, NEt3, Bz-Gly-OMe, (iii)
NaIO4/cat. RuCl3, 26-37%.

Figure 5. Carbocyclic nucleoside analogues derived from
â-ACCderivatives 170 and 171.71

Scheme 48. Synthesis of Famciclovir (165)72,a

a Reagents and conditions: (a) 183, K2CO3, DMF, 87%; (b) (i)
H2, Pd/C, NEt3, 74%, (ii) NaBH4, (iii) Ac2O, pyridine, DMAP, 82%
(2 steps).

Scheme 49. Cyclopropanation of Acrylates with
Group 6 Pyrroleocarbene Complexes73,a

a Reagents and conditions: (a) methyl acrylate, DBHT, THF,
65-90%; (b) (i) O3, CH2Cl2, (ii) (H2N)2CdS, MeOH, 73% (2 steps).
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aminolysis of one of the methyl ester groups, to 199
had taken place. Nevertheless, the synthesis of the
protected cyclic asparagines analogues (rac)-115b
and 208 could be accomplished in racemic form by
yet another route (Scheme 53, see also Scheme 32):
cyclopropanation of racemic epichlorohydrin 203as
being analogously possible with (R)-203a,79 the cor-
responding triflate (R)-203b80 or with 20473scan be
carried out with malonates.81 The bicyclic lacton 205
was hydrolyzed followed by oxidation of the resulting
hydroxymethylene group to the acids (rac)-115b and
208. These compounds have been converted to the
monobrominated ACC derivatives 209 as potential
substrates or inhibitors of ACC oxidase.82 However,
the attempt to synthesize 202a by TFA-induced
deprotection of the N-Boc protected tert-butyl deriva-
tive 208 failed again, resulting only in ring opening
products.83

Stepwise lithiation of N-Boc protected cyclopropyl-
ethylamine 210 occurs first on the more acidic
R-position of the cyclopropane ring. After blocking

Scheme 50. Synthesis of 2,3-Methanoaspartic Acid 19575,a

a Reagents and conditions: (a) ZnBr2, -78 °C, CH2Cl2, 93%; (b) (i) LiAlH4, -78 °C, Et2O, 45 min, (ii) NaBH4, -30 °C, iPrOH, 1 h, 87%
(2 steps), (iii) TBDMSCl, imidazole, CH2Cl2, 25 h, 95%; (c) (i) NaIO4, RuCl3•H2O, CCl4,/CH3CN/H2O (2:2:1), 5 h, 69%, (ii) TBAF, CH3CO2H,
THF, 42 °C, 1 h, 95%; (d) (i) NaIO4, RuCl3*H2O, CCl4,/CH3CN/H2O (2:2:3), 5 h, 78%, (ii) DPPA, NEt3, tBuOH, 110 °C, 6 h, 38%.

Scheme 51. Addition of Morpholine to
Cyclopropenes 19676,a

a Reagents and conditions: (a) morpholine, Et2O, 20 °C, 54-
80%

Scheme 52. Attempted Synthesis of Cyclic
Asparagines Analogues 20277,78

Scheme 53. Protected Cyclic Asparagines
Analogues (rac)-115b and 20879-83,a

a Reagents and conditions: (a) CH2(CO2R)2, NaOMe, MeOH, r.t.,
30-50% (R Me, tBu); (b) (i) CH2(CO2tBu)2, NaH, DME, (ii) H2,
Pd/C, (iii) cat. TsOH, 53%; (c) (i) NH3/MeOH, (ii) TBDMSCl, DMF,
imidazole, 4 Å, 81%; (d) (i) tBuOH, Pb(OAc)4, 62%, (ii) Bu4NF*3H2O,
THF, 85%; (e) NaIO4, RuCl3*H2O, CCl4/CH3CN/H2O (2:2:3), 62%.

Scheme 54. â-Lithiation of Cyclopropylamines as
Key Step in the Synthesis of cis-â-ACCs84,a

a Reagents and conditions: (a) s-BuLi, TMEDA, SiMe2PhCl,
THF, -78 °C, 83%; (b) (i) s-BuLi, TMEDA, THF, -78 °C, (ii)
dimethyl carbonate, 61%; (c) same as condition b, 64%.
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that position by a silyl substitutent, â-lithiation
directed by the N-Boc group becomes feasible (Scheme
54).84 Trapping of the anion with dimethyl carbonate
yielded stereoselectively the cis-â-ACC derivative
212. Analogously, the spiro anellated â-ACC 214
could be synthesized from 213.

4.2. â-ACC Building Blocks in Peptides

Because of their rigid structure, â-ACCs are at-
tractive building blocks to induce defined conforma-
tions in peptides. However, the high susceptibility of
â-ACCs toward ring opening when an electron-
withdrawing group does not protect the N-terminus
makes their incorporation into peptides possible only
by special strategies.

The synthesis of pseudo-peptides incorporating a
â-ACC residue into a string of R-amino acids by a
urea linkage was accomplished starting with the
meso-anhydride 215 (Scheme 55).85 Desymmetriza-
tion by the proline ester 216 occurred with moderate
selectivity to give predominantly the acid 217, which
was subjected to a Curtius degradation. The resulting
isocyanate 218 could be efficiently reacted with
amino esters or N-unprotected peptides to yield 219
and 220, respectively.

The N-bis(silyl)-substituted â-ACC derivative 144
(cf. Scheme 40) could be deprotected by fluoride in
the presence of an amino acid chloride to give rise to
the dipeptide 221 (Scheme 56).86 This study sug-
gested for the first time that the lifetime of â-ACC
derivatives having an unprotected amino group might
be sufficient to allow coupling with acyl donors.
Nevertheless, under the reaction conditions employed
epimerization on the stereocenters of the cyclopro-
pane moiety took place to some extent, indicating
that heterolytic ring opening/ring closure sequences
had taken place during the coupling.

Using N-Boc protected â-ACC 222 (Scheme 57, cf.
Scheme 41), an alternate in situ coupling approach
could be developed. Deprotection of the N-Boc group
with anhydrous HCl resulted in the stable hydro-
chloride 223, which can be isolated and stored
indefinitely.60 In contrast, deprotection of 222 with
trifluoroacetic acid immediately leads to ring open-
ing: presumably the equilibrium amine/ammonium
salt is shifted to liberate enough free amine to decom-
pose the material. Treatment of the hydrochloride
salt 223 with triethylamine in the presence of a DCC
or EDC/HOBt activated N-Fmoc or N-Boc amino
acids cleanly results in dipeptides 224 with no sig-
nificant epimerization noticeable. Cleavage of the
benzyl ester by catalytic hydrogenation gives rise to
the C-terminal free dipeptides 225, which have been
used as building blocks for the synthesis of larger
peptides of type 226 with an incorporated cis-â-ACC
unit, either in solution or on solid phase. Analogously,
starting from 227, peptides of type 228 become
accessible, in which a trans-â-ACC is incorporated.

As an example for a practical application using
â-ACCs, 229 and 230 have been synthesized, being
the shortest known peptide ligands with nanomolar
affinity and good subtype selectivity for the Neuro-
peptide Y1 receptor (Figure 6).87

Scheme 56. In Situ Coupling of
N-Bissilyl-Substituted â-Acc 144 with
N-Ts-PheCl86,a

a Reagents and conditions: (a) (i) CsF, N-Ts-Phe-Cl, (CH2Cl)2,
reflux, 77%, (ii) LiOH, H2O/THF, 20 °C, (iii) 2N HCl, 95% (2 steps).

Scheme 57. Synthesis of Peptides Having Either a
cis- or a trans-â-ACC Unit Incorporated60,a

a Reagents and conditions: (a) HCl, EtOAc, 0 °C, 100%; (b) Pg-
Xxx-OH (Pg ) Fmoc or Boc), EDC, NEt3, CH2Cl2, 70 to >95%; (c)
Pd/C, 1,4-cyclohexadiene, 100%.

Scheme 55. Pseudopeptides 219 and 220 with
Incorporated â-ACC Residue85,a

a Reagents and conditions: (a) (i) CH2Cl2, 40%, (ii) NaN3,
isopropenyl chloroformate, NEt3, THF, -20 °C, 67%, (iii) benzene,
80 °C, 100%. (b) N-Boc-proline, CH2Cl2, r.t. 65-74%. (c) TFA, NEt3,
HN-Pro-Phe-Phe-OMe, CH2Cl2, 0 °C; 20 °C, 16 h, 74%.
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On the basis of the use of the N-Alloc group, a
protocol for the peptide coupling of â-ACCs has been
developed starting from 231, which is amenable to
automated solid-phase synthesis.88 Removal of the
N-Alloc group in 232 with DABCO under palladium-
(0) catalysis can be carried out in the presence of
amino acids, being either N-Boc- or N-Fmoc-protected
and activated by EDC/HOBt, to yield the resin-bound
peptide 233. Upon cleavage from the resin with

trifluoroacetic acid, the tripeptide 234 was formed
without any detectable epimerization in 83-85%
isolated yield. With several in situ coupling strategies
being available, the elusive â-ACCs could be devel-
oped as a novel class of conformationally rigid amino
acid building blocks for peptides. First structural
investigations suggest that the cis-â-ACC structure
incorporated into peptides induces unique turns,89

being distinctively different from other turn-inducing
amino acids such as proline or aminoisobutyric acid
(AIB). In a complementary approach, 1,2-cyclopro-
panedicarboxylic acids and 1,2-diaminocyclopropanes
have also been proved valuable peptide mimics, being
able to stabilize extended peptide structures.90

5. Conclusion
There have been a number of synthetic strategies

toward cyclopropyl-substituted â-alanines, resulting
in structurally defined, highly functionalized amino
acids. Many of these compounds have been used as
reactive building blocks, utilizing the ring strain of
the cyclopropane moiety as well as the amino and
carboxy groups for the synthesis of complex hetero-
cyclic systems. Only recently have the title com-
pounds been recognized as valuable constituents in
peptides, since the rigidity introduced by the cyclo-
propane ring not only constrains a peptide backbone,
but also allows the controlled placement of functional
groups, mimicking R-amino acid side chains.
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